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Films of poly(cyclohexane 1,4-dimethylene terephthalate) (PCHT) that had 
been drawn and crystallized in various ways were examined by normal and 
polarized infra-red radiation in the range 5000 cm -1 to 20 cm-L The trans 
PCHT isomer is centro symmetric in the crystalline phase. The space group of 
the monomeric unit is P,1 isomorphous with C~ symmetry. The cis-polymer 
is not centro symmetric, the space group is probably P1 isomorphous with 
C1 symmetry. A number of model compounds were also studied. The tereph- 
thalate framework is expected to behave similarly to that in polyethylene 
terephthalate, the terephthalate conformation being more affected by changes 
in molecular orientation and crystallization than by those in the conformation 
of the diol fragment. In the same way the terephthalate framework is expected 
to be centro-symmetric and planar (symmetry Vh ~ D2h) only when highly 
crystallized and oriented. In amorphous regions, out of plane bending of 
C ~ O  groups causes lowering to C2v symmetry. The spectral changes in cis 
and trans PCHT, as would be expected from the above, are very similar to 
those of PET. There is little difference between cis and trans isomers in the 
same state, apart from a strong band at 630 cm -1 in both Raman and infra- 
red spectra of the cis isomer, that is practically absent in the trans. On change 
of state, however, trans substituted isomers do show significant intensity 

changes, in contrast to cis isomers. 

THERE IS little published work on the infra-red spectrum of poly(cyclohexane 
1,4-dimethylene terephthalate), PCHT, and then only in the conventional 
region. Boye 1 has examined the cis and trans isomers of PCHT and a number 
of model compounds were studied in the region 5000-500 cm -1 and a number 
of tentative assignments made for some of  the principal skeletal and C-H 
modes, by analogy with poly(ethylene terephthalate) PET. The crystal bands 
for trans-PCHT were very similar in behaviour to those observed in crystal- 
line drawn PET, but cis-PCHT showed very little change in its spectrum upon 
change of  phase. The same was found to be true of model compounds of 
PCHT and PET. The structure and properties of PenT have been discussed by 
Martin et al 2 and by Devaney 3. 

STRUCTURE OF POLY(CYCLOHEXANE 1,4-DIMETHYLENE 
TEREPHTHALATE) 

The PCHT structure differs from that of  PET only by the presence of the cyclo- 
hexane ring between the two methylene groups of the latter. The repeating 
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unit of the polyester is 

The number average molecular weight is about 10 000 indicating that the 
repeating unit occurs about 36 times in the molecule. 

The structure determination of PCHT is complicated by the number of 
possible conformations that the 1,4-disubstituted cyclohexane ring can 
assume. Molecular models show that two forms of the cyclohexane ring are 
possible - the rigid chair form and the flexible boat form 4. Crystallographic 
data 5 indicate that the 1,4-disubstituted cyclohexane ring is in the chair form. 
In the latter the hydrogen atoms are either polar or equatorial thus giving 
rise to two possible trans isomers. 

|n one isomer each substituent group is polar and in the othel, each group 
is equatorial. Only one form is possible for the chair cis isomer since one 
group is polar and the other is equatorial. However, the x-ray diffraction 
study of both cis and trans isomers 6 indicates that the cyclohexane ring is 
substituted in equatorial positions in trans-PCHT. 

The ethylene glycol fragment in PET assumes a trans configuration, as do 
the substituted equatorial atoms in the cyclohexane ring of PCHT. The latter 
is centro-symmetric, and has a centre of symmetry in the crystalline phase 6. 
Consequently the space group of the monomeric unit is Pi,  which is iso- 
morphic to C~ symmetry. 

Boye 6 has shown from a study of classical molecular models that the 
repeating unit of the cis polymer is not potentially centro-symmetric, and 
the space group is probably P1, which is isomorphic to C11 symmetry. 

EXPERIMENTAL 

The c/s and trans isomers of PCHT were examined in thin films of the following 
forms: 

(1) doubly oriented, heat crystallized 
(2) doubly oriented, non-heat crystallized 
(3) uniaxially oriented heat crystallized 
(4) uniaxially oriented non-heat crystallized 
(5) amorphous 

The films were in the range 20-100/zm, and were supplied by courtesy of 
Dr R. G. Devaney (Eastman Kodak Co.). Spectroscopically, the films and 
model compounds were examined in a similar manner to the PET specimens 
discussed in a previous paper 7. 

The polarized far infra-red spectra of uniaxially oriented, non-heat treated 
and uniaxially oriented heat-treated films of PCHT consisting of 70~o trans 
and 30~ cis stereoisomer are illustrated in Figures 1 and 2 respectively. 
Figure 3 shows the effect on the far infra-red spectrum of drawing and anneal- 
ing at 180°C a similar film sample of amorphous PCr~T. Figure 4 shows the 
changes occurring in the far infra-red spectrum of amorphous PCHT, due to 
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cold drawing alone. Figure 5 illustrates the subsequent spectral changes which 
occur in this sample upon armealirtg at 180°C. The changes incurred in the 
far infra-red spectrum of one-way cold drawn PCHT upon biaxial, plane 
orientation are shown in Figure 6 and the subsequent changes occurring in 
the latter upon annealing are illustrated in Figure 7. The results of the far 
infra-red studies on cis and trans PCHT are summarized in Table 1 and those 
of the conventional region (5000-640 cm -1) in Table 2. Since the spectra of 
the cis and trans stereoisomers are very similar, it was found convenient to 
illustrate the spectra of the mixed cis-trans isomer samples of both PCHT 
and the model compounds. Bands peculiar to the cis or trans configurations 
are indicated in the figures. 

Spectra were not obtained for cis and trans-PCHT in the molten state. These 
spectra are in direct correlation with those of the quenched film, the only 
difference being in bandwidths due to the different sample temperatures 1. 
Spectra of cis and trans-PcnT at -- 194 °C differed from those at room tempera- 
ture only in that some bands were sharpened. Cooling the amorphous 
cis-PCHT to --194°C produced virtually the same changes in the infra-red 
spectrum as did crystallization, but crystallization in the trans polymer 
produced more pronounced changes than cooling. 

Model  compounds 
The model compounds examined included cis and trans cyclohexane-l,4- 

dimethanol, 

H H 0 ~ 0 H H , 
I/  \1 II / /  \ \  II I / - - - - ~ f  

H O C H 2 " - ~ ~  CH2-- O- - (  ~ C - O - C H 2 ~  CH2OH 

cis and trans terephthalic acid-bis(cyclohexane-l,4-dimethartol) 
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POLY(CYCLOHEXANE 1,4-D1METHYLENE TEREPHTHALATE) 

() () H H () 0 
H #--~ rl ~ tl #---~ H 

. o - c  , 

cis and trans cyclohexane- l ,4-dimethanol-bis-terephthalate-hemi-ester 

() H H O 
II I/----~l- II / /  \ \  

z ( Q _ _ ~  ('-- O--CH 2 ~  CH2--O--C ~ 

cis and trans cyclohexane-l,4-dimethanol dibenzoate 

HO 

H H O ~ () 
r ~/-----k~ II I II II I 
[ - - C H 2 ~ C H 2 - - f ) - - ( ' ~ C - - O - - J n  H 

cis and trans poly(cyclohexane 1,4-dimethylene isophthalate) 

HO 

H ~ H  () ~ () 
[ I /  \1 II / /  \ \  II 

cyclohexane 1,4-dimethanol terephthalate, both as oligomer 
n = 3 and polymer n ~ 36; 

and ethylene-glycol dibenzoate; and 1,6-hexanediol dibenzoate. 

The infra-red spectra and band assignments of the model compounds are 
summarized in Table 3. 

Predicted spectrum o f  poly(cyclohexane-l,4-dimethylene terephthalate) 
As with PET 7 the repeat unit of PCHT is broken down into the discrete 

fragments: 

O O H H 

--('--'-~/ ~,,~'-(- -- and --()--( 'Hz CH2--O-- 

It is probable that the terephthalate framework will behave in a very similar 
'spectral' manner in both PET and PCHT, its conformation being more affected 
by changes in molecular orientation and crystallization than by the influence 
of the different conformations of  the cyclohexane-1,4-dimethanol fragment. 
It is therefore convenient to commence the analysis with the contribution of 
the vibrational modes of  the terephthalate framework to the PCHT spectrum. 
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r 9  9 1  
Normal modes of  vibration of  the [--C-Cn H4-(2--J fragment inPCHT 

By analogy with PET the terephthalate framework is expected to be centro- 
symmetric and planar (symmetry Vn ---- D2h) only in highly crystalline, 
oriented polymer. In amorphous regions the symmetry is likely to be lowered 
to C2v due to out-of-plane bending of the C----O groups, as in PET 7. 

Similarly appreciable rotation of the cyclohexane 1,4-dimethanol fragment 

would be expected about the -O-CH2- linkage and about the -C-O-  bond. 
Such rotation is not expected to affect the orientation of the terephthalate 
framework appreciably with respect to the drawing axis of a uniaxially 
oriented specimen. X-ray diffraction analysis of one-way drawn PCHT 6 

Pl 
shows that although rotation about the -O-CH~- and -C-O-  bonds almost 
certainly does occur, the plane of the benzene ring is parallel to the film 
plane and the uniaxial orientation at 200-300 ~o extension is almost complete. 

Spectral changes in cis and trans PCHT occurring upon crystallization 
and attributed to the terephthalate framework ought to be very similar to 
those in PET. Corresponding bands were observed in cis and trans PCHT and 
they exhibit similar polarization and intensity changes upon drawing and 
crystallization as those modes attributed to the framework in PET. The 
assignments of these modes in PCHT and PET are summarized elsewhere 7. 

Normal modes of vibration of the fragment 

The fragment possesses 24 atoms and will therefore contribute (3N-6) 
normal modes of vibration, as a discrete unit. These 66 normal vibrations 
may be broken down as follows. The cyclohexane skeleton will contribute 
12 vibrations involving essentially 3 ring stretching modes and 3 ring breathing 
modes (vCC), 3 ring in-plane deformation modes (3CCC I]) and 3 ring out-of- 
plane deformation modes (3CCC _1_). The 4 ring methylene groups contribute 
24 vibrations involving 4 CH2 symmetric stretching (v~CHg.), 4 CH2 asym- 
metric stretching (vasCH2), 4CH2 defolmation (8CH2), 4 CH2 twisting 
(TCH2), 4 CH2 wagging (oJCH2) and 4 CH2 rocking (pCH2) modes. The 
1,4-dimethylene substituents will contribute 12 CH2 vibrations, involving 
vsCH2 (2), vasCH2 (2), 8CH2 (2), ~CH2 (2), oJCH2 (2) and pCH2 (2). The 
1,4-dimethylene carbon substituents in the equatorial positions together with 
the 1,4-trans substituted hydrogen atoms in the polar positions contribute 
12 vibrations. These are approximately equivalent to the 12 normal modes of 
the trans XzY2Z2 molecule [e.g. CeH2CI2S]. The remaining 6 vibrations of the 
fragment are contributed by motion of the two oxygen atoms attached to 
the 1,4-disubstituted methylene groups, about the x, y and z axes. The result- 
ing modes are symmetric and asymmetric C-O bond stretching (us C-O, va8 
C-O) and two in-plane CCO deformation modes (8CCO [I) and two out-of- 
plane CCO deformation modes (6CCO.1_). 
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POLY(CYCLOHEXANE 1,4-DIMETHYLENE TEREPHTHALATE) 

'Trans' configuration 
The PCHT repeat unit with the 1,4-substituents in the trans conformation is 

potentially centro-symmetric, since it has a centre of symmetry in the 
crystalline phase 6, and the space group will then be Pi,  which is isomor- 
phic to the point group Ci. In the repeat period of the trans-PCHT unit, the 
cyclohexane ring in the chair configuration must be substituted in equatorial 
positions, since polar substitution would produce too much contraction 
from the extended form 6. The fragment 

H H 

- - O - -  C H 2 ~ C H 2 - - O - -  

o f  ' l r a n s '  c o n f i g u r a t i o n  wi l l  t h e n  a l so  pos se s s  t h e  space  g r o u p  P 1  ( ~  Ci) .  
However, if the 'trans' fragment 

- - C H 2 - - ~ C H  z - -  

is considered neglecting the terminal oxygen atoms, the fragment will 
possess C2h symmetry, which implies a two-fold rotation axis about the 
y (i.e. 1,4) axis, a centre of inversion and a reflection plane through the y 
axis. It is more convenient to classify the normal modes of the fragment 
under the four vibrational species of C2n symmetry than under the two species 
of Ci symmetry. The infra-red selection rules for both symmetries are the 
same, the 'g' modes being Raman active and the 'u' modes infra-red active. 

The 60 vibrations of the 'trans' configuration (without terminal oxygen 
atoms) will transform under the characters for the irreducible representations 

Table 4 Characters, selection rules and numbers of  normal modes for the fragment 
( - - O - - C H ~ C 6 H l o C H 2 - - O - - )  of 'trans' configuration in aCHT on basis of C2h symmetry 

C21~ E C2 (x) i a/, n 

A g I 1 1 I 20 Rz 
Bg 1 -- 1 1 -- 1 10 Rz, Ru 
An 1 1 -- 1 1 11 Tz 
B~, 1 -- 1 -- 1 1 19 Tz, Tu 

axx~  ayy~ azz  , a x y  

ayz~ a z x  

at the point group C2h according to Table 4. The 60 normal vibrations are 
then found to divide as follows 

20Ag + 10B~ + l lAu + 19Bu 

Since the fragment is centro-symmetric the mutual exclusion rule will apply 
and the Ao and Bg modes will be Raman active, and the Au and Bu modes 
infra-red active. The normal modes of the fragment under C2h symmetry are 
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Table 5 Assignments of  the fundamental  modes of  vibration o f  the 

- o - c a  CH,--o-- fragment in PCHT 

Trans 
C~-Ag species; Raman, P 

C2n No. vl * Approximate motion Daa~ 

Cis 
Cs (R, IR) 

vt P~ 

Ag 37 (2930) vs CH2 ring Alg (1) A'  
38 (2852) v~ CH~ ring Alg (2) 
39 (2897) v~ CH ring Eg (17) 
40 - -  v8 CH2 
41 - -  vas CH2 
42 - -  s vs C(CO) Eg (18) 1295 
43 (1465) ~ CH2 ring Alg (3) 1445 
44 - -  ~ CH2 in-phase 
45 - -  ~ CH q- ~ C(CO) Eg (19) 630? 
46 (1348) r CH2 ring Eg (20) 1350 
47 - -  r CH2 in-phase 
48 (1267) co CH2 ring Eg (21) 1220 
49 - -  oJ CH2 out-of-phase 
50 ( 3 8 4 )  p CH~ ring Alg (6) 372 
51 - -  p CHz in-phase 885 
52 - -  s p CH + pC(CO) Eg (22) 
53 (1157) s vCC ring Alg (4) 1195 
54 ? s vCC ring Eg (23) 
55 ( 8 0 2 )  s 8 CCC d_ Ag (5) 825 
56 (426)  s ~ CCC II Eg (24) 

Bg 57 ? vs CH2 ring Eg (17) A"  
58 (2871) vs CHz Eg (18) 
59 (1443) 8 CH2 ring Eg (19) 
60 ? r CH2 ring A~g (10) 
61 - -  ~- C(H + CO) Eg (20) 
62 (1107) oJ CH~ ring A2g (11) 
63 - -  s o~ [CH + C(CO)] Eg (21) 
64 (1029) p CH~ ring Eg (22) 
65 ? s v CC ring E q (23) 
66 ? s ~ CCC ]1 Eg (24) 

67 - -  s vs C - - O  
68 - -  s b CCO II 
69 - -  s ~ CCO ± 

1422 

995 

1043 

(7 

(7 

(7 

(7 

a 

77 

(7 

(7 

(7 

m 

7/" 

"IT 

(2" 

O" 

(7  

(7 

77 

(7 

O" 

O" 

m 

m 

7T 

(7 

(7 

7;" 

777" 

7T 

"/T 

O" 

*( ) The frequencies in parentheses are the modes observed in cyclohexane, assigned by 
Miller and Golob  
~Corresponding modes in cyclohexane. The frequency notat ion is due to Miller and Golob.  
~Predicted infra-red dichroism in oriented polymer - applies to both  cis and trans configura- 
tion 
s Denotes  'skeletal '  vibration 
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POLY(CYCLOHEXANE 1,4-DIMETHYLENE TEREPHTHALATE) 

Table 5 (Cont inued)  Ass ignments  of  the fundamen ta l  modes  o f  v ibrat ion o f  the  

- ( ) -  c~ f ~ . / ~ ( : H ,  - ( ~ -  f ragment  in PCHT 

Trans Cis 
C~-Au species," infra-red C~ (R, 1R) 

C2h No. vi P~ Approximate motion D3a~ vi 

Au 70 a Vas CH2 ring Eu (25) A"  
71 2850 o v~,s CH2 ring E~ (26) 
72 1445 ~ 3 CH2 ring Eu (27) 
73 - -  T CH2 ring Alu (7) 
74 - -  ~" C(H,  CO) Eu (28) 
75 1136 7r oJ CH2 ring Alu (8) 
76 278 a s ~o[CH + C(CO)] Eu (29) 
77 872 a s p CH2 ring Eu (31) 
78 ~ s vCC ring AI~ (9) 
79 a s vCC ring Eu (30) 
80 o s 3 CCC_I_ Eu (32) 

B~ 81 2925 ~r Vas CHz ring A2u (12) A '  
82 2750 ~r vas CH~ ring A2u (13) 
83 o va,, C H ring Eu (25) 
84 2945 o va8 CH2 
85 2909 a vs CH2 
86 1386 ~r va~ C(CO) Eu (26) 
87 1445 7r 3 CH2 ring A2u (14) 
88 1318 ? o 8CH2out-of-phase 
89 710 o 3 C H  ÷ 3C(CO) Eu (27) 
90 1355 - -  ~" CHz ring Eu (28) 
91 - -  ~- CH2out -of -phase  
92 1253 ~r oJ CH~ ring Eu (29) 
93 1370 ? rr oJ CH2 in-phase  
94 529 ~r p CH2 ring A2~ (16) 
95 848 <r p CHzout -of -phase  
96 128 a s p C H  ÷ pC(CO) Eu (31) 
97 955 7r s v C C  ring E~ (30) 
98 895 zr s ~ C C C  :] A2u (15) 
99 222 o s 3 C C C  _1_ Eu (32) 

100 1152 zt s Vas C - - O  1150 
101 335 o s 3 C C O  l 320 
102 43 o s 3 C C O ] - -  ~'OCH2 C6H10 43 

2850 
1445 

1136 
278 
872 

598? 

2925 
2750 

1395 

630? 
1355 

1253 
1374 

530? 
825? 
128 
950 
898 
202 

*( ) The  frequencies in parentheses  are the modes  observed in cyclohexane,  assigned by 
Miller and  Golob.  
t C o r r e s p o n d i n g  modes  in cyclohexane.  The  frequency no ta t ion  is due to Miller and  Golob.  
++ Predicted infra-red dichroism in oriented po lymer - -app l i es  to both  cis and  trans configur- 
a t ions  
s Deno tes  'skeletal '  v ibrat ion 
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given in Table 5, together with art approximate description of the motions 
involved. The infra-red polarizations given in this table are those predicted 
for the dipole transitions with respect to the plane of the film. The compila- 
tion of Table 5 was facilitated by correlating the relevant normal modes of 
the fragment under C2h symmetry with the corresponding normal modes of 
cyclohexane, of D3a symmetry. Those vibrations in which the (1,4-) substi- 
tuents remain virtually stationary in PCHr will consequently occur at similar 
frequencies to the corresponding modes in cyclohexane. Each degenerate 
mode in cyclohexane gives rise to two vibrations in PCHT, one of which will 
correspond closely in frequency to the degenerate frequency (the 1,4-substi- 
tuents being at rest) and the other will be significantly lower than the degener- 
ate vibration due to vibrations involving the heavier 1,4-substituents. 

Also given in Table 5 are the normal modes of the fragment 

H H 

- O__CH2~CH-- O- 
which, taking the off-axis oxygen atoms into account, will possess the sym- 
metry C~. The 66 normal modes of the fragment, according to Table 6 will 
then divide as follows 

33 Ag q- 33Au 

Table 6 Charac ters  and  selection rules for  the  f ragment  ( - -O- - -CH2C6H10CH2- -O- - )  o f  
"trans' conf igura t ion in PCHT on  the basis o f  C~ symmet ry  

C~ Czn E i n* 

Ag Ag, Bg 1 1 33 R a 
Au Au, Bu 1 - -  1 33 T 

* N u m b e r  o f  no rma l  modes  unde r  each irreducible representa t ion 

the Ag modes being Raman active, and the Au modes being infra-red active. 
The six 'additional' modes in this fragment will be due to motions of the 
terminal oxygen atoms about the -CH2-C6Hlo-CH2- skeleton, resulting in 
three Ag modes involving vs C-O, ~CCOII and 3CCO_1. and three Au modes 
involving vas C-O, 8ccoii and 3CCO±. 

'Cis' configuration 
The repeating unit of the cis polymer is not centrosymmetric and the 

space group 6 is probably P1, which is equivalent to the identity operation 
E. However, an examination of classical models of the polymer indicate 
that the cis fragment 

--CH2~CH2-- 
18 
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will possess a reflection symmetry plane along the 1,4-axis and will therefore 
belong to the Cs point group. According to the characters and selection rules 
for the C8 point group in Table 7, the 60 normal modes of the fragment will 
divide as follows 

39A'  + 21 A" 

whel e both the A' and A" vibrational species are Raman and infra-red active, 
the A' and A" notations representing vibrations symmetric and antisymmetric 
with respect to the single reflection plane. 

Table 7 Characters and selection rules for the fragment (--CH2--C6H10--CH2--)  of 'cis' 
configuration on the basis of Cs symmetry. 

Cs E oh n* 

A' I 1 39 Tx, Ty, Rz azz, ayy, axx, axy 
A" 1 -- 1 21 Tz, Rz, Ry auz , azx 

*Number of normal modes under each irreducible representation. 

The 6 modes involving the terminal oxygen atoms cannot be considered 
under the point group Cs, but under the space group PI ,  isomorphic to 
point group C1. Such a low symmetry implies both infra-red and Raman 
activity of all six skeletal modes. 

For  convenience the 66 normal modes of  the cis fragment are also included 
in Table 5. 

Assignment o/" the normal modes of  the fragment 
H H 

- -  O- -  CH 2--J~ "x,[--- CH2--O 
k _ _ /  

The infra-red spectra of  the c/s and trans isomers of  1,4-disubstituted 
cyclohexanedimethanol derivatives are very similar 1, 9, 10. There are few 
appreciable band shifts and intensity changes on going from pure cis to pure 
trans conformations for derivatives studied irt the same state. However, 
upon change of  state significant intensity changes do occur in many bands in 
trans substituted isomers, whilst the cis isomers show little spectral change 
as will be discussed later. The most important spectral difference between the 
two isomers is a strong infra-red and Raman band observed in the cis isomer 
at 630 cm -1, which is very weak or totally absent in the trans isomer. It has 
been suggested 9, s0 that this band is an indication of  the axial substitution of  
cyclohexane. 

Because of the over-all spectral similarity between the two stereoisomers it 
is evident that there are no significant shifts in frequency between the corres- 
ponding modes in the two isomers. Consequently the assignment of the 
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modes attributable to the two conformations will be discussed together. The 
assignments will be hampered by the low symmetry of the fragments, especially 
the eis-form, in which all of the normal vibrations are expected to be infra- 
red active, with some of the expected infra-red dichroisms in the extended 
polymer in some doubt. 

Ag and Bg species 
The modes of vibration of the trans stereoisomer belonging to the Ag and 

Bg species are inactive in the infra-red. The vibrational modes of the fragment 
in which the 1,4-substituents are essentially at rest are expected to occur at 
similar frequencies to those in cyclohexane, 11 which are given in parentheses 
under the Ag and Bg species in Table 5. 

In Table 5 the frequency notation is not in exact order of decreasing fre- 
quency due to the low symmetry of the fragment and the large number of 
vibrations involved under each symmetry species. The A' and A" modes in 
the eis-stereoisomer corresponding to the inactive Ag and Bg modes of the 
trans isomer will be infra-red active. The assignment of these cis A' and A" 
modes is somewhat arbitrary, since many of the frequencies will lie close to, 
or will be coincident with, their active counterparts corresponding to the 
infra-red active Au and Bu modes of the trans configuration; This is seen on 
comparing the spectra of the cis and trans isomers of PCHT and the associated 
model compounds. These additional bands which are peculiar to the cis- 
steleo isomers and which are not attributed to the terephthalate framework 
are consequently assigned to the A' and A" modes according to Table 5. In 
marly cases the infra-red dichroism was very difficult to ascertain due to 
masking by more intense absorption, but the assignments for those modes of 
known polarization are consistent with the predicted polarizations. The 
assignments of these modes were made largely by analogy with the corres- 
ponding infra-red inactive Raman active modes of cyclohexane (Table 5). 

We believe the infra-red absorption at ~ 630 cm -1 and characteristic of 
the eis-stereo isomer 9, 10 is most probably due to the vibrations v45 (A') or 
vs9 (A') which are mixed C-H and C-(CO) deformation modes, 8CH + 
~C(CO). It is felt that this normal vibration will be more sensitive to eis- 
substitution at the 1,4-position than any of the other related vibrations 
involving the 1,4-substituents, expected to lie in this region. 

The mixed CH2 (ring) rocking mode (vs0) is observed at 384 cm -1 in 
cyclohexane 11 and at 372 cm -1 in the Raman and infra-red spectrum of eis- 
cyclohexane 1,4-dimethanol, and in the Raman at 376 cm -1 for the trans 
isomedL The very weak band in the spectrum of the eis-polymer at 372 cm-1 
is therefore assigned to this mode. 

A u and B u species (trans configuration); 
A" and A '  species (cis configuration) 

Au/A" species. The normal vibrations of both the c/s and trans stereo. 
isomers corresponding to the Au and Bu species will be active in the infra-red 
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These modes are assigned to bands which are peculiar to PCHT which are 
absent in the PET spectrum, and which occur at similar frequencies in both 
the cis and trans isomers, in both PCHT and the associated model compounds. 
As with the Ag and Bg species the assignments of the A,, and Bu vibrational 
species was aided by the correlation with similar modes occurring in cyclo- 
hexane. Consequently, the bands occurring in both isomers at 2850, 1445 
and 872 cm -1 and the 77 band at 1136 cm -1 are assigned to vasCH2, 3CH2, 
pCH2 and wCHz (all of the Au symmetry species) respectively. All the bands 
display the polarizations predicted. In cyclohexane the corresponding 
vasCH2, 8CH2 and pCH2 modes occur at 2864, 1440 and 906 cm -1 respec- 
tively. The medium o band at 278 cm -1 is assigned to the 'mixed' ~o[CH + 
C(CO)] mode, vv6 (Au, A"). In the terephthalate ring framework the oJC(CO) 
mode is assigned at ~ 240 cm -1. 

The medium ~ band common to both polymers at 598 cm -1 is believed to 
be due to one of the ring breathing modes, vTs, v79. However, the observed 
dichroism of this band is not consistent with the a polarization predicted, 
although the latter is itself in doubt due to ignorance of the exact spatial 
orientation of the cyclohexane ring with respect to the rolled film plane in a 
fully oriented specimen. The modes which remain unassigned in this group 
and which are expected to occur as weak infra-red bands are probably 
masked by other absorption. 

Bu/A' species. The following assignments have been made for the Bu/A' 
vibrations in the trans/cis configurations of the fragment (the frequencies in 
square brackets are the corresponding values in cyclohexane): pvasCH,~ 
(ring) 2925 (,,81), 2750 (v82) [2935, 2801 cm-1]; ~-CH2 (ring) 1355 cm 1 (vg0) 
[1355 cm-1]; ~oCH2 (ring) 1253 cm -1 (vgz) [1263 cm-1]; vcc (ring)---950 cm -1 
(v2v) [1040 cm-1]; 8CCCH--898 cm -1 (v98) [862 cm 1]; pCH2 (ring)--530 
cm -1 (vgD [522 cm-1]. The observed polarizations are in agreement with 
those predicted. 

Cis-cyclohexane-l,4-dimethanol has infra-red and Raman bands at 127, 
193 and 311 cm -a due to a mixed skeletal C(CO) rocking mode, a ring out- 
of-plane deformation mode and a CCO bending vibration lz. Infra-red bands 
are observed in the cis-PCHT spectrum, and the spectra of the cis isomers of 
the associated model compounds, at 128, ~ 202 and ~ 320 cm-L These 
bands are consequently assigned to pCH + pC(CO) (A', v96), 3CCCL (A' v99) 
and 3CCOL (A' v102) in the cis-stereo isomers. The trans counterpart to 
v99 is tentatively assigned to a weak band peculiar to the trans isomer at 222 
cm-1. 

In trans-cyclohexane-l,4-dimethanol two bands at 337 and 127 cm 1 
were found and assigned to 8CCOL and pCH + pC(CO), together with the 
band at 376 cm -1 (already assigned to pCH2 (Ag), in accordance with predic- 
ted values) 1~. Trans-PCnT and the trans stereo-isomers of the associated 
model compounds have absorptions at ~ 335 (a) and ,~ 128 cm-L These 
bands are therefore assigned to 3CCO_[_ (v102, a) and pCH -+- pC(CO) (v96, or) 
respectively. 

The zr bands at 1386 cm -1 (cis) are attributed to the vasC-(CO) mode 
(v86, ~r) in the two isomers. In the terephthalate framework the mode is 
believed to occur in the region 1330-1370 cm -1. The vas C-O mode (vl00, zr) 
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occurs in polyesters at ,~ 1120 cm -1 and is consequently assigned to the ~r 
band at ,~ 1150 cm -a in the two isomers. 

The modes associated with the CH2 groups of the 1,4-ring substituents 
are less readily identified. However the ~r band at 1374 cm-1 (eis and trans) and 
the a band at 848 (trans), 825 cm -a (cis) are tentatively assigned to ~oCH2 
(in-phase) (v93, ~r) and pCH2 out-of-phase (v95, a) since similar absorption 
due to these modes is observed in DO-CH2CH2-OD 14. 

A study of the molecular models of eis and trans-PCHT shows that the 
in-plane CCO deformation mode (va02) is equivalent to the torsion of the 
1,4-disubstituted cyclohexane ring about the (1,4 -O-CH2) substituents as 
axis. In eis and trans cyclohexane-l,4-dimethanol a weak-medium absorption 
band occurs in the far infra-red at 41 cm -1, which is believed to be attributed 
to this mode. The torsional mode va02 is therefore tentatively assigned to the 
weak infra-red absorption at 43 cm -a in cis-and transq'cnT. 

No other modes associated with the cyclohexane dimethanol fragment 
can be accounted for with certainty. There is, of course, a strong likelihood 
that in such a complex spectrum, many of the weaker bands expected, but 
not detected, are masked by other absorption. 

The 'internal' stretching, deformation and torsional modes o f  the PCHT 
chain skeleton 

The eight 'internal' skeletal modes which are derived from the twelve 
'null' modes of the discrete terephthalate and cyclohexane-l,4-dimethanol 
fragments on joining the two fragments to form the polymer repeat unit, are 
expected to be of a similar natt~re to those irt PET 7. They will involve essentially 

II II 

stretching of the -O-C  bond, v(O-CO), four in-plane and out-of-plane chain 
bending modes and three skeletal torsional vibrations. The latter will arise in 
PCnT due to restricted rotation about the three bonds 

/ 

As in PET the symmetries of these internal skeletal vibrations must be 
considered under the appropriate factor group or unit cell group. For the 
trans configuration 6 the unit cell group is equivalent to the point group C, and 
these vibrations will then divide as in trans PET, namely 

5Ag + 3Au 

Due to the low Ca symmetry of the unit cell group of the cis-polymer, all 
eight skeletal modes are likely to be infra-red active. 

A tentative assignment for the internal skeletal modes in the cis and trans 
isomers of Pcnw is given in Table 8, together with approximate descriptions 
of the motions involved. The exact forms of these eight normal vibrations are 
not known. The assignments have been made chiefly by correlation with the 
skeletal modes in PET and the related model compounds. 
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Table 8 Assignment of the 'internal' skeletal modes in cis and trans poly(cyclohexane-l,4- 
d i m e t h y l e n e  terephthalate) 

Unit cell Unit cell 
group C~ No~ v~ P group C~ v~ P Assignment 
"Trans' ' Cis " 

Ao (103) 

Ag (104) 

Ao (105) 

Ag (106) 

Ao (107) 

Au (108) 

Au (109) 

Au 01o) 

rl 
460 7r A 290 rr 3 C C O  1] 

174 rr A 190 ~r 3 C O C  II 
II 

90 7r A 115 7r ~" (C6H4) C O  
rl 

72 a A 72 ~r ~" C C O C  
Ii 

50 cr A 50/35 ~r ~- C O C C  

H 
1272 ~r A 1272 7r v ( - - C ~ O - - )  

~r 
391 7r A 360 rr 3 C O C  £ 

rf 
~r A 270 ~r 3 C C O  ± 

II 
The intense 7r band at 1272 cm -1 in both isomers is assigned to the vC-O 

skeletal stretching mode. In trans 1,~r the mode is assigned at 1266 cm -1. 
II II 

The CCO and COC skeletal modes in trans PCHT are not expected to differ 
significantly from those in trans PEr. Consequently the weak bands common 
to both polymers at 460 (o), 391 (crystal) and 174 (zr, crystal) cm -1 are assigned 

rr II 
to 3CCO 11 (Ag, ~), 3COC± (Au, zr) and 3COC li (Ag, zr) respectively. 

Certain bands in the cis isomers of Pent and model compounds are 
insensitive to phase changes. These are tentatively assigned as follows 

Ir II 
290 Or) 8 CCO II; 190 (~-) 8 COCII 

II Ir 
360 (zr) 8 COC±;  270 (~) ~ CCO± 

the polarizations observed agree with those predicted. The analogy here 
with the asignments for the skeletal modes of 'gauche' PEa" is interesting in 
that although the two assignments are almost identical the bands in 'gauche' 
PET are of definite amorphous origin. 

This is most probably explained by the fact that whereas in amorphous PET 
the glycol fragment is predominantly gauche as a result of rotational isomer- 
ism, no such isomerism can occur in cis-PCHT and the bands associated with 
the skeletal modes in the latter are neither of crystalline nor amorphous origin. 

Assignment of combination bands and overtones in PCHT 
All the assignments attempted for combination bands in PCHT are for the 

trans-stereoisomer. A number of characteristic infra-red active combination 
tones are known to occur in cyclohexane 11. Since both cyclohexane and the 
1,4-disubstituted cyclohexane fragment in trans-PCnT possess a centre of  
symmetry, combination tones will only be active in the infra-red for combina- 
tions of infra-red and Raman active fundamentals. Bands common to both 
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cyclohexane and trans-PCHT and assigned as combination tones occur at 
2526, 2362, 2270, 2124, 2073, 1950, 1815, 1675 and 1651 cm -1 and their 
appearance as rr bands in the trans-PCHT spectrum lends support to the assign- 
meats of the normal modes of vibration of the trans-l,4-disubstituted cyclo- 
hexane fragment summarized in Table 7. 

Characteristic combination tones occurring in benzene 15 and disubstituted 
benzene derivatives 10 have not been observed in PCHa", this is probably due to 
masking. 

Many of these combination tones are however observed in the spectra of 
the model compounds given in Table 3 and ref. 7. 

D I S C U S S I O N  

The most striking feature of the CiS-PCHT infra-red spectrum is the apparent 
lack of sensitivity of the band intensities to change of phase. There appear 
to be no bands of definite amorphous or crystalline origin and there is no 
significant change in intensity, even in solution, of any of the bands which 
are phase-sensitive in the trans isomer. Those bands which show crystal or 
amorphous origin in the latter can be attributed almost entirely to the tereph- 
thalate framework, by analogy with the PEa" spectrum. The crystal bands 
are attributed to the planar conjugated terephthalate framework and these 
bands gradually decrease in intensity with increasing amorphous content, 
accompanied by a corresponding increase in intensity of certain other bands 
associated with a distorted terephthalate system. This signifies increasing 
distortion of the planar terephthalate skeleton from D2n to C~v symmetry, 
and also implies a sharp increase in the number of such distorted units. 

Since cis-PCHT does not exhibit any significant changes in band intensity 
in the amorphous-+crystalline transition, it is concluded that the tereph- 
thalate framework remains distorted in the cis-stereoisomer, even in highly 
crystalline, oriented polymer and retains the over-all space group of the unit 
cell, namely P1. 

It is concluded that the cis-cyclohexane-l,4-dimethanol fragment in 
PCHa" and the gauche ethylene glycol residue in P~T are associated with a 
distorted terephthalate skeleton. It is also probable that the trans ethylene 
glycol fragment in PET is associated with a planar conjugated terephthalate 
system which appears to be stable only in a strong crystal field. Orientation 
of an amorphous specimen alone does not significantly inclease the degree of 
crystallinity, and hence many bands associated with amorphous regions of 
both PET and trans PCHT still persist strongly in the uniaxially non-heat crystal- 
lized specimens. With a relaxation in crystal field, rotation about the bond 
-CHz-CHz- commences with the formation of the 'gauche' rotational isomer 
with a corresponding distortion of the -C-O-CH2- bond, causing the 

II 

O O 
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fragment to be non-planar. Since the orientation of the terminal groups of the 

,"y-OH2 

fragment in c/s-PCHT will have a similar spatial orientation to the terminal 
groups of the ethylene glycol residue in 'gauche' PET 1 the strain induced 

II 
about the -C-O-CHz- bond in cis-PCHT will lead to similar distortion of the 
terephthalate skeleton, which cannot be relaxed by any change in phase, as 
in the case of PET, since cis-+trans rotational isomerism cannot occur in the 
cyclohexane-l,4-dimethanol fragment in the linear polymer. 

In trans-PcnT partial rotation about the -O-CH2-CH- bonds leads to a 
distortion of the terephthalate skeleton (D2h ~ Czv) upon relaxation of the 
crystal field, although, the trans substitution of the cyclohexane-l,4-dime- 
thanol fragment is completely unaffected by any change of phase in that 
trans -+ cis isomerism cannot occur, in contrast to the trans-gauche isomerism 
of PEa'. The trans-substituted CHDM fragment is therefore associated with a 
conjugated, planar terephthalate framework in a strong crystal field, with 
increasing distortion of the former occurring upon relaxation of the latter. 

I! 
As in PET rotation about the -O-CH2- and -C-O- bonds occurs in the 

cis and trans isomers of PCHT, but the barriers to rotation appear to be 
very similar in the two isomers in both highly crystalline and amorphous 
specimens. 
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Morphology of bulk crystallized trans- 
1,4-polybutadiene 

S. FERN,~NDEZ BERMODI~Z, J. M a G. FATOU and F. CATALINA 

Replicas of fracture surfaces of fractions of trans-l,4-polybutadiene, over the 
molecular weight range from 2 × 104 to 3.1 × 105, have been examined by 
electron microscopy. Striated, lamella type crystallites were observed and the 
sizes increased, slightly as the molecular weight increased, and they were very 
much smaller than the extended chain length. The crystallite interfacial free 

energy increased with molecular weight. 

INTRODUCTION 

THE EXAMINATION of surfaces or fracture surfaces of crystalline polymers by 
electron microscopy is a very interesting experimental technique which 
allows the analysis of the morphology in these systems and the direct 
measurement of the sizes of the crystallites formed from isothermally 
crystallized polymers from the melt. It has been established that under the 
proper conditions of crystallization, many polymers display lamellar struc- 
tures TM. The step heights of these lamellae have been associated with the 
sizes of  the crystallites. 

Anderson 5 observed in polyethylene crystallized from the melt three 
different types of lamellae: type I or regular lamellae, which are similar to 
solution grown lamellae, type II or narrow lamellae and type III lamellae 
which have step heights equal to fully extended chain lengths, with a crystallite 
structure similar to that reported by Bunn et al 6 for polytetrafluoroethylene. 
Mandelkern et al 7 have demonstrated that striated lamellae are observed in 
polyethylene for all molecular weights and, therefore, structures of this type 
are not indication that the crystallite sizes are comparable to the extended 
chain length. 

In a recent study, crystallization kinetics from the melt and the melting 
and transition temperatures of molecular weight fractions of trans-l,4- 
polybutadiene have been analysed 8,9. Because of the importance of the 
relationship between these parameters and the morphology of isothermally 
bulk-crystallized samples, we decided to investigate the fracture-surfaces by 
electron microscopy. Moreover, there is no information about the crystallite 
sizes and their relation with molecular weight in bulk crystallized fractions of 
trans-l,4-polybutadiene. In this work, we report the results in a molecular 
range of 20 000-310 000. 

EXPERIMENTAL 

The molecular weight fractions utilized in this work were obtained from 
trans-1,4-polybutadiene, kindly supplied by Phillips Petroleum Co. 
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The method of fractionation and characteIization has previously been 
described s. The viscosity average molecular weights of the fractions, were 
obtained from intrinsic viscosity measurements in benzene at 25°C and the 
molecular weight of the fractions selected for this work were 20 000, 129 000 
238 000 and 310 000. 

The microstructure of these fractions was determined by infra-red in a 
Perkin Elmer 621 spectrophotometer, using the technique described by 
Silas et al 1°. The 1,4-trans content for the fraction of  the lowest molecular 
weight was 92 % and for the other fractions was 97 %. 

Samples for study were prepared by moulding films 1 mm thick in a small 
aluminium mould; these films were then recovered in aluminium foil and after 
being completely melted in vacuum sealed tubes, were isothermally crystal- 
lized at 86°C for a sufficient length of  time so that no further crystallization 
would occur at these temperatures. The time required for this was predeter- 
mined through the dilatometric experiments 8 and range from ten to twelve 
days, depending on the molecular weight of the fractions. After completion 
of the crystallization at 86°C, the tubes were cooled to room temperature 
over a period of 24 h. 

In another set of experiments, the fractions were quenched at 0°C, from 
the melted state. The densities of the specimens crystallized in these two 
manners were determined in a gradient column. The crystallinity was 
calculated from the wide-angle x-ray diffraction patterns, which were obtained 
in a North American Phillips Co. spectrometer with Ni filtered Cu-Ka radia- 
tion. Table 1 summarizes these data. 

Table 1 

Te = 86°C Te = 0°C 
My Density (g/cm z) Crystallinity % Density Crystallinity % 

20 000 0"9847 56"8 0.9760 47 
129 000 0"9708 60.0 0"9535 54 
238 000 0.9640 65"0 0.9522 52 
310 000 0.9640 64.7 0-9512 55 

The specimens thus prepared were fractured after storage in liquid nitrogen. 
The freshly fractured surfaces were fastened to a slide with double back 
Scotch tape and oriented parallel to each other. 

A film (1 mm thick) of Triafol was deposited over the surfaces, with the 
contact face wetted with acetone. Following this operation, the polymer 
was removed and chromium was evaporated on the replica in high vacuum; 
the angle of shadow was 45 o, and after the deposition of the metal, a carbon 
replica was made in the usual manner. Following the deposition of  the thin 
metal-carbon film, the Triafol was removed with acetone. 

The calibration was preformed with polystyrene latex particles (Dow 
Chem. 586). The particle size was 2.200/~. 

The replicas were picked up on naked cooper grids and examined with a 
Siemens Elmiskop 1 A electron microscope. Micrographs were made on 

28 



MORPHOLOGY OF BULK CRYSTALLIZED TRANS--1,4-POLYBUTADIENE 

Agfa-Gevaert, type Scientia 19D-50P plates, photographically enlarged as 
desired. 

The micrographs of the fracture's surface was measured with an optical 
microscope. 

RESULTS 

The electron micrographs of the fracture surface replicas are similar to those 
reported for other crystalline polymers ~-7. The striated, banded type lamellar 
crystallite is the predominant structural feature and these structures corres- 
pond to the type III lamella, reported by Anderson in polyethylene s. 

Besides these striate structures, type I and II lamella are observed. (Figures 
Z-S). 

Figure 1. Micrograph of replica of fracture surface of 1,4-trans- 
polybutadiene. Mr/= 238 000; T~ -- 86°C. 
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Figure 2. Micrograph of replica of fracture surface of 1,4-trans- 
polybutadiene. M r / =  310 000; Tc = 0°C 
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Figure 3. Micrograph of replica of fracture surface of 1,4-trans- 
polybutadiene. Mr/= 20 000; Tc = 0°C. 

We have under taken  an analysis of  the lamella thicknesses or step heights 
for the fracture surfaces of our  samples crystallized at 0 and  86°C. More than  
twenty measurements  were made on  each fracture surface, and  the results of  
these measurements  are summarized in Table 2, where the average thick- 
nesses are given. 

Table 2 

Mr~ 
Te = 86°C T,:  : O°C 

(A) (A) 
Min Max Average Min Max Average 

20000 130 540 341 112 505 278 
129000 168 562 355 100 900 290 
238000 188 560 392 112 1.070 364 
310 000 135 630 369 112 1.123 350 

A plot of  the crystallite thickness as a funct ion of molecular  weight is 
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1°'1 I 
/ Te= 86' C 

Y I I I I I I I 
F1 10 ~ F3 2.10 s F4  3 " 1 ~ F 5  

Mw 
Figure 4. Crystal]ite size against molecular weight for ],4-trans- 

polybutadiene tractions. 

given in Figure 4 for the samples crystallized at 86°C. The range of sizes is 
indicated by the lines. From this figure, we conclude that in the molecular 
weight range studied here, the crystallite size increases only slightly with 
molecular weight either in the samples crystallized at 86°C or in the ones 
crystallized at 0°C. However, smaller lamellae are present in the last 
conditions. 

In both cases the average lamella thickness is smaller compared to the 
extended chain length. 

Therefore, the banded lamellae are characteristic over a very wide mole- 
cular weight range and their existence is not indication that the crystallite 
sizes are comparable to the extended chain length. This conclusion has been 
previously reached by Mandelkern et a l l  

With the samples crystallized at 0°C, the predominant type is the thinner 
lamella. We can conclude that this occurs as a consequence of crystallization 
where the sizes of the crystallites are smaller. Similar results have been 
indicated by others 5,7. 

Moreover, the crystallite sizes reported in this work are higher than those 
reported by Takayanagi et a111,12 in single crystals of trans- 1,4 polybutadiene. 
This thickness corresponds to 100 A. After heat treatment, there is a thicken- 
ing of the lamella and they have suggested that the amorphous region, 
attached to the end surface of the crystal is dragged into the crystalline 
phase to form tight loops. 

It is clear that in our molecular range, a significant portion of the chain 
units cannot be assigned to the interior of crystallites. They have to be 
assigned to the interfacial regions in the 001 face or to the interzonal 
regions. Therefore, it would be expected a relatively large value for the 
crystallite interracial energies. 

The melting temperature of a crystallite of finite thickness is given byla, 14 

1 _ _ 1  R [ 2~ee  l l n ( X - - ~ + l ) k  ] (1) 
Tm Tm ° AHu ~RTm ~ x 

In this equation, Tm ° represents the equilibrium melting temperature; Tm 
is the observed melting temperature and ~ee is the interfacial free energy per 
chain as it emerges from the 001 face of the crystallite. 
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When x is large, equation (1) reduces to 

1 l 2nee (2) 
Tm Tm° ~AHu Tm 

The value of ace can be calculated by means of equations (1) and (2). The 
quantities required must be known independently. The equilibrium melting 
temperature of the form I has been estimated to be 75°C. 

The fusion enthalpy for the form I, was obtained for the relation between 
the apparent enthalpy, calorimetrically measured, and the crystallinity of the 
samples 9. This heat of fusion corresponds to 28 -5z 1 cal/g (1510 ~ 54 
cal/mol), for the form I, and 16 + 1 cal/g (865 + 54 cal/mol) for the form 
II. 

The heat of fusion for the form I is smaller than the values reported by 
others 1~-17, which correspond to a range of  2400--3300 cal/mol. 

The value for the form II, agrees with the values reported 16, but there is not 
any explanation for the contradictory results in the form I. 

However, Dainton et al TM by direct specific heat measurements estimated 
the heat for the transition I-II  to be 830 cal/mol. It is quite clear that if the 
higher values of 2.400--3300 cal/mol were considered, this value corres- 
ponds to 2.200 cal/m01e, which is too high. 

For our values, AHu (I-II) corresponds to 645 cal/mol which agrees better 
with Dainton's results. 

The values of  ~ec, calculated by means of equation (1) are tabulated in 
Table III. These values are given for both the average value and the largest 
value of  ~. 

Table 3 

MV oec (erg/cm 2) 
Average ~ Max 

20000 134 212 
129 000 140 222 
238 000 153 240 
310000 159 271 

As the molecular weight increases there is an increase on the crystallite 
interfacial free energy. For the three higher molecular weight fractions the 
relative change is not as great as for the lowest molecular weight fraction. 
In the higher molecular weight region the crystallite sizes represent only a very 
small portion of  the extended molecular length, and the interracial energies 
increase. These results agree with those reported for polyethylene 7. 
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The structure of feather keratin 

R. D. B. FRASER, T. P. MACRAE, D. A. D. PARRY* and E. SuzuKI 

When feather rachis is pressed in steam the keratin molecules are partially 
denatured and the x-ray diffraction pattern, which is greatly simplified, indi- 
cates that the microfibrils have a helical structure with four units per turn. 
Quantitative infra-red and x-ray data have been collected which suggest that 
this simplified pattern originates from about one third of the material in the 
form of a central core or framework which is resistant to denaturing agents. 
A model for this core consisting of a helical array offl-crystallites is shown to 
give quantitative agreement with the observed x-ray pattern over a wide range 
of angles. Each crystallite contains two sheets symmetrically disposed about 
the fibre axis and the sheets are distorted to conform to a ruled surface of 

opposite sense to the primitive helix. 

INTRODUCTION 

KERATINS have been classified according to the type of  wide angle x-ray 
diffraction pattern which they yield and two major groups have been recog- 
nized 1-a. Epidermis from all vertebrate classes yields an 'a-pattern'  which is 
believed to be associated with a polypeptide chain conformation in which 
a-helices are coiled in pairs to form two-strand ropes 4, 5. In contrast the 
x-ray patterns obtained f rom the hard epidermal appendages of  terrestrial 
vertebrates, for example claws, are of  two distinct types. Those f rom the 
class Mammalia  are typical a-patterns whilst those f rom Avia are of  a quite 
different type which is conveniently referred to as the 'feather pattern'.  This 
same pattern also occurs in a slightly modified form in the hard keratins 
f rom Chelonia (turtles and tortoises), Crocodilia (alligators and crocodiles), 
Squamata (snakes and lizards) 3 and Rhinchocephalia (tuatara) 6, the four 
main groups of the class Reptilia. 

Various models have been proposed for the structure of  feather keratin. 
Astbury and Marwick 7 concluded that the polypeptide chain conformation 
resembled that present in fl-keratin except that the chain was contracted so 
that the axial rise per residue was 3.1 A rather than 3.34A. In support of  their 
argument they quoted the observation that feather specimens could be 
stretched by up to 6 ~ in steam before breaking and that the extension was 
accompanied by an increase in axial rise per residue to 3-3A. Later, specific 
models involving various types of  chain folding were suggested 8, 9 but a 
fresh approach to the problem followed the recognition by Schor and 
Kr imm 1° that the structure was most probably helical. Theseauthorssupposed 
that there were tubular assemblies of  helical polypeptide chains with a con- 
formation similar to that of  the polar pleated sheet, whilst Ramachandran 
and Dweltz 11 claimed that the conformation resembled that found in collagen. 

*Present address: Children's Cancer Research Foundation, Inc., 35 Binney St., Boston 
Mass., USA 
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Neither of these structures however appears to be capable of accounting for 
the rich diffraction pattern of feather keratin (Figure la). 

Figure 1 X-ray diffraction patterns of seagull feather rachis (a) native (b) simplified pattern 
obtained after pressing in steam 

Although the degree of  crystallinity is very high compared with other 
native fibrous proteins it is not sufficient for conventional crystallographic 
procedures to be used. On the other hand external interference is too great 
for the pattern to be treated as the cylindrically averaged intensity transform 
of a helix and analyzed accordingly. 

Bear and Rugo 12 showed that the effect of  external interference on the low- 
angle x-ray pattern could be reduced by certain denaturing treatments. 
Later 18, specimens were prepared in which all traces of external interference 
were removed, yielding a simplified diffraction pattern (Figure lb) which 
could readily be identified as the rotationally averaged intensity transform of 
a helix with four units per turn of  pitch ~95/k.  

The present communication describes a further investigation of the struc- 
ture of feather keratin in which quantitative x-ray diffraction and infra-red 
data were collected and analyzed with a view to determining the nature of the 
molecular framework responsible for the simplified diffraction pattern. 

EXPERIMENTAL 

Pieces of rachis from the feathers of the silver gull (Larus novae-hollandiae) 
were degreased by extraction with petroleum ether and ethanol and washed 
in distilled water. Specimens yielding the simplified diffraction pattern were 
prepared by subjecting flat strips of rachis to lateral pressure whilst they were 
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held under tension in steam. The required time of treatment was found to 
vary from specimen to specimen and so was monitored by taking x-ray 
patterns. 

For x-ray examination the specimens were mounted with the fibre axis 
normal to the x-ray beam and then tilted through an angle appropriate to the 
region of the diffraction pattern to be recorded. Low-angle data was recorded 
with a 5cm specimen to film distance using either a lead glass capillary 
collimator camera or a focusing camera14; wide-angle data was collected 
using a toroidal focusing camera 15. The texture of the pressed specimens was 
investigated by comparing photographs taken with the x-ray beam passing 
firstly parallel then perpendicular to the direction of pressing. No evidence of 
preferred orientation was found. 

The optical density along layer lines was recorded with a Joyce Loebl 
microdensitometer either by direct recording or by the technique of iso- 
densitracing 16. The latter method was used over regions of the film in which 
the layer lines departed appreciably from straight lines. The actual path of a 
layer line through the isodensitracing was calculated and plotted auto- 
matically by a computer program. The optical densities from different films 
were scaled by standard procedures to put them on a common basis. The 
accuracy attainable in dealing with continuous layer line distributions in 
fibre-type patterns is inherently low and it was not considered worth-while 
applying corrections for absorption or polarization. 

Specimens suitable for infra-red studies were prepared by cutting thin 
uniform sections about 2tLm thick from the specimens used in the x-ray studies. 
The technique used for sectioning and mounting has been described else- 
where 17, an additional precaution used in the present study was to wet the 
specimen with 1,3-dibromopropane in order to reduce reflection losses. A 
Beckman IR-9 prism/grating spectrophotometer equipped with twin re- 
fracting beam condensers and a selenium polarizer was used to measure 
spectra with the electric vector vibrating first parallel then perpendicular 
to the fibre axis. The spectra were analyzed using an iterative non-linear 
least squares procedurO 8 (Figure 2). 

T R E A T M E N T  OF I N F R A - R E D  D A T A  

In an earlier study of the infra-red spectrum of feather keratin a9 it was shown 
that the Amide I vibration of the peptide groups had components ca 1635 
and 1690cm -a together with a broad underlying absorption. The frequencies, 
dichroisms and relative intensities of the first two components were close to 
those predicted 20 for the antiparallel chain pleated sheet conformation ~1 and 
it was concluded that this conformation was present in feather keratin. 
Since that time the technique of resolving overlapping bands has progressed 
to the stage where it is possible to attempt an analysis of the feather keratin 
spectrum with the aim of obtaining an approximate idea of the proportion of 
residues in the pleated sheet conformation. 

The analysis is complicated by the presence of sidechain absorptions 
associated with glutamine and asparagine, arginine, glutamic and aspartic 
acids and tyrosine 22. A study of the concentrations of these residues and the 
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Figure 2 Infra-red spectra obtained from seagull feather rachis 
using polarized radiation. The observed spectra have been analyzed 
by a non-linear least squares procedure into component bands 
associated with the Amide I mode of the peptide linkage and bands 
associated with the sidechain amide groups. The (~r, 0) and (~r, 7r) 
components of the antiparallel chain pleated sheet are shown as full 
line, the (0, ~r) component is shown dotted. The broad asymmetric 
band which underlies these components is shown as a broken line 
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intensities of the associated bands showed that the only band likely to produce 
appreciable error if neglected was that due to the amide sidechains of gluta- 
mine and asparagine. A correction was applied by measuring this band in the 
spectrum of molten propionamide (CH3.CH2.CONH2) and subtracting a 
similar band from the feather keratin spectrttm. The amount of correction 
required was determined from the known ratio o f - C O N H 2 / - C O N H -  
content 23 and a comparison of the spectrum of propionamide with that of 
molten N-methyl acetamide (CH3CONHCH3) measured in the same cell. 

The band shapes of the Amide I and II components associated with the 
pleated sheet were represented by the symmetrical function 

D/Dm --- g exp {--ln 212(v -- Vm)/Av½] 2 } 
+ (1 -- g)/{1 q- [2(v -- Vm)/Av½l 2 } (1) 

where D is the contribution of the band to the optical density at frequency v, 
Dm and vm specify the maximum and its frequency and Av~ is the band 
width at 1Din. This function, which is a linear combination of Gauss and 
Cauchy shapes in the ratio g to (1 -- g), has been found to give a satisfactory 
representation of amide band shape in silk fibroin 17 and in/3-keratin z4. The 
broad underlying band in the Amide I region is asymmetric and the function 
in equation 1 was multiplied, in this case, by 

1 + tanh[2b(v-  vm)lAv½] (2) 

where b is an adjustable parameter. For b = 0 the factor reduces to urtity and 
the band is symmetrical whilst negative values of b produce negative skew 
and vice versa. 

In addition to analyzing the Amide I region it was also necessary to effect a 
partial analysis of the Amide II components in order to make allowance for 
their overlap in the Amide I region. The Amide I components are listed in 
Table 1 and an estimate of the fraction of residues in the antiparallel chain 
pleated sheet conformation was obtained from the expression 

Table 1 Analysis  o f  Amide  I region of  the spec t rum of  feather  kerat in 

Component vm Dm Av~ Area 
(cm -1) (cm -1) (cm -1) 

Parallel Spec t rum 
v(Tr, 0) 1634'8 0"004 23"3 0"14 
v(~, ~r) 1665"0 0"005 20"0 0"14 
v(0, 7r) 1691'4 0"083 20'2 2"34 
v. 1658'3 0"380 asymmetr ic  31.68 

Perpendicular  Spec t rum 
v(~r, 0) 1634'8 0'440 23"2 14'30 
v(Tr, ~r) 1665"0 0"040 20 '0  1 "11 
v(0, 7r) 1691 "4 0"049 20"2 1 "37 
v~ 1658"3 0"465 asymmetr ic  38.76 

Goodness of Fit: The root mean square deviation between the observed spectra and the sum of the compo- 
nents listed above plus side chain amide and baseline corrections was 0"004 optical density units. 
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(E Areas of pleated sheet Amide I bands)II 
+ 2(Z Areas of pleated sheet Amide I bands)j, 

(3) m 

(Z Area of all Amide I bands)l i + 2(Z Area of all AmideI bands).l. 

which yielded a value of 0.25. A correction is required for the contribution 
of non-keratinous proteins which constitute about 10~ of the tissue. The 
corrected estimate is therefore 0-28. 

T H E  N A T U R E  OF T H E  F E A T H E R  K E R A T I N  M I C R O F I B R I L  

About 90 ~ of feather rachis can be extracted 2~ in the form of soluble proteins 
of homogeneous molecular weight 10400 ~ 300. These proteins can be 
fractionated on the basis of chemical composition but no marked differences 
between fractions are found as is the case with mammalian keratins, where 
two distinct types of protein can be isolated 26. 

The mean residue weight of the total extract from feather rachis is 99.5 
so that the number of residues per molecule is (10400 ± 300)/99.5---- I04.5 i 3. 
The analysis of the infra-red data indicates that on average about 104.5 × 0.28 

29.3 of these are in the antiparallel pleated sheet conformation. This 
figure must necessarily be approximate as the corrections for side chain 
absorption and intercellular proteins are not known exactly. 

Filshie and Rogers 27 showed that feather rachis contains a close packed 
arrangement of microfibrils which are revealed in cross section by the 
presence of approximately circular patches of lightly stained material sur- 
rounded by a densely stained matrix. In the case of a-keratin where a similar 
situation obtains 2s, the lightly stained regions are believed to correspond to 
the site of the organized secondary structure (a-helix). By analogy we may 
suppose that the lightly stained regions in feather keratin correspond to the 
pleated sheet fraction. This leads to the concept of a microfibril in which 
the pleated sheet portions of the molecules form a central framework whilst 
the non-pleated sheet portions correspond to the osmiophilic matrix. 

Bear and Rugo 1~ observed that during a number of treatments in which 
the feather keratin structure was partially disrupted, certain near meridional 
reflections at moderat~ and wide angles were unaffected. The simplified 
pattern in Figure lb is one such treatment. Art explanation of these persistent 
reflections follows logically from the type of microfibril structure envisaged 
above as it may be supposed that the treatments used by Bear and Rugo 
resulted in the denaturation of the outer portions of the molecules, which are 
devoid of regular secondary structure, without significant disturbance of the 
central core consisting of the pleated sheet portions. The pleated sheet por- 
tions of the molecules would be expected to be more stable due to the regular 
two dimensional array of hydrogen bonds. 

The simplified pattern in Figure lb probably represents the stage where the 
non-pleated sheet portion of the microfibril is quantitatively disrupted and 
the remaining sections describe a test of this hypothesis. The number of 
parameters which needed to be chosen was very large and the search for an 
arrangement of pleated sheets which would account quantitatively for the 
observed pattern was necessarily protracted. Only the final solution will be 
discussed in detail. 
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DERIVATION OF TRIAL STRUCTURE 

The diff ract ion pa t t e rn  o f  native rachis  (Figure la) is c rossed  by regular ly  
spaced layer  lines co r re spond ing  to an  axial  pe r iod  o f  94.6/~ and row lines 
which indicate  a layer  s t ructure  o f  la teral  pe r iod  33A. The second lateral  
pe i iod ic i ty  is not  well deve loped  12 but  does  not  appea r  f rom electron micro-  
g raphs  to be great ly  different in value f rom the first 27. The internal  a r range-  
ment  of  the microfibr i l  la is that  o f  a helix with four  units per  tu rn  o f  pi tch 
94.6,~ and  so the volume per  unit  is ,-~33 × 33 × 94.6 × ~ - - - -25750A a. 
The macroscopic  densi ty z9 is 1 .27gcm -a which leads to a mass  ~ 1 9 7 0 0  
da l ton  per  uni t  or  19700/10400 -~ 1.9 molecules  per  unit. 

Ear l ier  s tudies la ind ica ted  that  the line g roup  o f  the helix was s2(M ~ 4) 
and  so the unit  p resumably  consists o f  a pa i r  of  molecules,  re la ted  by a d iad  
pe rpend icu la r  to the helix axis (Figures 3 and 4). 

$2 

Z 

51 

Figure 3 Trial structure for the pleated sheet framework of feather 
keratin. Each sheet contains four chains with eight residues per chain 
and pairs of sheets are related by a horizontal diad. In thi s low resolu- 
tion model the residues are represented by Gaussian spheres of 
electron density. The asymmetric unit is a single sheet, all other 
sheets being generated by the line group symmetry s2 (M = 4) 
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Figure 4 Diagrammatic radial projection representing the disposition of the crystallites 
(shown shaded) in (a) the trial structure and (b) the refined structure for the pleated-sheet 

framework of feather keratin 

A striking feature of the data collected from the simplified pattern (Figure 5) 
is the way in which strong diffraction occurs on even layer lines in the 
equatorial and 3A regions of the meridian and on odd layer lines in the 6A 
region. It was found that this observation could be explained very simply by 
supposing that the microfibril contained a helical array of  fl-crystallites each 
with two sheets $1 and Sz, related by a diad perpendicular to the fibre 
axis Oz. Except for the residues at one end of each sheet there exists for 
each residue in $1 a corresponding residue in $2 which is related to it by a 
rotation of zr around Oz and a displacement h parallel to Oz. Hence residues 
occur in pairs at (r, 4, z) and (r, ~ d- zr, z q- h). 

The cylindrically averaged intensity transform of a helix with 4 units per 
turn is confined to layer lines with ~ = I/c where l is the layer line index, c is 
the axial repeat of structure which in this case is equal to the pitch of the 
helix. The intensity at a distance R from the ~-axis is given 3° by 

I(R, l/c) = Z Gn, rGn.; (4) 
n 

where G.,~ is the complex conjugate of Gn, t and the summation extends 
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over values of  n which satisfy the selection rule l =- n + 4m with m = 0, 
± 1 ,  ~ 2  . . . .  etc. Thus odd layer lines only contain terms with odd n and 
even layer lines terms with even n. 

The value of the terms in equation 4 is given by, 

Gn, ~ = EfjJn(2~rRrj) exp [i(--n~i + 27rlz/c)] (5) 
J 

wheref j  is the scattering factor of  the atom with cylindrical polar coordinates 
rj, ~ ,  zj; Jn(x) is a Bessel function of the first kind of order n, and the sum- 
mation extends over the atoms of  the repeating unit. 

To the extent to which residues are similar, and neglecting one set of  end 
residues in each sheet, the value of Gn. t for the two sheet unit will be related 
to that of  the single sheet $1 by 

Gn, l ~- G'~,~ {1 ± exp [i(--nrr + 2rrhl/c)]} (6) 

where G~,.~ refers to a summation over $1. 
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Figure 5a Comparison of observed intensity in the simplified x-ray 
pattern (full line) and that calculated for the refined model for the 

pleated sheet framework illustrated in Figure_6 (broken line) 
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When  l /c  is small (near-equatorial  region), and when l /c  ~ fig. 1/h (1 , ~  30) 

Gn, t ~- Gn,z [1 Jr - ( - -1)  n] (7) 

so that  odd layer lines, on which n is always odd, are either weak or  absent. 
When l /c  ~ 1/2h ( l  ~ 15) 

G.,~ ~_ G'. [1 - ( -  1)-] 

I 
13 

@ 

o 

° 

5 
0 r , J - ~ . ~  I J ,  , , I , , , , 

0 0,1 
R (.~-') 

oL--.k 201 
:F ,8 

16 
A 

15 

x X , . . . , ~ -  

r t 1/* 
t i i i I J I I I 

0 0,I 

l 

oF 2, 
oF ___.::  

E 0 24 

~> 0 I 23 

t . . . .  

0 OJ 

n ~  32 

oI ~' 

0 0.1 

r( l - ' )  
Figure 5 b and c Comparison of observed intensity in the simplified 
x-ray pattern (full line) and that calculated for the refined model for 

the pleated sheet framework illustrated in Figure 6 (broken line) 
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and so even layer lines, on which n is always even, will be weak or absent. 
The observed alternation of intensity between even and odd layer lines can 
thus be accounted for in a very simple way by supposing that two-sheet 
fl-crystallites are symmetrically disposed about the fibre axis. 

Earlier studies 8 using the optical diffractometer suggested that the length 
of the fl-crystallites was around one quarter of the axial period and using a 
value of 3-08/~ for the mean axial projection of the length of a residue zl 
we obtain an estimate for the pleated sheet dimensions of 23.6/3.08 ~ 7.7 
residues per chain and from the number of pleated sheet residues per molecule 
29.3/7.7 ,~ 3.8 chains per sheet. The asymmetric unit of structure was there- 
fore initially assumed to be a pleated sheet with an interchain spacing of 
4.7A and an axial rise per residue of 3-1 ,~, containing four chains each with 
eight residues. The sheet was oriented parallel to and distant 5A from the 
Oxz plane so that the operation of a diad along the x axis produced the 
second sheet of the crystallite (Figures 3 and 4). 

R E F I N E M E N T  OF TRIAL S T R U C T U R E  

The number of parameters required to specify the positions of all the atoms 
in the unit far exceeds the number of data available in the diffraction pattern 
and it is not possible to refine these parameters on the basis of the observed 
data. The problem of reducing the number of parameters to be refined has 
been discussed by Arnott  and Wonacott 32. In the present instance a low 
resolution model was used in which each residue was represented by a 
Gaussian 'blob' of electron density 33 

d = do exp [--r 2/re]2 (9) 

where re is the radius at which the density drops to l/e of its origin value. 
The normalized transform of the blob is 

F = exp [--~r2r~(~ 2 + Re)] (10) 

and an additional f ac to r f equa l  to the scattering factor for a carbon atom 34 
was also incorporated so that the normalized function for simulating residue 
scattering at low resolution became 

f (R ,  0 
F(R, 0 -- f(O, O) exp [--~r2r~(~2 + R2)] (11) 

The unit of structure consists of two sheets related by a horizontal diad 
(Figure 3) and for each residue with coordinates rj, Cs, zj there exists a cor- 
responding residue with coordinates r3, --¢s, --zs. Thus the expression for 
Gn, t becomes 

Gn, t = 2 • F(R, I/e)Jn(2~Rrl) cos (--n¢1 + 2~lzj/c) (12) 
J 

where the summation extends over a single sheet, which is the asymmetric 
unit of the model. A correction factor to allow for the effects of disorientation 
in the specimen was applied to I(R, l/c) to give a calculated intensity L(R, l/e) 
which could be compared directly with the observed microdensitometer 
records. The derivation of this factor is described in Appendix 1. 

The expression for Ie(R, l/c) makes no allowance for any residual external 
interference between microfibrils. The only layer line showing evidence of 
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external interference is the equator where an interference maximum of 
spacing 33A is observed (Figure 5). 

No contribution from the denatured non-/3 portions of  the molecules 
has been included in lc(R, l/c). The main differences between the native and 
the simplified patterns occur on layer lines 0 to 10 and it is in this region that 
residual contribution from the globular portions might be expected. In 
particular the microfibrils will appear, in equatorial projection, to be em- 
bedded in a matrix of uniform electron density. An additional term was 
therefore included in Go, o to give 

Go, o : Y, F(R,  O)Jo(27rRrj) - -  k[2J1(2~rRrm)/(27rRrm)] (13) 
J 

where k and rm are adjustable parameters. The additional term is the trans- 
form of a cylinder of radius rm with the sign reversed, which by Babinet's 
principle should approximate the matrix scattering. 

Preliminary calculations showed that the trial structure was unsatisfactory 
in that it produced very strong meridional diffraction on layer lines 28 and 32 
whereas the observed intensity is mainly off-meridional. In addition the 
strong off-meridional maxima on l : 15 and 19 in the observed pattern were 
completely absent in the calculated pattern. No improvement could be 
obtained by varying axial rise per residue, intersheet distance or the dis- 
position of the residues in the sheet. 

Following the suggestion made in earlier studies s various types of tilt were 
applied to the asymmetric unit and it was found that by tilting different 
portions of the sheet by different amounts a tolerable fit to the observed data 
could be obtained in the range l : 28-32 but not elsewhere. It was noted that 
although the basic helix had been assumed, for convenience to be right- 
handed, the tilt was such as to direct the chains in the opposite sense. The 
structures were unsatisfactory as tilting the chains of  a sheet by different 
amounts destroyed the hydrogen bonding. 

A search was therefore made for a type of distortion which would allow 
the chain axes to be tilted without destroying the hydrogen bonding. A type 
of  helical twist related to a ruled surface was found in which the interchain 
distance was preserved and corresponding points on neighbouring chains 
remained in exact lateral register thus preserving the hydrogen bond arrange- 
ment. This transformation is fully described in Appendix 2 and illustrated 
in Figure 6. The calculated transform for this model showed immediate 
promise of providing art overall fit and the various parameters were refined by 
trial and error. The parameters investigated (see Appendix 2) were intersheet 
distance, tilt, sense of ruled surface (left- or right-handed), axial rise per 
residue, number of  chains in a sheet, number of  residues in a chain, v co- 
ordinate and re value of the simulated residue, and rm and k values for the 
matrix correction term. The final Values were 

Primitive helix right-handed 
Generating helix for ruled surface le•handed 
Number of chains 4 
Number of  residues/chain 8 
Intersheet distance 10A 
r0 5A 
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The o p t i m u m  value o f  k in equa t ion  13 co r re sponded  to a mat r ix  e lec t ron 
densi ty  equal  to 0.9 t imes the mean  value within the core. The assumpt ion  o f  
a r igh t -handed  pr imi t ive  helix is o f  course a rb i t ra ry .  In  the event that  the 
ac tua l  pr imi t ive  helix is le f t -handed,  the ru led  surface would  be o f  oppos i te  
sense to that  given above.  The coord ina tes  of  the 32 residues in the asym- 
metr ic  uni t  o f  s t ructure  are  given in Table 2. 

a b c d 

Figure 6 Stages in the development of a model for the structure of the pleated sheet frame- 
work of feather keratin. (a) Trial structure with pairs of pleated sheets at each level related 
by a horizontal diad. Pairs at different levels are related by a right-handed 4 fold screw 
axis; (b) left-hand ruled surface; (c) a strand of fl-sheets distorted so as to conform to the 
ruled surface in (h); (d) complete model for the core of the feather keratin microfibril 

consisting of two strands of fl-sheets 

COMPARISON OF CALCULATED AND OBSERVED TRANSFORMS 

The intensi ty t r ans fo rm calcula ted  for  the refined mode l  is c o m p a r e d  with the 
observed  intensi ty t r ans fo rm in Figure 5. The concent ra t ion  o f  intensi ty  on 
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Table 2 Coordinates of the residues in the asymmetric pleated sheet unit of the 
core model. Equivalent positions (r, ~, z), (r, --~b, --z) 

Chain 1 (up) Chain 2 (down) 
r (, z r ~ z 

(/~) (deg) (/~) (•) (deg) (/~) 
7.92 169-5 -- 9 '49 5 "70 97 "3 10' 84 
6'99 171 "2 --5"94 7"01 94"0 7.44 
8"58 153" 1 - 3"67 5'01 111 "2 4"94 
7.86 153'4 --0"05 6"57 107.9 1.64 
9'30 136"0 2.15 4"45 122'9 --0.97 
8'76 134"8 5.81 6.26 120'9 --4"14 

10'07 118'3 7.99 4-07 132'1 --6.89 
9.70 115"6 11.67 6.10 133"3 --9.93 

Chain 3 (up) Chain 4 (down) 
r (~ z r ~ z 

(A) (deg) (/~,) (.~) (deg) (/~,) 
7.27 93'4 --10.34 6.57 0"3 8.88 
5-35 75.5 --7.89 8"24 18"6 6.58 
6.78 78"9 --4"54 7"42 17'6 2-99 
4.71 62.7 --1.98 8'94 35.3 0.76 
6"40 65"5 1.25 8"31 35"8 -2 '88 
4"23 52.2 3-93 9"68 52'8 --5.07 
6-16 52"8 7.03 9-23 54"8 -- 8.74 
3"97 44.0 9-85 10'46 70'8 -- 10.92 

even layer lines in the range 1 = 24 to 34 is correctly reproduced and the 
agreement between the calculated and observed distributions is sufficiently 
good  to justify the approximations used. Evidently the distribution of  
residues in the model  must  closely resemble that in the actual core of  the 
microfibril. This por t ion  o f  the observed diffraction pat tern is very little 
changed in the transit ion f rom the native to the simplified pat tern and so the 
contr ibut ion f rom the globular port ions of  the molecules must  be very small. 

The concentrat ion of  intensity on odd layer lines in the range l ---- 13-19 is 
correctly reproduced.  The overall agreement in this region is again satis- 
factory apar t  f rom a discrepancy between the positions of  the observed and 
calculated maxima on l ---- 17. The intensity in this region of  the diffraction 
pat tern stems f rom the fact that  the residues project alternately above and 
below the plane o f  the sheet. A n y  discrepancy in this region will a lmost  cer- 
tainly stem from the fact that  all residues were assumed to be equal. In  the 
actual structure the scattering power o f  the residues will be variable and may 
be systematically displaced in alternate chains due to their antiparallel 
character. Assumptions about  the likely effect o f  these parameters  can be 
made but the present data were not  considered to be sufficiently accurate or  
extensive to serve as a basis for  such a further  refinement. 

The overall fit in the range l ---- 0-8 is again satisfactory and differences in 
detail may  be at tr ibuted to small residual contributions f rom the denatured 
non-fl port ions o f  the molecule. This probably  accounts for  the weak streaks 
on l ---- 1, 3 and 5 not  predicted by the model. The intense meridional  reflec- 
t ion in the observed pat tern is not  predicted by the core model,  however this 
reflection is a lmost  certainly not  associated with the core as it is highly variable 
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in intensity. In feather keratins it is generally very intense but in certain 
reptilian keratins it is weak ~, 6 even though the remainder of the diffraction 
pattern is very similar. The oscillation in the observed equatorial curve 
ca 0-03/~ -1 is due to residual external interference between microfibrils for 
which no allowance was made in the calculations. 

The overall agreement between the observed and calculated pattern is 
surprisingly good in view of the very simple method of representing the 
scattering material of the core in which every residue was assumed to have the 
same v coordinate in the undistorted sheet and the same scattering power. 
The particular type of helical distortion used is also probably an over- 
simplification of the one actually present. In the event that more precise data 
can be collected these features may be further refined. 

D I S C U S S I O N  

The inter-relationship of the sheets in the core is shown in the helical pro- 
jection in Figure 4 and the diagram in Figure 6. No information can be 
obtained from the present work on the course of the polypeptide chain of a 
molecule, but the simplest assumption is probably that each sheet corresponds 
to the fl-portion of one molecule. If  this is so there is a striking similarity 
between the form of the chain folding present in the core of the feather 
keratin microfibril and that believed to be present in the micelles of the egg- 
stalks of Chrysopa which have been studied by Geddes et a136. In this material 
the polypeptide chains are regularly folded to give an antiparallel chain 
pleated sheet with each chain section containing eight residues. 

If a similar type of folding is present in feather keratin it will be seen from 
Figure 6 that the molecules aggregate end-to-end via the loops between chain 
segments and side-to-side via sidechain interactions between pairs of sheets. 

In the coordinate transformation described in Appendix 2 the hydrogen 
bonding in the sheet is preserved and the distortion is taken up by having a 
variable distance along the chain between successive residues. This distance 
varies from 2.96 to 3.39A with a mean value of 3.18A. The meshing of 
sidechains between the two sheets is good for the inner chains but less 
satisfactory for the outer chains. In the actual structure it is likely that the 
distortion is less idealized than envisaged in the model and that the u axis 
is in fact not exactly straight. The actual distortion probably does not involve 
such a wide range of distances between successive residues and gives better 
meshing of  the outer chains. 

Examples of small pleated sheet assemblies have been found in lysozyme 37 
and in carboxypeptidase A 38. Although topologically similar these assemblies 
show appreciable departures from the idealized structure described by 
Pauling and Corey 21. The assembly in carboxypeptidase A resembles that 
envisaged in the present model for the core of the feather keratin microfibril 
in that the sheet is twisted. 

It is difficult to correlate the infra-red dichroism with the model in a 
quantitative way as the analysis of the pleated sheet vibrations given by 
Miyazawa 39 refers to an undistorted sheet of infinite dimensions and it is 
uncertain how the vibrational pattern would be affected by the limited size 
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and distortion present in the feather keratin molecules. The v(rr, 0) com- 
ponent of Amide I involves a collaborative build up of transition moment 
parallel to the u axis of the pleated sheet (Appendix 2) and as this axis is 
transformed without distortion the transition moment direction for v(rr, 0) 
might be expected to be inclined at an angle of 90 -- a = 81 ° to the fibre 
axis. The value calculated from the observed dichroic ratio is 85 ° which is in 
reasonable agreement with the value calculated from the model. The v(0, ~r) 
component of Amide I is much weaker than the v(rr, 0) component and has a 
low parallel dichroism (Figure 2). This component arises from a collaborative 
build up of transition moment between residues at consecutive axial levels. 
In the model each level of residues is rotated relative to the one above and 
below (Figure 6) and it is not clear what effect this is likely to have on the 
dichroic ratio of the associated band apart from the expectation that it will be 
lowered. 

C O N C L U D I N G  R E M A R K S  

The present model for the framework of the feather keratin microfibril is 
based on data collected from feather rachis but the 'persistent' reflections 
on layer lines 15, 19, 24, 30, 32 are also observed in reptilian keratins 3, 6, and 
it seems likely that a very similar framework is also present in these materials. 
The axial period in the claws of  the lizard Varanus niloticus 3 is somewhat 
greater than that in feather rachis indicating a slightly longer pitch of the 
helix. 

Soluble extracts containing 80--90 ~ of  feather can be prepared by reducing 
the cystine residues and blocking the thiol groups to prevent reoxidation eS, 40. 
Films cast from these derived proteins yield x-ray diffraction patterns which 
contain the persisent reflections 13, 41 and it may be concluded that the mole- 
cules repolymerize in such a manner that the core structure is regenerated. 
The films obtained from certain purified fractions e5 exhibit strong meridional 
diffraction at 4-8 and 2.4A suggesting a cross-/3 conformation 42. It is possible 
that the pleated sheet portions aggregate side to side in these fractions rather 
than end-to-end as in the native material. 

Various lines of evidence suggest that the non-core portion of the micro- 
fibril, which represents a little over two thirds of  the keratin, is mainly 
responsible for the very rich low-angle pattern extending from l = 0-12 and 
laterally from R ----- (M).06A -1 (Figure 7). Bear and Rugo 12 showed that the 
intensities of these reflections changed with water content and that they 
could be eliminated by treatment with denaturing agents. The simple 'net' 
pattern at low angles remaining after such treatments can be explained by 
supposing that the denatured portions of  the molecules still retain an approxi- 
mate helical symmetry by virtue of their attachment to the undisturbed 
framework. 

Rudall 3 showed that heavy atoms could be used as markers for studying 
feather keratins and an example of this is shown in Figure 7, which shows the 
pattern of feather rachis after treatment with uranyl acetate. The intensities 
of  the reflections in the low-angle pattern are considerably modified without 
any appreciable changes in their positions. Other isomorphous replacements 
have been reported 8 and there would seem to be a possibility of using either 

50 



THE STRUCTURE OF FEATHER KERATIN 

Figure 7 Comparison of x-ray diffraction patterns from (left) native 
feather rachis and (right) feather rachis treated with uranyl acetate 
showing changes in the relative intensities in the low-angle region 

the heavy atom method or the method of multiple isomorphous replacement 
to learn more about the 'non-core' portion of the feather keratin microfibril. 

Division of  Protein Chemistry, CSIRO, 
343, Royal Parade, 
Parkville, Victoria 3052, 
Australia (Received 4 August 1970) 
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A P P E N D I X  I 

Correction of  observed intensities .for disorientation and finite layer 
line thickness 

Procedures for correcting lattice reflections for the effects of  disorientation 
have been described 43, 44 but in the present work where continuous dis- 
tributions of intensity were measured a slightly different procedure is 
required. 

The distribution of molecular directions in a fibrous specimen may be 
described conveniently (Figure 8a) by means of a probability density function 

z 

I! 
z 

G 

¢ 

b 
Z 

d 

Figure 8 

G(3) such that the probability of  finding a molecular axis inclined at an angle 3 
to the fb re  axis is 2~r G(8) sin 3 d3 aS. I f  I(R, ~) (Figure 8b) is the rotated 
intensity transform of a molecule with 8 = 0, the intensity transform for the 
fibre in the absence of  external interference will be the convolution of  
I(R, ~) with G(8). A convenient representation of G(3) for well oriented 
materials46, av is (Figure 8e) 

1 
G(3) = 2~r(1 --  cos 30) ' 0 ~ 8 ~ 8o (14a) 

G(3) ~ 0 80 < 8 ~ rr/2 (14b) 

The rotated intensity transform I(R, ~) consists of  a series of  thin layers 
spaced e -1 apart  and At ~ L -1 thick where L is the coherent molecular 
length. I f  attention is restricted to points in the observed transform Io(R, l/e) 
in which layer line overlap does not occur the only molecules which contribute 
to the convolution are those with directions which make an angle/3 = tan -1 
(Re/l) with a line drawn from the origin to the point (Figure 8d) i.e. a fraction 

1 80 
= 2xsinfl.Afl × 2rr(1 - -  cos 3o~,fl~) ~ (15a) 
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1 8o 
: 2,r sin/3.A/3× 2rr(l - -  cos ao"/3) < 

From Figure 8d 

cos 8o = cos z/3 + sin 2/3 cos X 

and since g = p cos/3 

--A~ 1 
A/3= psin/3---- pLsin/3' 

hence 

cos-X [cos ao - cos2#] 
sin 2/3 ,/3 ~ a_o 

= ~rpL(1 -- cos (So) 2 

(15~) 

(16) 

(18a) 

1 ao 
E ---- pL(1 -- cos no)' /3 < -~ (18b) 

If, as in the present instance, relative rather than absolute intensities are being 
used the factor [L(1 --  cos 80)] -1 may be omitted from equation 18, 

A P P E N D I X  2 

Transformation to curvilinear coordinates on a left-handed helical ruled 
surfaces 

Let Souw in Figure 9 be the plane containing the chain axes of a pleated 
sheet with Sow parallel to the chain axes. A helical distortion of this surface 
is required such that interchain distance and hydrogen bond register are 
maintained, that is, distances between points having the same w coordinate 
are unchanged and lines of constant u remain perpendicular to lines of  
constant w. 

(u,O,w) 

~ U  
S o 

Generat ing k Z 
he l ix  

Genera ing line 

Figure 9 

Consider the ruled surface a5 generated by a line drawn through a point H, 
inclined at an angle a to the Oxy plane and normal to the perpendicular from 
H to Oz, as H moves along a left-handed helical path of  pitch P and radius 
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r0. If  So is brought into coincidence with Ho and Sou aligned with the gener- 
ating line through H0 the surface Souw may be distorted in such a way that 
SoS  lies on the generating helix H o H  and the line through S and the point 
(u, O, w) coincides with the generating line through H. 

We may now regard u and w as curvilinear coordinates which specify 
position on the ruled surface such that a point at (u, O, w) in the undistorted 
sheet corresponds to a point x(u, O, w), y(u, O, w), z(u, O, w) in the distorted 
sheet. Expressions for x, y and z may be derived as follows. The cylindrical 
polar coordinates of H are r = r0, ~ = 7r/2 + A4, , z =--PA(o/27r; where 
A~ = ~/-z -- 4~o. Also 

--A~ :2rr : :HoH:P/cos  0 (19) 

where 

and 

hence 

tan 0 = 2~rro/P, 

H o H  = SoS  = w/cos 7 (20) 

--2~rw cos 0 
- (21) A4, = P cos 7 

Since distances between points with the same w coordinate are preserved 
the transformed point (u, O, w) will lie on the generating line through H at a 
distance u -- w tan 7 from H. Thus 

x(u, O, w) = (u - -  w tan 7) cos a × cos A~ -- ro sin A~ (22a) 

y(u, O, w) --- (u - -  w tan 7) cos a × sin A$ + ro cos A$ (22b) 

z(u, O, w) = (u - -  w tan 7) sin a -- eA$/27r (22c) 

The condition that curves of constant u are orthogonal to curves of 
constant w on the ruled surface is that 35 

xuxw + YuYw + ZuZw = 0 (23) 

where xu = c3x/Bu, xw = Bx/Ow etc. The solution of equation 23 leads to the 
condition 

a = 0 -- 7 (24) 

Substitution of this value for a in equation 22 provides all the information 
needed to effect the required transformation to curvilinear coordinates on 
the ruled surface. The 'out-of-plane' coordinate v in the original sheet is 
measured normal to the plane Souw and in the distorted sheet may be laid off 
along the normal to the ruled surface. The outward normal has direction 
cosines given 85 by: 

• ~ = (ywzu --  zwyu)/s (25a) 

I ~ = (zwxu --  XwZu)/s (25b) 

v = (xwyu - -  ywXu)/S (25c) 
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where 

s = [(y,~zu - -  zwyu) 2 + (ZwXu --  XwZu) 2 + (xwyu --  ywXu)2] 1/2 (26) 

In the pleated sheet the a-carbon atoms of successive residues are connected 
by peptide groups of length 3.8/~ 4s. I f  the axial length per residue is h0 it 
follows that the a-carbon atoms are distant ½(3.82 - -  h~)l/2 from the axis. 
The orientation of the chain in known/3-structures is such that the plane 
containing the a-carbon atoms is nearly normal to Souw and so the v co- 
ordinate of  the a-carbon a tom is approximately ½(3.82 --  h~))l/2. When the 
pleated sheet is distorted the change in the w coordinate between successive 
residues is increased f rom the value h0 in the undistorted sheet to 
ho(x~ q - y Z  + z~)l/z and to retain a distance of 3.8/~ between successive 
a-carbon atoms the magnitudes of  the v coordinates must be reduced by 
a fraction 

- ho(Xv + Yv + z~) 1/2 (27) 
t = 3"82 - -  hi 

Combining equations we obtained for the complete transformation to a 
left-handed helical ruled surface, 

x(u,  v, w) = (u - -  w tan ~) cos (0 - -  ~,) cos A~ --  ro sin A• + Atv (28a) 

y(u, v, w) = (u - -  w tan ~,) cos (0 - -  ~,) sin Aft - -  r0 cos A~ + tztv (28b) 

z(u, v, w) ---- (u - -  w tan y) sin (0 --  ~) --  PAc~/2~r ÷ vtv (28c) 

This transformation has the following properties 

(1) distances between points having the same w coordinate are preserved 
exzctly for v = 0 and approximately for v small. 

(2) curves of  equal u and equal w are orthogonal for v = 0. 
(3) when applied to a pleated sheet the depth of the pleats varies in such 

fashion that the distance between successive a-caibon atoms is 
maintained very close to 3.8/~. Very slight departures occur due to the 
curvilinear nature of  the transformation. 
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Statistics of randomly branched 
polycondensates: Part 2 

The application of Lagrange's 
expansion method to homodisperse 

fractions 

KANJI KAJIWARA* 

The method of Lagrange's expansion is applied to the bivariate generating 
function ('trail-weighting generating function') previously introduced for 
combinatorial calculation in polymer science. The wide range of applicability 
of this method is illustrated by calculation of the moments of the molecular 
weight distribution function, the Stokes radius and the particle scattering 
factor of random f-functional branched molecules which are monodisperse 
(i.e. of fixed molecular weight). The branched molecules in our system are 
composed of the (random) isomeric mixtures of all possible monodisperse 
f-functional molecules. This is chemically more realistic than assuming a 
fixed number of branching units in a molecule, as in Zimm and Stockmayer's, 
or Kurata and Fukatsu's model. In our model, each branch unit is not 
necessarily ]=functional but the maximum functionality of a branch unit is 
f, while in an extreme case, the molecule will be linear. Also, the route of the 
combinatorial calculation is more systematic and appreciably simpler, so that 
this work helps to clarify the competing effects of branching and polydispersity. 

1. INrRODUCFION 

SINCE GOOD has pointed out the applicability of the method of Lagrange's 
expansion to random branching processes, 1 this method has been adapted 
to the calculation of the molecular weight distribution and/or other statis- 
tical parameters of randomly branched polycondensates by Good 2 and Gordon 
and co-workers ~, 4. For example, the coefficient of 0 x in the weight fraction 
generating function 

w(o) = ~ wx ox (1) 
x - - |  

gives the weight fraction of x-mers. Using Lagrange's expansion, 1, 2 Wx for 
homopolycondensates is calculated as: 

( f x  - -  x )  ! f 
= a x - 1  (1 -- a)f x-zz+2 (2) Wz = C(O x) W(O) ( x  - -  1)! ( f x  - -  2 x  -}- 2)! 

because the weight fraction generating function for homopolycondensates is 
written as  5,6: 

W(O) = 0(1 - -  a -}- au ) I  (3) 

*Present address: Institut fiir Makromolekulare Chemic der Universit/it 
Freiburg i. Br., Germany. 
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with the auxiliary variable 

U = (1 -- a + au)S-1 (4) 

Here C(O ~) denotes 'the coefficient of 0 x i n ' , f i s  the functionality of a mono- 
mer and a is the fraction of functionalities which have reacted. 

The calculations of statistical parameters of polycondensates have been 
simplified by the introduction of the trail-weighting generating function7, s. 
Since the trail-weighting generating function is defined as: 

x x--I 
U0 ({0})  = Z WXk X -1 0 1 X E  u2n=0tl E N , . : ~ .  (5) 

x,k I= I 

the coefficient of 01 x in [duo ({0}) / ~90z]02=1 will be 

C(OlX) 0 [u0 ({0})] O~ 1 = E  wz~ Y~ ]~Nznx~ 4nix (6) 
~--- k I=1 n=0 

which corresponds to the isomeric average of some statistical quantity 4n 
of an x-mer in polycondensate mixture. Here {0} denotes the set (01, 02), wx~ 
is the weight fraction of the k-th isomer among x-mers, Nt,z~ the number of 
distinct paths ('trails') of n links starting at repeat uni t / ,  and 4n an arbitrary 
function of the trails of length n. In preceding papers, v,s we have calculated 
several statistical quantities of random polycondensates, such as the angular: 
distribution function of Rayleigh scattering, Stokes radii and so on. The 
purpose of this paper is to present a general method of calculating the 
isomeric average over the x-mer fraction alone of a statistical quantity, 4n, 
so as to obtain an estimate of the effects of the molecular weight distribution. 
In this way one can clarify the relative contributions of branching and poly- 
dispersity of random polycondensates to their physical properties. 

2. A P P L I C A T I O N  OF L A G R A N G E ' S  E X P A N S I O N  TO T H E  
T R A I L - W E I G H T I N G  G E N E R A T I N G  F U N C T I O N  

As the trail-weighting generating function uo ({0 }) for homo-polycond ensates 
is written asS: 

u0 ({0}) ----01 02~o [1 -- a Jl-aUl ({0})] "t" (7) 
with 

un ({0)) = 01 02#n [1 -- ct + aUn+l ({0})] f-1 (n = 1 , 2 . . . )  (8) 

then [~guo ({0 })/c~0210~=1 is calculated as: 

- .[cgu°'~ 1 f~u2~.5,=o [ 1 ~  [-(f_---a 1)7-~. au]n 4n+l (9) n ( u ) =  t ~ ] o z =  ~ 4 0 u ( 1 - - a + a u ) + , ,  

where 

u(01) ~ Ul (01,1) = uz (01, 1) -- . . . . = 01 [1 -- a + a u  (01)]Y-I 10) 

In most cases s, 4o=0, that is, 

H(u) =fau 2 ~ [-(f--- l)au] n 
. = o [  1 - -  ~ + ~uJ 4~+1 (9') 
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Lagrange's expansion for H(u) with the condition of equation (10) gives: 

H(u) ~ 01z d x - l [  ] 
= ~ . d u x _  1, H ' (u ) (1 - -a~- -au ) ( f -1 )x  (11) 

x = l  • u=0  

Using equation (9') 

I Xo du z-1 f a ( l  -- a - ] -au ) ( f - t ) xZ  au . . . .  o + aUJ 

[ n (1 -- a )u]  q~n+l; (12) X 2 u +  1- -a -~  2~uj j 

so that 

x x- 1 1 d x-1 ( 
XWxk Z Z N t n x e $ n = ( x _  1)!du x - l ~  fa (1  - - a  f - a u ) ( l q ) x  
k / = 1  n = l  

X £ [--(f-=- 1_) au In  [ n(l -- a)u ] Cn+,; (13) 
.=0 l l - ~ + ~ u J  2 u + i _ 2 + ~ u j  j,,~o 

The right side of equation (13) is calculated to be 

xx--1  X 
E wxk E Z Ntnzlc don -)ca z-1 (1 -- a) (f-rex+2 
k t=, #=1 [ ( f - - 2 )  z + 2]! 

x- -2  

X Z ( f - -  1)" ¢n+1 
n ~ 0  

Since v 

[ ( f - -  1)x -- (n -k 1)] ! 
(x -- n -- 2)! {n ( f - -  2) -k 2 ( f - -  1)} (14) 

Ntnxe -- 2Nnxg (15) 
l = 1  

Nlxk = X -- 1 (16) 

where Nnxk is the number of distinct trails of length n in the k-th x-mer, we 
deduce from equation (14) as a check: 

[ ( f - -  1)x] ! f  =- - -  a x-1 (1 -- a)f x-2x+2 (17) 
WX ~ ~k WXk (X -- 1)l[(.f-- 2)X + 2]! 

which coincides with equation (2), when we put 

¢1 = 1,¢2 =Ca = ¢ 4  = . . .  : O .  ° 

Comparing the coefficients of  en on both sides of equation (14) and using 
equation (17) or equation (2), the average number of distinct trails of  length 
n in the x-mers (averaged over the statistical mixture of isomers) is obtained 
a s :  

x! [ ( f - -  1)x--  n]t ( f - -  1) n-1 
(Nnx)iso -- 2 [ ( f - -  1)x]! (x -- n -- l)i { n ( f - -  2) + f }  (18) 

where 

( Nnz)iso -~ ~ wzNnxk (19) 
k 
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Also, from equation (14): 

~ ]  x - -1  
Z N~..k¢.)iso =-Z we Y. x-1 Y~ Ntnxk Cn 

1=1 n = l  k 1=1  n = l  

X !  x - 2  
Z ( f - -  1) n ~n+l 

[ ( f - -  1)x]! n = 0  

[ ( f - -  1)x -- (n + 1)l! 
( x - - n  - -2)!  

× {n(f--  2) q- 2 ( f - -  1)} (20) 

3. U N P E R T U R B E D  DIMENSIONS 

For a Gaussian chain, the m-th moment of the distribution function for the 
distance ]Rn] of the trails of length n is written as: 

(Rn m) = Amnm/z (21) 

where 

Am = [(m -I- 1)!/(lm)!] (~_~2)m12 (22) 

for m = 0 and positive even integers, 

Am = (2/~rt) [½(m -}- 1)]l (~(r2) m/2 (23) 

for m = --1 and positive odd integers, and (r is the effective unit length. 
Usually the summation of (Rn m) over all the possible trails is required, so 
that, putting ~n = Amn m/2 in equation (20), we obtain: 

x x - -1  
( Y~ (Rnm}}iso---- (Am E E Ntnxe nm/2)iso 
(all possible l ~  1 n = 1 

trails) 

Arax] x-2 [ ( f - -  1)x -- (n + 1)]! 
== [ ( f _  1)x]--- v Z ( f - -  1) n (x -- n -- 2)[ 

• n = 0  

× (n( f - -  2) + 2 ( f - -  1)} (n + 1) m/z (24) 

which is very similar to the results of Kurata and Fukatsu ° although they 
have derived their theory from a different model• When x is large, equation 
(24) is approximated with the aid of the Euler-Maclaurin's formula ° in 
terms of the gamma-function: 

7m) 

In the special case of m = 2, the isomeric average mean-square radius of 
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gyration is derived from equation (24) as: 

1 
(S2)b = ~ ( E ( R " e > }  i~o 

c~z (x -- 1)! ~-z [ ( f - -  1)x -- (n + 1)]! 
-- 2 x ( f - -  1)x! • ( f - -  l)n ( x - - n - - 2 ) !  n=0 

× { n ( f - -  2) + 2 ( f - -  1)} (n + 1) (26) 

which is approximated for large x as: 

~" [ . % I - -  1)x]~ 
(S2}b -~ 2- [ 2 ( f - -  2) J (27) 

and reduces to the classic result of Zimm and Stockmayer 1° except for 
the difference in counting the number of units: a unit in our model conta insf  
subchains in the zero-th generation (and f - -  1 subchains in the other genera- 
tions) in Zimm and Stockmayer's sense. The branching factor g is defined 
as :  

g = <SZ}fl(S2}t  = (S2}b/ ( lxa  2) (28) 

Using equation (26) 

3 ( x -  1)!  x--2 

g -- x 2 [ ( f - -  1)x]! ~" ( f -  l)n 
n=O 

or for large x, 

[ ( f - -  1)x -- (n + 1)]! 
(x -- n -- 2)! 

X [ n ( f - - 2 ) + 2 ( f - -  1 ) ] ( n +  l) (29) 

g ~ 3 [ ~ r ( f - -  1)]~' (30) 
[ 2 x ( f - -  2)J 

10 -1 

-2  
10 

10 ~ 

f=h 
f = 3  

10 2 10 3 10 4 10 5 

Degree of pOl.ymerizotion 

Figure 1 The g-factors (see equations 29 and 30) of 3, 4 and 6 functional branched molecules 
plotted against the degree of polymerization. The functionalities of the branching unit are 

shown 
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The results are shown in Figure 1 which predict extremely small g-values 
because our model is one of highly-branched molecules. 

4. E F F E C T I V E  H Y D R O D Y N A M I C  R A D I U S  

The effective hydrodynamic radius (the Stokes radius), Rsb, for branched 
molecules is written as: 

R s b  -1  = 6"rrqo3b -1 = X -2  Y~ ( R n  - 1 )  (31)  
(all possible 

trails) 

from the non-draining limit of Kirkwood's formula n for the translational 
frictional constant: 

3 b  -1 = (X~) -1  -]- (61r'q0xZ) -1 E (Rn -1) (32) 
(all possible 

trails) 

where 3b denotes the translational frictional constant of a branched mole- 
cule, g the frictional constant of a unit, ~70 the viscosity of the solvent, and 
the summation extends over all distinguishable trails in an unrooted tree. 
Putting m = --1 in equation (24), we obtain 

1 1 6 ~ t  (x - -1 )1  x-2 [( f - -1 )x  -- (n + 1)]! 
R s b - 1  -= - a \rr ] x[-(-f-- 1)xl[ Y" ( f - -  1)n (x -- n 2)! n=O 

× { n ( f - -  2) -I- 2 ( f - -  1)} (n q- 1)-~ (33) 

or, for large x 

Rsb- 1 ,,~ 1.42405 [ ( f - - 2 ) ] ~  (34) 
-- a [ ( f - -  1)x] 

Since the branching factor h is defined as the ratio of the Stokes radius of a 
branched molecule to that of a linear molecule lz 

h-Z = Rst-1/Rsb-1 

3 ( x - -  1)! 
8 x t [ ( f  - 1)x]! 

or for large x 

,~-2 [ ( f - -  1)x - -  (n + 1)1! 
~=o y'  ( f -  1)n (x -- n -- 2)' 

× [n( f - -  2) + 2 ( f - -  1)] (n -[- 1)-~ (35) 

h -1 ~ 0.3864 [ ( f - -  2)X] i (36) 
- L ( f -  1 ) ]  

Figure 2 shows the computed results of the branching factor h. The asymp- 
totic value of the ratio h/g~ in the limit of large x is 

h/gt = 1.3346 (37) 

and independent of the functionality f ,  which agrees closely with K.urata and 
Fukatsu's valueL The degree of polymerization dependence of the value of 
h/g~ is shown in Figure 3. 

62 



STATISTICS OF RANDOMLY BRANCHED POLYCONDENSATES 

0"5 

0.4 

J= 

0'3 f=t, 

I I I 0"2 ' I I , 
0 5 x 1 0  3 1 xlO 4 1.5x10 4 2 X 1 0  4 

Degree of po[ymerizotJon 

Figure 2 The h-factors (see equations 35 and 36) of 3, 4 and 6 func- 
tional branched molecules, plotted against the degree of polymeriza- 

tion. The functionalities of the branching unit are shown 

1.3 

. . .~ 1"  

. t :  

1.2 , I , I i I = 
0 5X10 3 lx10 4 1"5x10 4 2x10 4 

Degree of potymerizat ion 

Figure 3 Values of h/g~ for 3, 4 and 6 functional branched molecules, plotted against the 
degree of polymerization. The broken line shows the asymptotic value of h/g} in the limit 

of large degree of polymerization 

5. ANGULAR DISTRIBUTION OF: RAYLEIGH SCATTERING 

The no rma l i zed  angular  intensi ty d i s t r ibu t ion  o f  light scat tered f rom a 
b ranched  molecule  is given by 7, 1~ 

P(O) = I ~ (/s!n (sr.)N) 
X2 (all possible ~ srn / 

trails) 

with 

where ( ) 

(38) 

4rr sin (v~/2) 
s - -  Z (39) 

denotes  the conf igurat ional  average,  ~ is the scat ter ing angle, 
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the wave length o f  the light in the solution, and rn the distance between 
two ends o f  a trail o f  length n. Using Debye 's  approximat ion  for Gaussian 
subchains t4 

sin (sr~)~N) = exp (--s 2 (rn2)/6) (40) 
srn / 

where (rn ~) is given by 

(rn ~') --~ ng 2 (41) 

when we put 

Cn ---- exp (--s2cr2n/6) (42) 

in equat ion (20), the angular distribution o f  Rayleigh scattering for the 
isomeric mixture o f  tree-like branched molecules whose degree o f  poly- 
merizat ion is x, will be obtained as: 

( x -  1)! x_2 
Y~ [ ( f - -  1) exp (--s2~2/6)] n exp (--s2cr2/6) 

Pi.so(#) --  x[(f--1)x]! .=o 

[ ( f - -  1)x - -  (n -k 1)]! 
× (x - -  n --  2)! {n ( f - -  2) -k 2 ( f - -  1)} (43) 

15 

7 
"-" 10 

(sol 2 

Figure 4 p(~ ) - l ,  plotted against (so) s (Zimm-plot). Solid lines are for 
mono-disperse molecules whose degrees of pol~fl'nerizatlon are ]87. 
Chain lines (see ref. 7) are for polydisperse molecules whose weight 
average degrees of polymerization are 187. For mono-disperse 
molecules, P(z~)-I denote ~--~-o(~) -1, and for polydisperse molecules, 
p(~)-i denote Pz(.t~) -1. The functionalities of the branching unit are 

shown 
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From equations (26) and (43) in the limit of  se~r 2 -+ 0, this reduces, as ex- 
pected, to: 

161r2 ($2)~ 
Pis~V~) ~ 1 + 3 ,~2 sine (v~/2) (44) 

The difference of the particle scattering functions between polydisperse and 
monodisperse branched molecules is remarkable as we see in Figure 4. 
As predicted in the case of  cruciform molecules la, the curves of  the reciprocal 
scattering factors versus sin (~9/2) of  monodisperse branched molecules show 

4 

7 

v 

~_ 3 

I 
0 

I ,  I i I I 

2 /, 6 8 10 12 

Figure 5 The effect of branching on the shape of the particle scatter- 
ing factor of monodisperse molecules. Chain line shows the pamcle 
scattering factor of a polydisperse linear chain with MW/MN=2 
(in this case, P(v~)-I and <S 2) denote Pz(O) -1 and (S~->z respectively 

a strong upturn due to the increase of  the segment density, although those of 
polydisperse branched molecules show a slight downturn. Figure 4 should 
be useful for assessing the efficiency of procedures for fractionating random 
polycondensates according to molecular weights. In either case, the initial 
slopes of  the curves (see Figure 5) are determined by the mean-square radii 
of  gyration (in the case of  polydisperse branched molecules, the z-average 
mean-square radii of  gyration), as we see from equation (44). 
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Book Reviews 

Polyolefin plastics 

by THEODORE O. J. KRESSER 

Van Nostrand Co Ltd, London, 1970, 179 pp., £5 17s 

The jacket describes this book as 'geared to the needs of people with little or no specialized 
training in the field' and hence the treatment is descriptive rather than mathematical and 
quantitative. However, the selection of material is curious for such readership--31 pages are 
devoted to the chemistry of polyolefines, including stereospecificity and branching, yet the 
effects of these on crystallinity and physical properties is dismissed in a few words. A section 
of 15 pages covers an admittedly simplified summary of extruder theory, yet the application 
of this to practical processing is hardly mentioned--a page and a half describe extruder 
drives but temperature control is not discussed, possibly because the author believes 'most 
modern extruders are operated essentially adiabatically' (p. 99). Why then all the attention 
by designers to barrel cooling systems, use of which is mentioned on the previous page? 
It may be argued that a description of rheological properties would be out of place in a 
'Plastics Applications Series' volume--one must  search for a mention of non-Newtonian 
behaviour--but then why for instance include three pages on molecular weight distribution 
and its measurement but only apply it to physical properties with the vague statement 
'The physical properties (of a broad distribution) will not be quite as good as a material 
o f . . .  narrower distribution' ? The imbalance between basic science and practical application 
is seen in that of 175 pages of text, the former occupies 55 pages, the latter, in the sense of 
end products, takes only 19 pages. 

This book is also claimed to be 'easy-to-grasp in presentation' yet the description on 
p. 48 of carbon bond angles might be confusing to a student of solid geometry. On p. 90 
the effect of speed 'N '  on extruder output is explained by 'N appears only in the drag flow, 
so if everything else is held constant, output is directly proportional to screw speed'; the 
equation is of the form output Q = A N  - B ,  so the approach to proportionality depends 
on the relative magnitudes of A and B rather than their constancy. In any event, B which 
includes the pressure drop in the die, is not normally independent of Q; the explanation 
tends to confuse the known phenomena. The sections on finishing and compounding 
describe both the various mixers and blenders and the possible operational sequences, but 
without a single illustration or diagram, which could have saved space as well as promoting 
clarity. 

The book conveys the impression that the author was restricted by considerations of 
space and commercial security and that both quantitative data and explanations of practical 
phenomena have suffered in consequence. However, the severest criticism is that, granting 
limitations necessitated by space and presentation, the jacket claims that 'encompassing the 
whole spectrum of polyolefin plastics, . . . this volume covers their p r o c e s s i n g . . ,  and 
applications ~, yet gives not a single reference to the vast literature. 

M. J. STEVENS 

Epoxy resms 

(Advances in Chemistry Series, 92) 

American Chemical Society, Washington, 1970, 230 pp., $10.50 

Division-sponsored symposia are important features of the American Chemical Society 
meetings and one looks to these for information on recent developments in particular 
fields of chemical science and technology. Some symposia papers appear as volumes of 
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preprints available to members but the practice of this Society subsequently to publish 
collected papers in their Advances in Chemistry series makes them available more widely. 
The present volume is one of this series and includes in revised form 15 papers from those 
given at a symposium organised by the Division of Organic Coatings and Plastics Chemistry 
for the 155th meeting in April 1968 (preprints Vol. 28, No. 1, pp. 375 et seq). A further 
paper, not presented then, is included. 

Of the 16 contributions, all of U.S. origin, 14 arise from industrial laboratories, one from 
the Jet Propulsion Laboratory (California Inst. of Technol.) and one from the U.S. Naval 
Laboratory. They cover a range of topics associated with epoxy resins and differ widely in 
subject matter. Work on new compositions includes thermosetting epoxy compounds based 
on pentaerythritol, on fluorine-containing intermediates and an alternative method of 
preparing glycidyl esters. A paper on work sponsored by U.S. Dental Research details an 
investigation on amine-cured epoxy resins for use in small areas. Attention is given to 
improved accelerators and hardeners, including the special effects of substituted phenols in 
amine-epoxy compositions; amino-siloxanes are shown to be effective hardeners, and co- 
ordinated siliconate/amine derivatives are investigated as delayed action curing agents. 

Studies on electro-deposition of surface coatings and on the mechanism of reaction 
between phosphorous amides and epoxy resins are reported, as are those on the kinetics of 
gelation in anhydride-activated systems and t3-transition phenomena in relation to structure. 
Other papers deal with compositions for special applications, e.g. composites of higher 
strength and modulus, flexible compositions incorporating carboxy-terminated polyiso- 
butene, formulations for maximum moisture resistance, and light-weight epoxy foams. 

The book is by no means a text-book generally but records researches in specific areas. 
At the price quoted it is not cheap and the volume will be of most value to those concerned 
primarily with research and development in epoxy resins. Many non-specialists, however, 
will find in it much of considerable interest. 

It is well produced with a high standard of print and presentation of the numerous tables 
and figures. Each paper provides a list of references and a summary. There is a good subject 
(but no author) index. It is substantially free from typographical error although one is 
surprised to see the name of Carothers misprinted (p. 179) and 'donnors '  for donors (p. 31). 
Comparison with the original preprint shows that  a line is omitted on p. 74, leading to an 
incorrect description of the epoxy novolac DEN 431 and no data at all on DEN 438. Other 
features are the widespread use of letters as abbreviations for intermediates, hardeners and 
catalysts (a standardised glossary would have been helpful) and (p. 174) the use of °C in the 
text but °F in figure 1. 

R. J. W. REYNOLDS 
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Polyolefin plastics 

by THEODORE O. J. KRESSER 

Van Nostrand Co Ltd, London, 1970, 179 pp., £5 17s 

The jacket describes this book as 'geared to the needs of people with little or no specialized 
training in the field' and hence the treatment is descriptive rather than mathematical and 
quantitative. However, the selection of material is curious for such readership--31 pages are 
devoted to the chemistry of polyolefines, including stereospecificity and branching, yet the 
effects of these on crystallinity and physical properties is dismissed in a few words. A section 
of 15 pages covers an admittedly simplified summary of extruder theory, yet the application 
of this to practical processing is hardly mentioned--a page and a half describe extruder 
drives but temperature control is not discussed, possibly because the author believes 'most 
modern extruders are operated essentially adiabatically' (p. 99). Why then all the attention 
by designers to barrel cooling systems, use of which is mentioned on the previous page? 
It may be argued that a description of rheological properties would be out of place in a 
'Plastics Applications Series' volume--one must  search for a mention of non-Newtonian 
behaviour--but then why for instance include three pages on molecular weight distribution 
and its measurement but only apply it to physical properties with the vague statement 
'The physical properties (of a broad distribution) will not be quite as good as a material 
o f . . .  narrower distribution' ? The imbalance between basic science and practical application 
is seen in that of 175 pages of text, the former occupies 55 pages, the latter, in the sense of 
end products, takes only 19 pages. 

This book is also claimed to be 'easy-to-grasp in presentation' yet the description on 
p. 48 of carbon bond angles might be confusing to a student of solid geometry. On p. 90 
the effect of speed 'N '  on extruder output is explained by 'N appears only in the drag flow, 
so if everything else is held constant, output is directly proportional to screw speed'; the 
equation is of the form output Q = A N  - B ,  so the approach to proportionality depends 
on the relative magnitudes of A and B rather than their constancy. In any event, B which 
includes the pressure drop in the die, is not normally independent of Q; the explanation 
tends to confuse the known phenomena. The sections on finishing and compounding 
describe both the various mixers and blenders and the possible operational sequences, but 
without a single illustration or diagram, which could have saved space as well as promoting 
clarity. 

The book conveys the impression that the author was restricted by considerations of 
space and commercial security and that both quantitative data and explanations of practical 
phenomena have suffered in consequence. However, the severest criticism is that, granting 
limitations necessitated by space and presentation, the jacket claims that 'encompassing the 
whole spectrum of polyolefin plastics, . . . this volume covers their p r o c e s s i n g . . ,  and 
applications ~, yet gives not a single reference to the vast literature. 

M. J. STEVENS 

Epoxy resms 

(Advances in Chemistry Series, 92) 

American Chemical Society, Washington, 1970, 230 pp., $10.50 

Division-sponsored symposia are important features of the American Chemical Society 
meetings and one looks to these for information on recent developments in particular 
fields of chemical science and technology. Some symposia papers appear as volumes of 
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Investigation of the sequence length 
distribution in ethylene-propylene 

copolymers by pyrolysis and reaction 
gas chromatography* 

L. MICHAJLOV, H.-J. CANTOW and P. ZUGENMAIER 

A series of copolymers in the composition range 5-70 mol-% propylene 
were prepared under kinetically controlled conditions. The copolymerization 
was carried out at constant monomer feed composition in a homogeneous 
reaction medium, using the soluble catalyst system vanadium oxytrichloride/ 
ethylaluminium sesquichloride. From the kinetic data the distribution 
functions of the ethylene sequence lengths were calculated. These values were 
then correlated with the distribution of the fragment chain lengths obtained 
from the thermal degradation with subsequent reaction gas chromato- 
graphy of the copolymers. Good agreement between the kinetic and the 
pyrolysis values of the ethylene sequence length distribution is observed in 

samples with up to 50 mol-% propylene. 

INTRODUCTION 

DEPENDING on the polymerization conditions, copolymers of ethylene and 
propylene of the same overall composition may exhibit differing distribution 
of the monomer units along the copolymer chain. Accordingly, these co- 
polymers may exhibit a broad spectrum of  physical and applicational 
properties ranging from tough, thermoplastic materials to amorphous, 
elastomeric gums. Therefore, it is of considerable scientific - as well as 
practical - interest to obtain information on the monomer sequence length 
distribution in ethylene-propylene copolymers, which strongly influence 
those properties. 

Up to now, n.m.r, spectroscopy has been used, in addition to i.r. spec- 
troscopy, predominantly for the determination of  sequence length distribu- 
tion in copolymers 1. However, the n.m.r, method only gives direct 
information about triade - eventually pentade - sequences being either homo- 
polymeric or inter-sequential. 

Thermal degradation provides the means of isolating and directly analys- 
ing even longer sequences. We therefore pyrolysed ethylene-propylene 
copolymers to derive sequence length from fragment length distributions. 
Pyrolysis coupled directly with reaction gas chromatography was used for this 
purpose. 

In an earlier paper 2 we showed that the distribution of the copolymer chain 
fragments according to length may be correlated with the blockiness of the 
ethylene-propylene copolymers, as evidenced, for example, by x-ray measure- 
ments. 

*L. Michajlov, Doktorarbeit, University of Freiburg 
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The results obtained during this first part of our investigations suggested 
that it may be possible to achieve a more quantitative correlation between 
the sequence length distribution (as predicted from kinetic data) and the 
fragment chain length distribution (as derived from the thermal degradation). 
Therefore, our next step was to prepare a series of ethylene-propylene co- 
polymers under kinetically controlled conditions a. 

In this paper we will be concerned with the copolymerization procedure 
and the fragmentation of the copolymers, as well as with the interpretation 
of the relation between fragment length and sequence length distribution. 

E X P E R I M E N T A L  

(a) Materials 
Isopropylcyclohexane (IPCH) was purified in the usual way with sulphuric 

acid, dried with calcium chloride, calcium hydride and molecular sieve (4A), 
fractionally distilled (b.p. 153.5-154.5°C) and stored over a molecular sieve 
under nitrogen. Before use it was finally distilled under a nitrogen atmosphere 
over sodium wire into a specially designed flask. 

Nitrogen (Messer Griesheim, 99-99~) was purified by passing it con- 
secutively through columns filled with potassium hydroxide, silica gel, 
phosphorus pentoxide and molecular sieve (4,~). 

Ethylene (Messer Griesheim, 99.7~) and propylene (Messer Griesheim 
99.3/oo) were purified in the same way as nitrogen and passed, to remove polar 
impurities, through a column filled with molecular sieve (4~,) impregnated 
with a 10~ solution of triethylaluminium in IVCH. 

The other chemicals: ethylaluminiumsesquichloride, vanadium oxytrichloride 
(KuK Laboratory, pure), methanol (Merck, p.a.), and isopropanol (Merck, 
p.a.), were used as received. 

(b) Apparatus 
The scheme of the polymerization apparatus is shown in Figure 1. Reac- 

tions were carried out in a jacketted 1.51 vessel (11) equipped with a magnetic 
stirrer, a reflux condenser (12) in the gas outlet, a gas inlet tube fitted with a 
porous glass disc 2G and three inlet tubes for separate addition of both 
catalyst components and the solvent. The vessel was heated by an ultra- 
thermostat. 

The solvent was stored in the flask (20), from which-  after recycling 
through beds filled with molecular sieve (4~) (16) - it was pumped into the 
vessels for polymerization or catalysts. 

Monomers were purified in the columns (2, 3) metered through calibrated 
rotameters (6, 7), mixed in the gas mixing flask (8) and introduced finally 
into the reactor well below the liquid level. Two other flow meters placed in 
inlet and outlet lines were used to check the flow rate of the total gas stream. 

The composition of the monomer feed in both inlet and outlet gas streams 
was analysed gas chromatographically using valves (22, 23) for sampling. 

The catalyst solutions were prepared in two 500ml graduated cylindrical 
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E 

2O 

61J 
,8 U \ 

L..[~-]___ 

Figure 1 Scheme of the polymerization apparatus,~ 

1, 2 and 3 purifying beds 9 inlet gas flow meter 18 graduated vessels for 
for nitrogen, ethylene 10 heat exchanger catalyst solutions 
and propylene 11 reaction vessel 19 adjustable syringe 

4 safety valve 12 reflux condenser 20 iPCH flask 
5 manifold 13 cooling vessel 21, 22, 23 valves for 
6 and 7 calibrated flow 14 outlet gas flow meter metering both cat- 

meters with valves for 15 bubbler (vent) alyst components 
metering of ethylene 16 beds filled with GC gas chromatograph 
and propylene molecular sieve (4 A) coupled with the inlet 

8 gas mixing vessel 17 pump and outlet gas lines 

bottles (18) and transferred to the polymerizat ion vessel 
syringes (19). 

The apparatus  was evacuated th rough  the valve (21). 

through two motor  

(e) Preparation of catalyst solutions 
The catalysts were stored under  nitrogen as 10 ~ stock solutions in IPcn 

in a dry box. More  dilute solutions were used in the polymerizations runs. 
They were prepared in the following way:  dry IpcH was separately pumped  
under  nitrogen into bo th  bottles. The corresponding amounts  of  the stock 
catalyst solutions were injected by means o f  hypodermic  syringes through 
serum caps. Mixing was carried out  with a magnetic stirrer. The concentra-  
tions o f  ethylaluminiumsesquichloride and vanadium oxytrichloride were 
0.2 M and 0.013 M, respectively. 

( d) Copolymerization 
All copolymerizat ion runs were carried out  at 40°C using 600ml o f  

solvent. The polymerizat ion apparatus  was first alternately evacuated and 
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flushed several times with nitrogen. The solvent was then added and nitrogen 
bubbled through for one hour. The composition of the monomer feed in both 
inlet and outlet gas streams was analysed before and during the polymeriza- 
tion. 

After equilibration of both feed components had been achieved, runs were 
started by adding the catalysts at the rate 1.l ml/min for each solution. The 
copolymerization was stopped by adding methanol. 

The copolymer was precipitated by pouring the reaction mixture into a 
stirred 1 :l mixture of methanol and isopropanol. The precipitated polymer 
was washed several times with precipitant mixture, dried in air at room 
temperature and then in vacuum at 50°C. 

The overall composition of the copolymers was determined with a Perkin 
Elmer IR spectrometer 125 following the method proposed by G6ssl 4. 

The ethylene propylene copolymers prepared under the above conditions 
are given in Table 1. 

Copolymerization runs were carried out over a broad range of monomer 
composition. The copolymerization diagram is given in Figure 2. 

Table 1 Synthesized copolymer samples 

X-ray 
Sample Mol %P Mol %oP crystallinity 

No. in feed in copolymer (%) 

M 1 12"5 5* - -  
M 2  35 16 ~ 2 0  
M 3  42 18 ~ 1 0  
M 4  44 25 ~ 1 0  
M 5  53 30 0 
M 6  56 36 0 
M 7  59 37 0 
M 8  62 38 0 
M 9  65 40 0 
M IO 70 49 0 
M l l  80 54 0 
M 1 2  86 70 0 

* Calculated on the basis of the copolymerization equation 

The copolymerization reactivity ratios rl and r2 (1 ~--ethylene) were 
determined by the Mayo-Lewis 5 method as well as by that of Fineman and 
R o s s  6 

F F 2 
] .  ( f -  1) . - .  rl  ;< - ( l a )  

f - - 1  f 
F - r2 x F~z - - r l  (lb) 

F = [M1]/[Mz], molar feed composition in the gas or in the liquid phase 
J" -- [ma]/[mz], molar composition in the copolymer 
Figure 3 shows the Mayo-Lewis plot, Figure 4 the two equivalent Fine- 

man-Ross plots. No significant deviation from a straight line has been 
observed for the latter plots indicating that no 'penultimate effects' in the 
chain growth could be detected. 
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Figure 2 Copolymerization diagram of ethylene-propylene system (P = propylene) 

From the plots it was realized, that within a mean deviation of 1 0 ~  
rl  = 2-5 and r2 = 0.35 (rlr2 = 0.87). 

The reactivity ratios in this paper  have been obtained f rom feed ratio 
data in the gaseous phase. The differing solubility of  both monomers 

6 

5 

4 

~'-3 

1 

i I i I I 

0-2 0-4 0 6  0 8  1.0 12 

r 2 

Figure 3 Tre a t men t  o f  copolymerizat ion da ta  according to Mayo-Lewi s  
m e t h o d ;  rl ,  r2 are copolymerizat ion paramete rs  
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Figure 4 Treatment of  copolymerization data according to F inemann-Ross  method. 
Symbols are explained in the text 

makes these reactivity ratios different from those measured directly in the 
solution, but this fact is irrelevant with respect to the calculation of 
sequence length distributions from kinetic parameters. For this calculation 
rlF and rl/F only are included, these being independent of the differing solu- 
bilities of the monomer components. 

Reaction gas chromatography 
Flash pyrolysis coupled with on line hydrogenation and gas chromato- 

graphic separation of the polymer chain fragments was used throughout 
this work. The experimental technique has been discussed elsewhere z. 

Results and Discussion 

Polymer fragmentation. First we would like to discuss the fragmentation 
of polymers for extreme examples as in our previous paperL 

Figure 5 represents the pyrograms of linear polyethylene and of isotactic 
polypropylene respectively. Besides minor-branched fragments polyethylene 
yields n-alkanes, indicated by their C-number in the figure. Polypropylene 
on the other hand decomposes into monomer and oligomer fragments, 
shown as I to IX in the pyrogram. A physical mixture of equal parts of 
both gives the pyrogram in the upper part of Figure 6, which is purely a 
superposition of those of polyethylene and of polypropylene. Pyrolysing 
a statistical copolymer with equal parts of both monomers produces new peak 
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groups  which appear essentially between odd and even C-number  straight 
chain fragments,  shown by circles with arrows in Figure 6. These peaks 
correspond to hetero-sequences with ethylene and propylene. Their concentra- 
t ion increases with decreasing average sequence length. Consequently the 
concentra t ion o f  long chain fragments decreases in the same way. 

I Ill IV V Vl VII VIII I X 

6 

3 ] 7 10 

i i " 
X I G  X 8  
I I I I l I I I I I 

I? 13 I/* 15 16 

300"C 
I I I I I I I I I I I I 

Figure 5 Pyrograms of linear polyethylene (below) and isotactic polypropylene (above) 

5 

CG 

I I I  m 

C l o  

1 1 1 I 1 I 3°°°c 
IV V Vl Vll VIII IX 

C5 

C. C~ 

Figure 6 Pyrograms of a mixture of polyethylene and polypropylene (above) and a statistical 
copolymer of ethylene and propylene (below). Both have equal parts of ethylene and 

propylene 
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In the following an attempt is made to analyse these effects more quanti- 
tatively, i.e. to correlate the fragmentation products distribution with that of 
the sequence lengths as derived from copolymerization kinetics. 

Sequence length distribution f rom kinetic data 
Using the usual equation for copolymerization the expressions for the 

probabilities of sequences of ethylene (E) and propylene (P) of length n 
ale derived as follows 7 

1 i,~ 1 1 
P,,(E) = 1 +( l l r lF) , !  ~: 1 + r;F 

l ],,-1 1 
P"(P) = i + -(F/r.)] "9<" i -~ (r2/?) 

To convert frequency into mass distributions, the probabilities have to be 
multiplied by the respective chain lengths 8 

Mn(E) - -  n X Pn(E) 

Figure 7 represents the differential mass distributions of the ethylene 
sequences (calculated from the kinetics) for the copolymers under discussion 
(compare Table 1). The shift of the distribution maximum with increasing 
ethylene content towards higher sequence lengths is evident in this figure. 

kM11 
3o - i 

.l! 
I 

C 
X 

E 10 ig } 

s,M3 

0 2 4. 6 8 10 12 1& 16 18 20 22 2/. 26 28 

n 

Figure 7 Differential mass distribution of the ethylene sequences of 
some copolymers calculated from kinetics data (compare Table 1) 
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In the following we will discuss the pyrolysis results of some of our samples 
as stated in Table 1. 

Interpretation o f  the fragmentation of  copolymers 
Looking at the pyrograms of  our copolymers (Figure 8), which are 

synthesized under kinetically controlled conditions, one finds a similarity in 
average sequence and average fragment lengths respectively. 

Neighboured odd and even C-number fragments are present in essentially 
identical concentrations. 

6 4  16 

No. M 3 - 1 8 m o t %  P 
C~ C7 

c3I [ c8 
IC, II II i c9 c,o c ,  _ 

U12 C.r3 C15 

64 32 413 
No. M5 - 30 tool. */, P 

c3C~:5 

C 
C~ Ca 

09 610 611 012 613 014 015 CT 6 617 C18 019 620 C21 022 C~., t 

32 16 
No. M9 - 4.0 mot % P 

C== C~ 
c 6 . c 7  c = - ~ C=, 

Cs Clo G1 t.~2 C13 G4 C~5 ¢~ Car C~ Cls C=o Oa 

64 3= No. M l l  - 5/,, mot* / ,  P m 

Figure 8 Pyrograms of some copolymers samples (compare Table 1) 

For a more quantitative discussion of the fragmentation of ethylene- 
propylene copolymers by thermal degradation we have to consider several 
types of  scission : 
(1) Preferential scission at the tertiary C-atoms. The scission probability is 

higher here in the chain backbone than at the methyl side group. 
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(12) Statistical scission within the ethylene sequences. 
Furthermore secondary reactions may influence the fragment length 

distribution as well as apparatus effects, i.e. absorption of longer fragments 
in colder parts of the equipment etc. 

First we will consider the preferential scission in the polymer backbone at 
the tertiary C-atoms. 

Two types of propylene addition in the growing chain are to be considered 
(l) The 'normal' head-to-tail arrangement within the propylene sequence 

I I 
I, I, Cl 

(2) The 'abnormal' head-to-head or tail-to-tail arrangement 

n 

--c-c-[-c--c-]-c-c-- (a) 

- - C - C - C -  [ - C - C - ] - C - C - C - -  (b) 
1 I 

fc  I 
Only odd C-number fragments should be obtained for the 'normal' arrange- 
ment, if only backbone scission is considered at the tertiary C-atoms. 
The chain lengths of  such fragments would then be n q- 0"5, n -- 1.5 and 
n q- 2.5 ethylene sequences (n = I, 2 . . . etc). For  example for a ethylene 
sequence of 4 units, fragments with C9, Cn  and C~a will appear. 

Even C-number fragments should however appear for both the types of 
'abnormal'  arrangement, again if only propylene backbone scission is con- 
sidered. The corresponding lengths will be for (a) n, n q- 1 and n 4-- 2 for 
head-head addition and for (b) n ~- 1, n + 2 and n q-3 for tail-tail 
addition respectively. 

The fact that identical concentrations of neighboured odd and even 
C-number fragments have been found experimentally would lead to the 
conclusion that both types of arrangement in the chain are exhibiting the 
same frequency. Tosi et alp have effectively shown by IR-spectroscopy 
that their atactic polypropylene and ethylene-propylene copolymers have 
up to 30 ~ 'abnormal'  arrangement. 

As discussed before there are other scission types forming additional 
even C-number fragments arising from ethylene sequences flanked by 
normally arranged propylene units: preferential scission of CHa-side groups 
at the tertiary C-atom and statistical scission in the ethylene sequences. 
Whereas the former case, as well as secondary reactions, will not be dis- 
cussed more quantitatively in this paper, the influence of the statistical 
ethylene sequence scission will be considered later on. 

In the discussion of  the preferential intrachain scission at the tertiary 
C-atoms we may assume firstly, that the tertiary C-C bonds along the 
chain are equivalent. Then for the 'normally' arranged sequences the fre- 
quency of formation of odd C-number fragments of the length n -! 1.5 will 
be twice that of fragments with n -f- 0.5 or n -7 2.5. 
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For evaluation of our experiments now we are not interested primarily 
in the fragments built up from sequences of a fixed length. We have to 
analyse the frequency of the fragments, Pc, ~0.5 of a fixed C-number with 
regard to their tormation from corresponding sequences. The frequency of 
formation of fragments with odd C-numbers tl ÷ 0.5 (Pc,~ 0.5) turns out to 
be proportional to the sum of the probabilities of the sequence length distri- 
bution of ethylene, Pn 2, Pn 1 and Pn, with the corresponding weights 
1:2:1. Applying now the equation for the equation for the expression for the 
ethylene sequence distribution one can easily see that for head tail flanked 
sequences this sum is proportional to the probability of the sequence length 
distribution of ethylene Pn(~) 

Pc.+0.5 oc Pn-2 @ 2Pn-1 + Pn oc Pn(E) 

For head-head and tail-tail arrangement however the corresponding 
even C-number fragments correlate with the ethylene sequence distribution 
in the following way: the frequency of the formation of fragments with the 
length n is proportional to the probability for the corresponding ethylene 
sequences for both types of 'abnormal' arrangement 

Pc, oc Pn + 2Pn+l + Pn+2 oc Pn(E) (a) 

Pc, oc Pn+l @ 2Pn+2 @ Pn+3 oc Pn(E) (b) 

It is evident, that because of the proportionality of fragment and sequence 
probabilities for both 'abnormal' types of addition expressions (a), (b), 
respectively hold for any arbitrary a-b type ratio. 

Let us consider finally the overlapping of the preferential intra-chain 
scission at the tertiary C-atoms with the statistical scission within the ethylene 
sequences. The probability of the latter may be obtained from the pyrogram 
of linear polyethylene. By folding both dominant scission at the tertiary 
C-atoms and statistical ethylene scission an appropriate first approximation 
model of the copolymer fragmentation may be established. As a consequence 
of the competition of both scission types some even C-number fragments are 
formed from 'normally' arranged propylene units too and vice versa. 

20 

1 Polyethylene 

2 t " " "  ° • • o..,.,,, o ,..,..,,o .....,.o • • 

1 I I l I t L l I l n I 

2 /~ 6 8 ~0 ~2 14 16 18 20 22 2l* 26 
Carbon number 

Figure 9 Frequency distribution of  the fragments  f rom the pyrolysis of  linear polyethylene 

In Figure 9 the frequency distribution derived from the polyethylene 
pyrogram is plotted versus the C-number of the fragments. Starting from 
about C7 the relation is a linear one in the semi-logarithmic plot. 
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Besides the statistical scission within the ethylene sequences the slope of 
this straight line is influenced somewhat by apparatus effects too, e.g. 
absorption in the injector block. It has been proved however, by Exner 
and Seeger lo, that these effects do not interfere with the sequence length 
distributions obtained by folding the preferential with the statistical scission 
plot. This has been established by carrying out the respective measurements 
at different pyrolysis temperatures and at different injector blocktemperatures, 
so influencing the degree of apparatus effects. Irrespective of changing 
conditions the sequence length distribution curves derived from the folding 
operations remained identical within experimental error. 

The deviation of the plot from a straight line below C7 seems to be caused 
also by secondary reactions as shown by measurements of the temperature 
dependence of pyrolysis. Therefore, in the following discussion of evalua- 
tions those fragments lower than C7 are omitted. 

In the present state it does not seem to be reasonable to derive distributions 
of the propylene sequence lengths from the fragmentation data. The ana- 
lytical information arising from the iso-alkane peaks in the pyrograms does 
not seem to be effective enough for that purpose. However, experiments 
are in progress in our laboratory with labelled propylene units in copoly- 
mers to evaluate the iso-fragments for the propylene sequences. It should be 
possible to study the scission of the methyl side groups at the tertiary 
(;-atoms. discussed before, more quantitatively. 

Correlation between sequence and fragment distribution 
In Figure 10 the results on the ethylene-propylene copolymers described 

earlier are evaluated. Here the frequency distributions, n:r, of the fragments 
found experimentally from the pyrograms (points and unbroken lines) as 
well as those calculated under the assumptions cited above from the kinetic 
data (dotted lines) are plotted. In every case the upper dotted line corres- 
ponds to the even number fragments and the lower to the odd number 
fragments. Because pyrolysis as well as kinetic data have been normalized, 
for comparison of both types of data the slope of the diagram is relevant. 
To give an idea of their difference, the sequence length distribution function 
Pn(E) as derived from kinetics is given (upper abscissa : monomer units) 
as well as nfr. 

In the diagram the propylene content of the model copolymers increases 
from M3 to M11. For the high ethylene copolymers the agreement between 
pyrolysis data and data derived from copolymerization parameters seems 
to be very satisfactory. For the samples with more propylene in the copolymer 
chain the pyrolysis points are scattering more because the separation of 
n-alkane and iso-alkane peaks tends to be inferior as demonstrated in the 
pyrogram of the M11 sample (Figure 8). 

Improved analysis should be possible here by copolymerization with 
labelled propylene followed by pyrolysis and radio-gas chromatography. 

In this and our earlier paper '~ we hope we have shown that pyrolysis 
gas chromatography may be developed into a method giving more than 
qualitative information on the sequence microstructure of copolymers even 
if no kinetic information concerning their synthesis is given. 
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First measurements on ethylene-propylenc terpolymers with a third 
component  added for vulcanizibility show that  sequence analysis concerning 
ethylene is also possible if  the third component  is either built-in in monomer  
steps only, or if it decomposes to monomer .  This has been performed 
part icularly for amorphous  rubbers with dicyclopentadiene as the third 
componen t .  
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Figure lOa Frequency distribution of the fragments of the samples of Figure 8: 
points and continuous lines are the experimental results; dotted lines are the 
calculated curves for odd and even fragments from the copolymerization data 
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Figure lOb Frequency distribution of the fragments of the samples of Figure 8: 
points and continuous lines are the experimental results; dotted lines are the 
calculated curves for odd and even fragments from the copolyrnerization data 
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Relaxation phenomena in some aromatic 
polymers." effect of water content on the 

low temperature relaxation 

G. ALLEN, J. MCAINSH and G. M. JEFFS 

Relaxation studies have been carried out on polysulphone, polycarbonate, 
poly(2,6-dimethylphenylene oxide) and polysulphone A using the dielectric 
relaxation technique as the primary method of monitoring motional effects. 
In certain instances this technique has been supplemented by low frequency 
dynamic mechanical and broad-line nuclear magnetic resonance studies. It 
was found that the a-relaxation for these amorphous polymers could not be 
completely resolved owing to the temperature limitations of the apparatus. 
However the/3-relaxations in all four polymers were clearly resolved. The 
amplitude and the activation energy of these/3-relaxations were found to be 
dependent on the water content of the samples. In addition the amount of 
water absorbed depended on the polarity of the molecule under consider- 
ation. These results indicate that the absorbed water hydrogen bonds to 
polar groups along the polymer chain and, as such, takes part in the mol- 

ecular process which gives rise to the/3-relaxation. 

INTRODUCTION 

BACCAREDDA et aP have reported the results of audio frequency dynamic 
mechanical investigations on Union Carbide polysulphone. They found two 
relaxation regions, one associated with glass transition, and the other, at low 
temperatures, was unassigned, but was found to be dependent on the water 
content of the sample. 

Dielectric relaxation studies on polycarbonate have been reported by 
Ishida and MatsuokaL Again two relaxation regions are observed; one at 
high temperature associated with the glass transition and a low temperature 
region. It is not reported if the low temperature is dependent on the water 
content of the sample. 

Irt this paper we report the results of a relaxation study of these polymers and 
of two similar polymers i.e. poly(2,6-dimethylphenylene oxide) and poly- 
sulphone A, using primarily the dielectric relaxation technique. In certain 
instances this method has been supplemented by low frequency dynamic 
mechanical and broadline nuclear magnetic resonance studies. 

EXPERIMENTAL 

Samples 
The four polymers studied were polysulphone, polycarbortate, poly- 

(2,6-dimethylphenylene oxide) (hereafter denoted :eMPO) and polysulphone A. 
The structures of  these polymers are given in Table 1. 
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Table 1 The polymer structures 

Polymer Structure 

Polysulphone 

Polycarbonate 

f O - ~  (-' (CH3)2- ~ 0 - ~  SO z - - ~ n  

IL 
0 - - (  

PMPO 

Polysulphone A 
S ( ) ~ ~ n  A 

Commercial samples of polysulphone, polycarbonate and PMPO were 
obtained from Union Carbide, Bayer and AKU respectively. The sample of 
polysulphone A was prepared by condensing 4,4'-dichlorodiphenyl sulphone 
and 4,4'-dihydroxy diphenyl sulphorte 3. The molecular weights and the 
heterogeneity indices for the samples are shown in Table 2. 

Table 2 Glass transition temperatures and molecular weight data 

Polymer Tg (dilatometry) To (DTA) l~w (f/[w/]~ln) GPC 

[°el* [°C]t 

Polysulphone 176 179 40 000 2.35 
Polycarbonate 145 - 34 900 2.17 
PMPO 209 - 112 000 > 2 
Polysulphone A - 214 32 000 2.40 

* In the region of T~ the rate of heating was 2 ° an hour 
"~ On extrapolation to zero rate of heating over the range 40°C/min-20°C/min 

Thermal Properties 
The glass temperature for each of the four polymers was determined by 

dilatometry and differential thermal analysis (DTA). The results are given in 
Table 2, along with the rates of heating. 
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Crystallinity 
All four polymers were analysed for crystallinity using x-ray crystallo- 

graphy. The diffraction patterns indicated that all the polymers possessed 
little or no crystallinity. 

Physical Measurements 
Dielectric. The samples for dielectric measurements were moulded into the 

form of discs 5 cm in diameter and 0.16 cm thick. Dimensional details and 
the moulding temperatures and pressures are given in Table 3. To ensure a 
good electrical contact metal foil electrodes were attached to the sample by a 
thin layer of silicone grease. 

The measurements were made in a dielectric cell in which the electrodes 
were in a three terminal arrangement. A General Radio Trartsformer ratio- 
arm bridge Type 1615A was used over the frequency range 60 ÷ 5 × 104 Hz. 
The generator used over the frequency range 60 -+ 104 Hz was the General 

Table 3 Moulding details for the dielectric discs 

Polymer Diameter [cm] Thickness [cm] T [°C] P [psi] 

Polysulphone 5'05 0'165 260 4800 
Polycarbonate 5.5 0"155 240 4800 
PMPO 5"5 0'165 290 6100 
Polysulphone A 5'5 0"163 320 6100 

Radio Audio Oscillator Type 1317A. Over the range I04-+ 5 × 104 Hz an 
Advance Audio Oscillator was used. The detector employed throughout was 
the General Radio Tuned Amplifier and Null detector Type 1232A. The 
temperature of  the cell was thermostatically controlled to ~0.25°C in a 
liquid bath over the temperature range --196°C to + 180°C. 

The permittivity (e'), dielectric loss tangent (tan 3) and the dielectric loss 
factor (e") were measured at all temperatures. These quantities are related by 

E* --  E' --  iE" 

and tan 8 -= E"/~' 

Dynamic mechanical. The samples for the study of the dynamic mechanical 
properties were moulded into the form of a bar. The dimensions of  each bar 
are given in Table 4. The moulding conditions were the same as for the dielec- 
tric discs. 

The dynamic mechanical measurements were made using a low frequency 
( ~  1 Hz) torsion pendulum. The sample was enclosed in an environmental 
chamber which was thermostatically controlled to ±0.1 °C over the tempera- 
ture range --  130°C to + 180°C. 

The dynamic shear modulus, G', was calculated from the period ~- of  the 
torsion pendulum, its moment  of inertia, L and the sample dimensions 
according to the relationship: 
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64~r2II 
G r  . _ _  cd3tzr 2 

where l, c and d are the length, breadth and thickness respectively of the 
sample and/z is a shape factor a. The mechanical loss tangent Q-I, was cal- 
culated from log (decrement)/rr. 

Table 4 Dimensions of the samples for the dynamic-mechanical measurements 

Polymer Length [cm] Width [cm] Thickness [cm] 

Polysulphone 5'95 0'965 0"338 
Polycarbonate 5"95 0"640 0"168 
PMPO 5"95 0"650 0"178 

Broad line nuclear magnetic resonance. The sample for n.m.r, measurements 
were prepared by heating and compressing the polymer granules in a glass 
tube which was then sealed. The spectrometer used was built to a design by 
Robinson ~ and the resonant frequency, for protons, was 24.5 MHz. The 
modulation frequency was 90 Hz and the field sweep available was equivalent 
to 200 kHz. The probe was placed in a glass dewar between the pole pieces 
of a permanent magnet. The temperature of the sample could be held to 
-4-0.25°C over the range --160°C to +240°C. The line width values were 
derived from the first derivative of the proton resonance lines. 

RESULTS 

(1) The water treatment o f  the polymer samples 
The dielectric discs, as prepared by compression moulding, contained 

various amounts of water, e.g. a freshly moulded polysulphone disc con- 
tained 0.22 ~ w/w of water. 'Dry' samples were prepared by treatment in 
vacuum at 120°C for at least 60 hours. Longer periods of heating showed no 
measurable decrease in weight. These 'dry' samples were then immersed in 
water at room temperature and the percentage of water absorbed determined 
by weighing. Figure 1 shows the results obtained for a series of immersion 
experiments. The weight of water absorbed (expressed as a percentage) is 
plotted as a function of time. The time taken to reach equilibrium absorption 
was roughly proportional to the percentage of water in the equilibrium 
condition. The behaviour of the samples soaked in deuterium oxide and 
methanol was similar. 

(2) Polysulphone 
Dielectric. The temperature dependence of the dielectric loss tangent for 

polysulphone is shown in Figure 2 for a sample containing 0.22~ w/w of 
water at frequencies of 1 and 10kHz. At the higher temperatures the increase 
in tan 8 is indicative of the relaxation process associated with the glass- 
rubber transition (the s-relaxation). The contour of this peak was not corn- 
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pletely defined because of the temperature limitations of  the apparatus. At 
the lower temperatures a broad relaxation region is observed (the fl-relaxa- 
tion). The amplitude of the peak increases as the temperature and frequency 
are decreased. 

2.5 
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"" 0 . 5  

J 
f - 

0,~ 

-~ C C C C C 

I I i I I I l I 

0 1 0 0  2 0 0  3 0 0  &O0 5 0 0  6 0 0  7 0 0  8 0 0  

Time (h )  

Figure 1 Weight percentage of absorbed water for the indicated 
polymers as a function of time: 

0,  polysulphone; 5 ,  polycarbonate; m,PMPO; ©, polysulphone A 

80 +60  
4C 

c 
2c 

0 I I I 
- 200 - 100 0 100 200 

T 'C  

Figure 2 Loss tangent as a function of temperature for polysulphone 
(H20 content = 0.22~) © 10kHz • lkHz 

Figure 3 illustrates the frequency dependence of the dielectric loss factor 
in the fl-relaxation over the temperature range from --80.5°C to --49.3°C 
for a sample containing 0.22 % of water. As the temperature is lowered the 
broad peak moves to lower frequencies and increases in amplitude. 

Figure 4 illustrates the effect of water content on the amplitude and 
frequency/temperature behaviour of  the fi-relaxation. Tart 3 values are 
illustrated at 1 and 10kHz for samples containing up to 0.79 % w/w of water. 
The temperature of  the maximum in tan 3, at a given frequency, is constant 
until the water content tends to zero. The peak temperatures observed in the 
wet samples are 66.7°C and --45.5°C for 1 and 10kHz respectively. The 
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Figure 3 E" as a function of logz0f for polysulphone at the indicated 

temperatures (H20 content = 0.22 ~) 

small amplitude peak temperatures ('dry' samples) are--53.0°C and--38.5 °C 
for 1 and 10 kHz respectively. The behaviour of the sample containing 
0-90 ~o w/w of deuterium oxide is similar to that of a sample containing 
0.79 ~ w/w of water. 

Dynamic-mechanical. The temperature dependence of the mechanical loss 
tangent is illustrated in Figure 5. Two mechanical absorptions are observed 
over the accessible experimental temperature range. At the higher tempera- 
tures the increase in Q-1 is indicative of the glass-rubber transition, Tg. At 
the lower temperatures the/3-relaxation is observed. 

The shear modulus decreases with increasing temperature and shows a 
marked decrease around Tg. 

The fl-relaxation differs in amplitude for the samples containing 0.073 
w/w and 0.31 ~ w/w of water. It was found that the samples could not be 
maintained in a 'dry' state for the duration of the experiment due to the design 
of the environmental chamber. 

Broad line n.m.r. The variation of the proton line width with temperature 
for samples of polysulphone is shown in Figure 6. The first sample was 
'dry' and the second (denoted 'wet') contained 0.79 ~ w/w of water. 

The 'dry' sample shows a large decrease in line width at 210°C. This is 
associated with the Tg of polysulphone. There is a moderate narrowing of 
the line width at about --60°C and this effect is slightly more pronounced in 
the wet sample. 

The derivative of the absorption signals obtained for the 'dry' sample are 
superimposed in Figure 7. The decrease in line width over the experimental 
temperature range is illustrated. The vertical scale has been changed (from 
spectrum to spectrum) for convenience in drawing. 
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Figure 4 The effect of H20 and D20 on the low temperature transi- 
tion in polysulphone 

O H20 10kHz • HaO I kHz 
/~ D20 10kHz A D20 1 kHz 

(a) 0.79 Y/. H20 (c) 0"39 ~ H.oO 
(b) 0.90~ D20 (d) 

(e) 0-22~ H20 (g) ~0"0~o H20 
(f) (h) ~0"0% DzO 

(3) Polycarbonate 
Dielectric. Ishida and Matsuoka 2 have made an extensive dielectric study 

on polycarbonate over a wide temperature range, including the a-relaxation 
associated with Tg. In this work, attention is confined to the fi-relaxation. 

Figure 8 illustrates the variation of the dielectric loss tangent with tempera- 
ture in the range from --100°C to 20°C for samples containing < 0 . 0 2 ~ ,  
0.20 ~ and 0.37 ~ w/w of water. Measurements were made at 1, 5 and 10 kHz. 
The broad peaLcorresponding to the fl-relaxatioa, moves to lower frequencies 
and decreases in amplitude as the temperature decreases. Again the tem- 
perature of  the maximum in tan 3, at a given frequency, is constant until the 
water content tends to zero. The peak temperatures observed for 1, 5 and 
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Figure 5 Shear modulus and loss factor as a function of temperature 
for polysulphone (a) 0"31 ~ H20 (b) 0"07~ H~O 
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Figure 6 Line width as a fm~ction of  temperature for dry and wet 
polysulphone 

10kHz are --62.5°C, --50.0°C and --43-0°C respectively for the wet 
sample and --71.5°C, --55.6°C and 48.0°C for the dry samples. 

Dynamic-mechanical. The temperature dependence of the mechanical loss 
tangent is illustrated in Figure 9. At the higher temperatures the increase in 
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Figure 7 Variation of the derivative of the absorption signal with 
temperature for polysuIphone (dry) 
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Figure 8 The water dependence of the low temperature transition in 
polycarbonate 
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Q-1 is indicative of the glass-rubber transition and at the lower temperatures 
the/3-relaxation is observed. 

As in the case of polysulphone the shear modulus decreases with increasing 
temperature and shows a marked decrease around Tg. The fl-relaxation 
varies in amplitude depending upon the water content of the samples (in- 
creasing as the water content increases). 

(4) Poly(2,6-dimethylphenylene oxide) 
Dielectric. The temperature and water dependence of the dielectric loss 

tangent for t'MPO is shown in Figure 10. The temperature range covered is 
from --100°C to 140°C at 1, 5 and 10kHz for water contents of 0.02~, 
0.207 ~ and 0.252 ~ w/w. 

At the higher temperatures the increase in tan 3 is indicative of the relaxa- 
tion process associated with the glass-rubber transition. The contour of this 
peak was not completely defined because of the temperature limitations of the 
apparatus. At the lower temperatures a broad relaxation region is observed 
and is denoted the/3-relaxation. The amplitude and the frequency/tempera- 
ture behaviour of this peak are dependent upon the water content of the 
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Figure 9 Shear modulus and loss factor as a function of temperature 
for polycarbonate 

(a) 0-37~ H20 (b) 0-15% H20 
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sample. For the 'dry '  sample the maxima in tan 3 occur at --68.0°C, - 5 4 . 8  °C 
and 148-0°C for 1, 5 and 10kHz respectively. The peak temperatures ob- 
served in the samples containing 0 .252~ water are 85.0°C, --71.5°C and 
-65.0°C for the frequencies 1, 5 and 10kHz. It is also apparent that as the 

frequency is lowered the peaks move to lower temperatures and decrease in 
amplitude. Figure 10 also illustrates a peak in the temperature range 20 -  
100°C. Although of low amplitude this peak is quite pronounced in the wet 
samples. In the dry sample the effect is much less significant and appears 
merely as a shoulder on the increase in tan 3 associated with the Ty. 

Dynamic-Mechanical. The temperature dependence of the mechanical 
loss tangent and its variation with water content are illustrated in Figure I I. 
Only one mechanical absorption is observed over the experimental tempera- 
ture range. At the higher temperatures the increase in Q 1 is indicative of the 
T,~. 

(5)Polysulphone A 
Figure 12 illustrates the variation of the dielectric loss tangent with tempera- 

ture and water content at l, 10 and 50kHz. The temperature range covered 

2O 
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Figure /0 The water dependence of the low temperature transition 
in poly(2,6-dimethyl-phenylene-o×ide) 

Top two curves, 0.252~ H20; middle two curves, 0.207% H20; 
bottom two curves, ~0-O~/o H~O 

L~ ]OkHz • I k n z  

was from --  140°C to 160°C (measurements were also made at 5 and 20 kHz). 
The increase in tan ~ at the higher temperatures is indicative of the a- 

relaxation associated with Tg. As before the contour of  this peak was not 
completely defined because of the temperature limitations of the apparatus. 
The dry sample shows a broad absorption region amplitude between 
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Figure 11 Loss factor as a function of temperature and water content 
for poly(2,6 dimethyl phenylene oxide) 

O 'Dry'  • 0-25~ H20 

--100°C and 20°C. The maxima in tan 3 occur at --47.0°C, --35.5°C and 
--26.0°C for 1,5 and 10 kHz respectively. The sample of intermediate wetness 
(0.70 ~ w/w of water) shows a stronger absorption at low temperatures. The 
frequency/temperature behaviour of this sample differs from that of the dry 
sample. In this case the maxima in tan 3 occur at --64°C and --42.0°C for 
1 and 10 kHz respectively. 

The low temperature variation of tan 3 for samples of maximum wetness 
(2.48 ~ w/w of water) differs greatly from the above. The curves for these 
exhibit a large amplitude, narrow peak centred at --95.0°C, --90-0°C, 
--88.0°C, --81.5°C and --78.5°C at l, 5, 10, 20 and 50kHz respectively. A 
large shoulder appears on the high temperature side of this narrow peak. The 
frequency/temperature behaviour of this shoulder is significantly the same as 
that for the sample of intermediate wetness. 

DISCUSSION 

The a-relaxation 
In our work the temperature limitations of the dielectric and mechanical 

apparatus prohibited the observation of the complete a-relaxation region. It 
is quite clear, however, from other investigations that this is the glass- 
rubber transition involving the onset of long-range thermal motions of the 
main chain. 

We were unable to investigate the influence of moisture contertt on the 
a-relaxation, despite the fact that this is of interest 6-1s. Jackson19 for example 
has suggested that in polyamides 9 with Tg ,-,d20°C water is not a plasticizer 
because Tg is above its boiling point. Presumably if this argument is valid it 
should hold for the four polymers studied in this work. 

The t3-relaxation 
The activation energy for each fl-process was calculated from the frequency 

dependence of the temperature of maximum dielectric loss. In every case 
the plots were linear and for polysulphone and polycarbonate mechanical 
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F(~ure 12 The water dependence of the low temperature transition 
in polysulphone A. 

[] 50kHz ~, 10kHz • lkHz 
Top three curves: 2-480~ H20 
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Table 5 The activation energies in kcal/mol for the indicated polymers 

Polymer AH* ('dry') AH* ('wet') 

Polysulphone ! 6-6 11.2 
Polycarbonate 8.7 12.4 
PMPO 10"4 9"2 
Po|ysulphone A 13.1 10-2 
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loss data were also included. The results for 'dry' and 'wet' samples are 
summarized in Table 5. 

The behaviour of the /3-relaxation peaks show well defined trends with 
water content of the sample which gives some insight into the origins of these 
peaks: 

(l) In each polymer the amplitude of the loss peak increases with 
increasing water content of the sample. 

(2) The temperature of maximum loss in the wet samples is independent 
of the water content yet it is different from the temperature of 
maximum loss in the dry sample, which may represent some un- 
measurably low water content. 

(3) The activation energy for wet samples is also independent of water 
content yet the value is substantially different from the activation 
energy for the dry sample. 

(4) In no case was the temperature of maximum loss or the activation 
energy identical for wet and dry samples. 
There is, however, one important aspect in which polycarbonate 
differs from the other three polymers, with respect to the influence of 
moisture: 

(5) The activation energy and temperature of maximum loss is lower for 
the dry sample than for the wet sample of polycarbonate. For poly- 
(2,6-dimethylphenylene oxide), for polysulphone and for polysul- 
phone A the reverse holds. 

The effect of the increase in the fl-relaxation amplitude with water content 
has been reported in other polar polymers (e.g. polyoxymethylene 2°, poly- 
ethylene terephthalate 21, various nylorts 6,2z,23, and polymethylmethacrylate 24. 
Previous studies 2,25,2~ of essentially 'dry' polycarbonate have concluded that 
the weak/~-relaxation process is due to a combined motion of the carbonate 
residue and the phenylene rings. If we assume that in the 'wet' samples the 
water molecules form hydrogen bonds with the carbonate residue, the polar 
water molecules would be involved in the molecular process and this could 
account for the observation that the strength of the loss increases with 
increasing water content. Further the 'dry' state of the sample could re- 
present a water content so low that hydrogen bonding ceases to be effective 
and in this state only the polar polymer group contributes to the observed 
loss. 

Similar explanations are plausible for the three other polymers and the 
plausibility is enhanced by the observation that if the four 'wet' polymers are 
compared, the strength of the loss is in accord with the relative affinities of 
the polymers for moisture. For example, the amplitude of the fi-peak in 
PMPO is increased by watel to a much lower level than in the other polymers. 
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Figure 1 shows that for PMPO the equilibrium water absorption is low 
presumably because the ether linkage is the only hydrogen bonding site 
available. In the cases of polycarbonate, polysulphone and PMPO it is 
possible that methyl group motions are responsible for the/3-relaxations. This 
explanation is discounted for three reasons. It is unlikely that a --CHa group 
rotation would give rise to a detectable dielectric loss. Secondly spin lattice 
n.m.r, relaxation studies on other polymers indicate that methyl group 
motions relax at much lower temperatures2, 27. Furthermore the n.m.r, line 
width of 6.5 gauss measured for polysulphone between --150 and -- 100°C 
indicates that some motional narrowing has already occurred at these 
temperatures and one can conclude that the narrowing observed at - 6 0 ° C  
is more likely to be due to phenyl group motion. Broad line n.m.r, studies 
on PMPO e4 indicate that the methyl groups are already in motion at - 180°C. 

Another feature of our results which requires comment is item (5) above. 
l f o u r  explanation holds for the influence of water on the relaxation behaviour 
of all four polymers it is surprising that water should 'plasticize' the /3- 
relaxation in polysulphone, polysulphone A and PMPO and yet act as an 
"antiplasticizm' in polycarbonate. A possible explanation is that water 
absorption 'tightens' the polycarbonate structure, possibly by increasing its 
density whereas in the other three polymers a less densely packed structure 
results. A preliminary study of density revealed no detectable trends and a 
very precise, extertsive study of the influence of water on the density of 
these materials would be required to further this hypothesis. 

Finally, it will be seen in Figure 12 that the/3 loss in polysulphone A be- 
comes adoublet  at water contents in excess of 0.70~.  The process at the 
higher temperature is assigned to the mechanism described above and is ob- 
served in all wet samples. The secondary peak which appears at high water 
content may be related to the presence of unbounded water which may be 
present in microvoids arising from a rather unsatisfactory sample prep- 
aration. The absorption experiments (Figure 1) show that this sample ab- 
sorbed rather more water than might be expected and did not reach 
equilibrium. The narrowness of the peak suggests that it arises from local 
aggregates of water molecules in the voids. 

C O N C L U S I O N  

The dielectric and mechanical loss of polar polymers containing para phenyt 
lene linkages are affected by the presence of water. The evidence suggests tha- 
the absorbed water molecules hydrogen bond to the polar groups in the 
polymer chain and influence the fi-relaxations of these polymers. Water is a 
'plasticizer' for the/3-relaxation of PMPO, polysulphone and polysulphone A 
and it is an 'antiplasticizer' for polycarbonate. Polymer samples which we 
have termed 'dry' were dried for more than 60 hours in vacuum at 120~C. 
Although these samples were dried to constant weight this does not preclude 
the possibility that some water molecules still remain in the samples. Certainly 
the temperature of maximum loss, and activation energy for the/3-process 
differed from those for 'wet' samples but whether or not these residual water 
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molecules are responsible for the very low ampli tude relaxation observed in 
the 'dry '  samples is debatable. 
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The effect of hydrostatic pressure on the 
viseo-elastic properties of polymers 

P. R. BILLINGHURST and D. TABOR 

This paper describes an experimental study of the effect of hydrostatic pres- 
sure on the visco-elastic properties of some common thermoplastic polymers, 
and natural rubber. A torsion pendulum was constructed to operate inside a 
thick walled cylindrical pressure vessel. The pressure could be varied from 
atmospheric to 1500 atmospheres and the temperature from--20°C to 120°C. 
The pressure medium was nitrogen gas but in some cases thepolymer specimen 
was surrounded with a hydrocarbon oil to prevent the nitrogen from coming 
into contact with the polymer. The results obtained show that the glass tran- 
sition temperatures of rigid polymers and rubber, are raised with pressure by 
amounts which vary between 15 and 30°C per thousand atmospheres depend- 
ing upon the material. The values of this shift, for individual polymers, are 
in agreement with quasi-theoretical predictions based on the 'Free- 
Volume' theory of the glass transition temperature; they also agree with 
experimental studies of a related nature, by other workers. The experiments 
have also revealed a new phenomenon with PTFE: this polymer is rapidly 

plasticized by nitrogen at pressures of a few hundred atmospheres. 

I N T R O D U C T I O N  

VISCO-ELASTIC losses, relaxation times and phase changesin thermoplastics and 
elastomers are generally associated, like the viscosity of liquids, with a free 
volume; this provides room for appropriate movement of chain segments. It 
is clear therefore that hydrostatic pressure must play a very direct part in 
these phenomena and provide some insight into their mechanism. For some 
reason, no direct studies of this type, apart from those of Z6sel I have been 
carried out. This paper describes a study which we began in this field before 
we were aware of Z6sel's work. 

F R E E  V O L U M E  - T H E  E F F E C T  OF P R E S S U R E  

The free volume in the liquid phase has been defined by Doolittle 2 as 'that 
space seemingly arising from the total thermal expansion of the liquid 
without phase change'. It implies that all the increase in volume, on heating 
goes into an increase in free volume. Other definitions have been discussed by 
Bondi 3 but it is quite adequate for our purpose if in dealing with solid 
polymers we slightly modify the Doolittle definition and assume that the 
increase in free volume with temperature is a constant fraction of the total 
increase in volume of  the specimen with temperature. 

The free volume is, of course, influenced by pressure as well as by tem- 
perature. To derive a relation for the effect of  these parameters on the free 
volume we need two quantities: al the coefficient of  volume expansion, and 
/3 I the compressibility, of the free volume itself. Then if vf is the free volume 
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at temperature To and pressure Po, and v'1 the free volume at temperature 
T and pressure P, we have 

v'1 = vf [1 q- ay (T -- To) -- fly (P -- Po)] 

so that there is no change in free volume, i.e., v'y = vy when 

T--To 
P - P0  - / 3 y / a y  

For any given polymer the glass transition temperature To may, as a first 
approximation, be considered as a position of constant free volume. Thus if 
(cf. ZSsel) ay and fly are the values observed as the polymer is taken through 
the glass transition at atmospheric pressure the shift of Tg with pressure is 
at once given as 

~3P --  ~ Tg 

Most workers, e.g. ZSsel l, take af, fly to be the changes in expansion and 
compressibility as the polymer is taken through Tg, at which point, these 
parameters show marked discontinuities. If  these quantities are known it is 
possible to calculate the change in Tg to be expected and to compare the 
prediction with direct observation of the effec! of pressure on the visco-elastic 
properties of the polymer. 

In our experiments we have determined the variation of shear modulus 
with temperature at various hydrostatic pressures, and have identified the 
glass-transition temperature as occurring at the point of inflexion in the 
modulus-temperature curve. Although this is an arbitrary choice it does 
not involve serious error. 

A P P A R A T U S  

The requirements for the design of the apparatus were in principle very 
simple. The equipment was required to measure the dynamic mechanical 
properties of polymers and rubbers (1) over a hydrostatic pressure range from 
atmospheric up to 2000 atmospheres and (2) over a temperature range 
sufficient to cover the more marked transitions displayed by a number of 
common polymeric materials. 

The main components of the instrument are shown schematically in Figure 
1. The readings are taken by observing the free vibration of the torsion 
pendulum system which comprises a tungsten alloy inertia member, a piano 
wire upon which the weight of  the rotor hangs, and the specimen. 

A gaseous pressure medium, nitrogen, was chosen to minimize viscous 
drag, since the annular gap between the curved surface of the rotor and the 
inside wall of the pressure vessel was required to be kept as small as possible. 
In addition to this, no suitable liquid appeared to be available which was 
guaranteed to have no effect on the polymer samples, particularly under the 
temperatmes and pressures to be encountered. 

Using a proprietary two stage boosting system we were able to reach a 
maximum pressure of 1700 atmospheres. 
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thermocoupte 
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Figure 1 Arrangement of oscillating system 

The temperature of the specimen is controlled by having the entire pressure 
vessel mounted inside a heat exchanger equipped with heating coils, and 
also a liquid nitrogen cooling coil. A stainless steel sheathed thermo- 
couple is employed to measure the temperature of the polymer itself, and it 
is placed in close proximity to the specimen. 
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The interior of the pressure vessel is constructed so that the polymer 
specimen can be removed very readily, without having to remove the cylinder 
end caps. This has proved valuable in saving time during experiments. The 
oscillations of the torsion pendulum are started mechanically by a shaft 
running through the pressure vessel, with suitable sealing, and the resulting 
oscillations are observed with a miniature inductive transducer, the positive 
lead of which is taken out of the high pressure area via a tapered, insulated, 
plug. The body of the vessel carries the return lead. 

Finally, a clutch is employed in the rotating system so that free vibration 
decay traces can be obtained with or without the polymer specimen being 
subjected to strain. In the latter case, the torsional stiffness for the system is 
supplied only by the piano wire. The purpose of this arrangement is to 
enable an estimate to be made of the extraneous energy losses in the system 
when calculating the damping due to the specimen alone. 

In practice, due to extraneous energy losses we have been unable to measure 
polymer damping when it is very low. Consequently it has not yet proved 
possible to study the smaller visco-elastic peaks. However, the apparatus has 
proved completely satisfactory for a study of the main glass-transition 
temperatures. 

E X P E R I M E N T A L  P R O C E D U R E  

The polymer torsion specimens were all cut from 1/16in sheet, to be approxi- 
mately 3in long and 3/32in wide. The experiments were performed by 
allowing the oscillating system to undergo free vibration with, or without, 
the specimen being subjected to strain. In the former case, the damped 
sinusoid yielded a certain frequency (f(w+s)) and a certain attenuation con- 
stant (at). In the latter case, the frequency of vibration ( fw) is reduced by 
comparison withJ~w+s) and also the damping will be lower, giving a value 
for the attenuation constant (ab). 

From the theory of the oscillating system, the rigidity modulus, G, of the 
polymel is calculated from the equation:-- 

J G  

4 rr z I ( fw ~-., - -  fw~)---- --l- 

t* ABa  
where J, the section constant, = - 16 

A = width of specimen 
B = thickness of specimen 
t* ---- shape factor and is a function of A / B  
i = length of specimen 
I -= moment of Inertia of the Rotor 

The damping is calculated using the equation: 

a s p e c i m e n  ~ a t o t a l  - -  a b a c k g r o u n d  

o r  as ~ a t  - -  a b  
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and 

{ f  (w+~) 2 --.fw2~ 
a s = r r t a n 3  ~ f~-w+~ ] 

In most cases, two measurements of damping were calculated: one, tan 8, 
being the measurement of the specimen damping at the particular temperature 
and pressure being investigated and the other, A, being the logarithmic 
decrement (In On/On+l) for the case where both the piano wire and specimen 
are being strained. In practice it was found that both the background damp- 
ing and the frequency of oscillation, without the specimen, remained sub- 
stantially unchanged over wide temperature and pressure variations so that 
standardized values for these two quantities could be used. 

As mentioned in the previous section, the equipment was designed so that 
the specimen could be changed with the minimum amount of disturbance 
which saved considerable time during experiments. The large thermal inertia 
of the pressure vessel caused some delay during high temperature runs and 
so experiments were often programmed to take readings on different samples 
of polymer once the required temperature had been reached. A certain 
amount of leakage at high pressures also restricted the length of  such tests, 
but not to any serious extent. 

Measurements of the frequency of oscillation, from which the rigidity 
modulus, G, is calculated were very reproducible; the main error arose from 
the non-uniformity of the width and thickness of the polymer specimens. The 
overall error in the absolute value of G is estimated to be of the order of 

8 ~.  For this reason no attempt was made to allow for the effect of tem- 
peratule and pressure on the dimensions of the specimen. Such a correction 
could contribute not more than an additional error of -- 1 ~ to the absolute 
value of G. For values of  the logarithmic decrement greater than 0.2 the 
reproducibility was about + 5 ~ ;  for values of tan 3 greater than 0.05 the 
reproducibility was of the order of :4-20 ~.  The reliability of  these damping 
measurements diminished as the value for the damping itself became smaller 
because of the increasingly important part played by the background damp- 
ing. For this reason, very low damping measurements have not been recorded 
in the results. 

The torsional amplitude was kept as small as was consistent with practical 
measurements of  the decrement. The maximum strain imposed on the 
specimens was of the order of 1 ~ .  

RESULTS 

The glass transition region 
Preliminary quantitative experiments were performed on a sample of 

plasticized PVC, an amorphous polymer. The plasticizer in the sample was 
dioctyl phthalate present as 0.125 volume fraction. 

The results for shear modulus and tan 3 for this polymer are shown in 
Figure 2 for two independent tests, one at atmospheric, and the other at 
1000 atmospheres. The bottom set of curves gives the corresponding values 
for the logarithmic decrement. The short vertical line AB at 22°C joining the 
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Figure 2 Plasticized :,vc, dynamic mechanical properties 
--(3--  Shear modulus G', ---:3-- tan 8, - - /k--  logarithmic decrement 

two shear modulus-temperature curves shows the effect of pressure on the 
modulus at constant temperature. Figure 3 shows the effect on modulus of 
applying the pressure at P after the polymer has reached the rubbery state. 
It is seen that an application of 1000 atmospheres at 53°C is sufficient to 
return the modulus almost to the glassy value (point Q). 

Figure 4 shows similar results for a sample of unplasticized PVC. Analysis 
of detailed results shows that within the range of  experimental error, the 
shift of the glass transition temperature is linear with pressure over the 
pressure ranges studied. Further, the amount of the shift per 1000 atmospheres 
is the same as for the plasticized sample. Comparison of Figures 2 and 3 with 
Figure 4 also shows the well known phenomenon of the broadening of the 
transition region by the plasticizer. 

Similar curves are shown in Figure 5 for a sample of  natural rubber. The 
behaviour at atmospheric pressure was explored over the whole length of  the 
curve, but only selected points were measured at elevated pressures. Never- 
theless, the shift appears to be linear with pressure as for PVC, but with a 
slightly larger value per 1000 atmospheres. Similar tests were also performed 
on polystyrene, but the samples appeared to suffer from severe penetration 
by the nitrogen gas. The reoorded results also showed that the polymer had 
undergone a shift in glass transition with pressure of a much smaller amount 
than would have been expected. The damping of  the polymer specimen was 
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also greatly reduced under pressure. Whert the pressure was released and the 
specimen removed its appearance was found to represent more that of  expand- 
ed polystyrene and so great was this effect that it had concertinad into a shape 
reminiscent of  a helical spring in order to accommodate an increase in length 
of approximately 1½- times the original. 
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Figure 3 Plasticized Pvc; modulus against temperature and pressure 

For  subsequent tests on polystyrene, therefore, the lower portion of the 
pressure vessel was filled with hydrocarbon oil of sufficient quantity to 
cover the specimens. The same precaution was also taken with the PMMA 
specimens, and with some of  the PTVE samples. The presence of the oil 
appeared to have no effect on the polymers. Figures 6 and 7 show the results 
for polystyrene and PMMA performed in this manner. 

The phenomenon of gas penetration into the PTVE samples was studied in 
detail as described below. 

Regions remote from the T, 
The glass transition temperature of  PTVE is 126 °C, which is outside the range 

of operation of the apparatus. There is however, a marked transition of a 
different kind which normally occurs at about 19°C. This corresponds to the 
uncoiling of the chains in the crystal f rom 13 to 15 CFz units per helical 
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revolution. The effect of  pressure on this transition was studied for samples 
of two different crystallinities. As mentioned above, nitrogen at a few hundred 
atmospheres of pressure can plasticize the PTFE specimens. For this reason 
the polymer was immersed in hydrocarbon oil, as with polystyrene and 
PMMA. As shown in Figures 8 and 9 this transition is affected by pressure in a 
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Figure 4 Unplasticized Pvc; modulus against temperature and pressure 

way which resembles the effect of  pressure on the glass transitions of  the 
other polymers. A notable difference, however, is that the modulus/tempera- 
ture curve is not shifted bodily sideways; the shift varies as the transition is 
traversed. Comparison of Figures 8 and 9 shows that the effect of  pressure 
is more marked on the specimen of lower crystallinity. This is discussed later. 

Polymethylmethacrylate also exhibits a secondary transition which, at 
atmospheric pressure, occurs around 40°C. This transition is very weak but 
its presence is reflected in the form of  the modulus/temperature curve in this 
region. Portion AB in Figure 10 shows that there is a steeper fall-off in 
modulus than would normally be expected for an amorphous polymer in 
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the glassy state. Furthermore, in these portions of the curves the sideways 
displacement of the curves when pressure is applied is not constant. 

Experiments were also carried out on a series of polyethylene samples of 
varying crystallinity and moleculal weight. The effect of pressure on samples of 
three different crystallinities is shown in Figure 11. It is seen that although the 
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Figure 5 Rubber; modulus against temperature and pressure 

absolule values of the modulus depend on crystallinity the horizontal shift 
produced by pressure is practically independent of crystallinity. Similar 
experiments show that the shift is also little affected by the molecular weight 
of the polymer. 

Plasticization of  PTFE 
If the PTFE specimens were not immersed in oil and the nitrogen gas was 

allowed to come into direct contact with the surface of the polymer a very 
marked softening of the polymer occurred. The softening or plasticization 
grew more pronounced with time, the rate being strongly dependent on the 
sample of polymer used, the temperature of the test and, to a lesser extent, 
the pressure. The softening is most conveniently shown as a decrease in the 
shear modulus. Typical results for specimens of 68 ~, 65 ~ and 60 ~ crystal- 
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linity are plotted in Figure 12 as G'(t) /G'(0) vs. time. It is seen that the modu- 
lus of the sample of  lowest crystallinity falls to as little as 20 % of its normal 
value, under a nitrogen gas pressure of  340 atmospheres at 80°C, after 45 
minutes. The specimen possessing 8 % more crystallinity behaves in a similar 
way qualitatively but the effect is very much less marked. It is clear that a 
small drop in crystallinity produces a very large increase in the rate of 
softening. 
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Figure 6 Polystyrene;  m o d u l u s  against  tempera ture  and  pressure 

The small increase in modulus at very short times shown in the curves 
at 17°C is due to the normal effect of  an increase in modulus with pressure: 
at 80°C however, the plasticization takes place so much more quickly that 
this initial rise is obscured. 

Figure 13 shows the effect of  gas pressure on this phenomenon. There are 
two main points. First the softening is quite marked even at relatively low 
pressures. The main effect of  increasing the gas pressure is to increase the 
rate at which the softening occurs. Secondly there is, superposed on the 
softening, an increase in modulus due to pressure itself. This is seen by com- 
paring the results observed at pressures of 510 and 340 atmospheres. The 
greater initial rise in modulus at 510 atmospheres over-compensates for the 
increased rate of plasticization at this pressure. Consequently the modulus 
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after 45 minutes is actually higher than at the lower pressure of 340 atmos- 
pheres. 

The results in Figure 14 show that the softening phenomenon does not 
occur when helium is used as the pressure medium. 
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Figure 7 Polymethyl methacrylate,  specimen immersed in oil 
Upper  curves: cont inuous lines, shear modulus  G ' ;  broken lines, 

tan 8. Lower curves: cont inuous lines, logarithmic decrement 

DISCUSSION 

The shift of  the glass transition with pressure 
The results of this work show that the glass transitions of amorphous 

thermo-softening polymers are shifted upwards in temperature by the applica- 
tion of an imposed external hydrostatic pressure. The shift varies for in- 
dividual polymers and the values of the shifts for the polymers studied are in 
agreement with those of other workers. 

PVC PS PMMA 

This paper 16 32 29 
Z6sel 17 - 24 
Hellevege 13-5 30 23 
Aft/Am 32 61 65 

(all values in °C/1000 atm) 
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The table compares the authors' results with those of ZSsel I who performed 
similar experiments using a torsion pendulum, while the results of Helle- 
vege 4 were obtained in dilatometric experiments. 

The values for AfllAa are quoted from work of Bianchi 5,6. Hellevege also 
gives values for these quantities, which are in fact in much better agreement 
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Figure 10 Polymethyl methacrylate, specimen immersed in oil 

with the shifts, but are considered by Goldstein 7 to be inaccurate since the 
values chosen for the glassy compressibilities are rather high. In fact, since 
the compressibility of a polymer changes with pressure in the regions sur- 
rounding the Tg it is possible to choose suitable values to get Afl/Aa very 
close to OTg/3P. Using the present data, however, it is reasonable to in- 
vestigate the lack of agreement between Bianchi 5,6 and Hellevege 4. 

Bianchi 6 raises the point that the value of the temperature shift of the 
glass-transition under pressure depends on the route taken: that is, upon 
whether, in the high pressure test, the readings are taken with the tempera- 
ture increasing or decreasing. He reports, in dilatometric experiments, a 
maximum possible value of  3Tg/~P of 38°C/1000 atmospheres for Pvc but 
this value appears to be obtained from the data by extrapolation and in any 
case the path taken for this reading is that of increasing temperature; the 
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same as was used in the authors '  own experiments. It  seems doubtful whether 
the lack of agreement between c3Tg/~P and Aft/Am depends upon inaccuracies 
in the measurement of  the former quantity. 

Bianchi explains his results in terms of a densification process such that if 
the polymer is exposed to pressure while in the rubbery state at a certain 
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Figure 11 Polyethylene, samples of varying crystallinity 
Samples Density M.F.I. 
Alkathene XDK 69 0"92 0.2 
Rigidex 2 0'95 0"2 
Rigidex 50 0"96 0"5 
- - O - -  1 atm - - A - -  500 atm 

temperature it will compress to a smaller volume than if it is pressurized 
below the Tg and then heated to that temperature. I f  this is the case it is 
possible to show, very simply, that ~Tg/~P is always less than Aft/An, but it is 
difficult to make an estimate of  the inequality. 

Cross-linked polymers might be expected to show a considerably reduced 
amount  of  densification, comparable to their reduced ability to exhibit 
plastic deformation, when compared with thermo-softening polymers, so that 
they might, in consequence give closer agreement between ~Tg/~P and Aft/An. 
In  fact, this better agreement has been obtained by McKinney, Belcher and 
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Marvin 8 who, for natural rubber, observed a ~Tg/?Pof24°C/lOOOatmospheres 
and Afi/Aa of 27°C while in similar measurements on poly-(vinyl acetate) 
they found Afi/Aa to be almost twice OTg/~P. 
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Temperature shift of  secondary transitions 
Dealing firstly with PMMA, it is seen that in Figure 10, the modulus/ 

temperature curve over the portion AB falls more steeply than it would if 
due to thermal softening alone. This is due to the well known secondary 
transition in this polymer. 

Thus we can put an estimate on the effective shift of  the secondary tran- 
sition with pressure by observing the temperature shift at constant modulus 
in the region, near 20°C, at which this transition occurs. As can be seen in 
Figure 10, this is of  the order of  50°C/1000 atmospheres. In our measurements 
we were unable to observe the damping peak because it was too small. 
However, Z6sel was able to determine the position of the peak and he found a 
negligible shift with pressure. It is hoped that improvements now being made 
to our instrument will enable us to resolve this difference. 

Figures 8 and 9 show the effect of  pressure on the secondary transition in 
PTVE. As with PMMA, the damping peak due to this transition is both broad 
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and low and its position not definable with the present equipment. However, 
the relatively sharp inflexions of modulus with temperature enable a reason- 
ably accurate estimate to be made of transition temperatures. Comparison 
with other work suggests that the behaviour is associated with a crystalline 
transition in which the helix lengthens from 13 to 15 carbonlinks pm turn. 
The response to pressure and temperature is a consequence of the amorphous- 
crystalline nature of the specimens. The effect of pressure is to increase the 
modulus, piesumably of the amorphous phase. Indeed, if the modulus is 
plotted as a function of temperature on a linear scale the results show that 
there is almost a constant vertical shift of shear modulus with pressure. This 
is of order 109 dyn/cm 2 (:~30 ~ )  per 1000 atmospheres for both specimens. 
On the other hand the pressure restricts the transition in the crystalline 
phase, causing it to occur at a higher temperature. The curves show that a 
pressure of 1000 atmospheres shifts the transition by 14 to 20°C depending 
on crystallinity. These figures agree well with those of other workers for 
example Yasida and Araki 9 and Weld °. 

It is appropriate to deal here with the polyethylene results since the polymer 
is in a semi-crystalline state and the results bear some resemblance to those 
for PTFZ. In general, the various samples give horizontal shifts of 15 ° C/1000 
atmospheres, but for the lowest crystallinity sample the shift is greatly 
increased at higher temperatures. This is considered to be due to the onset of 
melting, and the corresponding effect of pressure on the melting point. 
Maxwell and Matsuoka n have performed tests on this effect and for a 
typical sample the melting temperature is raised by 30 ° C/1000 atmospheres. 
Thus the effect is quite pronounced and at temperatures near the melting 
point would swamp the pressure effect on the amorphous regions. Con- 
sequently in this temperature range, no differences are apparent between 
samples of  varying crystallinity. 

The plasticization of PTFE by high pressure nitrogen gas 
The plasticization of PTFE by nitrogen gas was completely different in 

nature from that observed on polystyrene. The results suggest that the gas is 
able to penetrate between the individual grains from which the sintered 
polymer specimen is prepared. The gas then diffuses into the grains and 
plasticizes them. 

Further experimentation is being carried out to determine more exactly 
the nature of this effect, but because of the specificity of  the gas it would 
appear to be a solubility effect. Nitrogen is very much more soluble in 
fluorinated hydrocarbons than, for instance, helium. 
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Reactivity and mechanism in the cationic 
polymerization of isobutyl vinyl ether 

C. E. H. BAWN, C. FITZSIMMONS, A. LEDWITH, J. PENFOLD, 
D. C. SHERRINGTON, and J. A. WEIGHTMAN 

The cationic polymerization of isobutyl vinyl ether initiated by triphenyl 
methyl and tropylium hexachloroantimonates, and by triphenyl methyl tetra- 
fluoroborate, has been studied in detail. Initiation was rapid and complete, 
termination was shown to be insignificant, polymerization half lives were of the 
order of 5-10 s and reaction rates were measured by an adiabatic calorimetric 
technique. Catalyst concentrations employed were sufficiently low that essenti- 
ally complete dissociation into free ions is indicated by ion-pair dissociation 
constants, and this permits estimation of the rate coefficient for propagation 
by free cations (kp). At 0°C in methylene dichloride k p ~ 5  × 103 M -~ s 1, 
in substantial agreement with values obtained by radiation induced polymeirza- 
tion of bulk monomer. Molecular weights of the poly(isobutyl vinyl ether) 
samples fell in the range 2000-5000 on account of monomer transfer pro- 
cesses. Detailed mechanisms for initiation, propagation, transfer and term- 

ination reactions are considered. 

ALKYL VINYL ETHERS have long been known to polymerize readily under the 
influence of Lewis acids and protic acids1, z. Polymerizations initiated by 
iodine 3-5 or boron trifluoride solvates 6-11 have been most commonly used 
for kinetic studies and there is considerable variation in reported values for 
absolute reactivity in these systems2,12. Most of  the difficulties encountered 
in analysing kinetic data arise from ambiguity as to the nature and rate of  
formation of active catalyst species. In addition recent work has shown 14 that 
steric strain in the ground states of  alkyl vinyl ethers causes apparent incon- 
sistencies in reactivity sequences, and this factor could be equally important  
in determining some of the reported solvent and structural effects on poly- 
merization reactivity. 

At the start of  this research programme it seemed clear that a real under- 
standing of absolute reactivity in cationic polymerization would result only if 
the nature and concentration of propagating units were easily determined or 
were known unambiguously from the components of  reaction systems. The 
most obvious way of initiating cationic polymerization is to use a preformed, 
stable carbonium salt and, given that the latter reacts rapidly and completely 
with polymerizable olefin, then a quantitative estimate of  the initial number of  
active sites is available. Furthermore,  if termination can be shown to be 
kinetically unimportant,  then this technique gives an estimate of propagation 
rate coefficients directly. Stable carbonium ion salts such as triphenyl methyl 
and tropylium derivatives were found 15 17 to be very efficient initiators for 
reactive olefins, such as isobutyl vinyl ether and N-vinylcarbazole, and 
detailed kinetic studies have now been completed. Many years ago triphenyl 
methyl cation, formed in situ by dissociation of triphenyl methyl chloride, 
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had been shown ~s to initiate polymerization of 2-ethyl-hexyl vinyl ether in 
m-cresol but the complexities of ionization-dissociation equilibria precluded 
evaluation of absolute rate coefficients. 

In the present work it was found most convenient to use carbonium ions 
in the form of hexachloroantimonate salts (e.g. Ph3C+SbC16 -, C7H7 + 
SbC16-) providing well characterized and thermally stable initiating systemslL 

A proper analysis of any ionic polymerization must take account of ion 
pair dissociation equilibria for both initiating and propagating intermedi- 
ates12,19, 2°. Data for the initiating systems used in this work has been obtained 
experimentally 17,~1,22 and permits the conclusion that free cations are the 
dominant reacting species. 

Reaction rates were measured by an adiabatic calorimetric technique 
originally devised by Plesch and Biddulph 2z. However, it should be noted 
that reproducibility of  reaction rates was obtained only by following the 
laborious, but rigorous, solvent and monomer drying procedures, described 
in the experimental section. 

E X P E R I M E N T A L  

Materials 
Methylene chloride (5 litre) was stirred for two hours with concentrated 

sulphuric acid (100ml/1) to remove unsaturated compounds. The solvent was 
decanted from the acidic lower layer and washed with water (3 × 250ml), 
5 ~  sodium bicarbonate solution (300 ml) and once again with water 
(2 × 250ml). At each stage the acidity was checked, and after all the washings, 
was found to be the same as that of deionized water. After bulk drying over- 
night using anhydrous calcium chloride the solvent was refluxed for 24 hours 
over freshly crushed calcium hydride and then fractionated. A middle 
fraction of N3 litre was collected (b.p. 40-0°C at 760mmHg). This was 
further refluxed over calcium hydride for 12 hours before being poured into a 
3 litre storage vessel containing freshly crushed calcium hydride and a magnetic 
stirrer. The flask was closed with a greased stopper and mercury seal and the 
methylene dichloride degassed. By means of a condenser the solvent could be 
made to reflux or distil into a 100ml burette. From this, known volumes 
could be run through a Biddulph-Plesch metal tap into a 'scavenge' vessel 
containing triphenylmethyl hexachloroantimonate. The purified solvent was 
then distilled into the required reaction vessel. Isobutyl vinyl ether (IBVE) 
(Eastman Kodak Limited) was washed with water (5 × 100ml) the pH of 
which had been adjusted so that it was just alkaline to litmus. After standing 
over potassium hydroxide pellets for 24 hours and then over a repeat, fresh 
sample for a further 12 hours it was fractionally distilled. A middle fraction 
(250ml) was collected (b.p. 83.0°C at 766mmHg). This was then left for 12 
hours over calcium chloride (25 g) which had previously been heated to 150°C 
for 4 hours under vacuum. The solution was filtered then refluxed with 
barium oxide, in a flask constructed with a break-seal in a side arm and a 
constricted neck. After refluxing for 12 hours the condenser was removed and 
an air tight stopper fitted in its place. The flask was cooled in liquid nitrogen 
and sealed off at the constriction. It was then glass-blown onto the vacuum 
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line and the vinyl ether distilled via the break-seal into a storage flask con- 
taining fresh barium oxide. The original flask was then sealed off and dis- 
carded. To prevent contamination from grease a Biddulph-Plesch metal tap 
was used. 

Triphenyl methyl hexachloroantimonate. This was prepared as described 
previously 24. Final purification was effected by recrystallization from hot 
methylene dichloride to give orange-yellow crystals (96 ~ yield) of PhzC + 
SbCI6 , m.p. 230°C(d). Required C, 39.50, H, 2.62; found, C, 39.87, H, 2.63 

Tropylium hexachloroantimonate. This was prepared as described pre- 
viously 24 and purified by dissolving in hot methylene dichloride, followed by 
cooling in ice with addition of carbon tetrachloride to precipitate white 
crystalline C7Hv+SbC16 -, m.p. 284°C (d) ( 84~  yield) Required, C, 19.74, 
H, 1-66; Found, C, 19.98, H, 1.70. The product was stored in vacuo. 

Adiabatic calorimeter 
The vessel was based on an early design described by Biddulph and Plesch 23 

and consisted of two parts (Figure 1). Both of these employed large ground 
flanges (QQ. FG 75), the lower half being in the form of a double wall vessel, 
which could be evacuated when required to minimize heat exchanges with 
the atmosphere. The top section was fitted with a stirrer system, S, a glass 
phial breaking arrangement, B, operated magnetically and a platinum 
resistance thermometer, P, along with its compensator in a glass sheath 
(not shown in diagram). Taps T1 and T2 enabled the vessel to be evacuated 
and solvent and monomer to be distilled in. The stirrer was driven by a power- 
ful electric motor and was mounted in two Teflon bearings, TB, for smooth 
stirring at high speeds, during kinetic runs. The resistance thermometer was 
wound on a glass former using 0.08ram platinum wire, resistance ,--14 ohm 
at room temperature. The thermometer leads and compensator were made 
from 0.3ram platinum wire welded to tungsten terminals, and were identical, 

Phials of initiator solution were held in position in the phial holder by 
means of movable glass ring wedges, and it was possible to hold two phials 
simultaneously. By means of magnetic stops $1 and $2 it was possible to break 
the two phials separately, when required. The temperature measuring 
circuit consisted of a Wheatstone Bridge with a Sefram Gravispot recorder 
(Type GRVAC), used in place of  a simple galvanometer to record off balance 
potentials arising from changes in the resistance of  the platinum wire in the 
calorimeter. (The recorder trace was calibrated in ohm by changing one of the 
resistances in the bridge circuit by 0.1~2 and noting the rise on the recorder). 
Determination of the resistance of the thermometer at the freezing points 
of the pure solvents, benzene, water, carbon tetrachloride, acetonitrile and 
chloroform allowed calibration of the temperature coefficient of the platinum 
wire, over the range +10  to --60°C. The compensator resistance (r), was 
measured over the temperature range -520 to --80°C. H, the total heat 
capacity of the vessel and contents, as used in a kinetic run, was determined 
over the temperature range +25  to --55°C, by using the resistance wire both 
as a temperature measuring device and an electrical heating element. A 
measured electrical energy input was supplied by two 2 volt accumulators, 
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Figure 1 Adiabatic calorimeter for polymerization rate measurements 

the actual potential applied being recorded across a 1:11 potential divider 
(Test Equipment Repair Company Ltd), using a sensitive potentiometer 
(Tinsley Company Limited, Type 4025). A temperature rise of ,~1.5°C was 
obtained over a period of 8 min. 

It was found necessary to make corrections due to heat losses in spite of  
the calorimeter vacuum jacket. H was determined as follows: 
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if T is the total temperature rise (°C) allowing for heat losses 
t, the duration of heating (s), 
E, the average E.M.F. (volt) recorded on the potentiometer during 

time, t, 
n, the ratio of the potential divider, 
R, the mean resistance (ohm) of the platinum wire during time, t, 
r, the compensator leads resistance (ohm), 
V, the average E.M.F. (volt) across the platinum resistance wire only 
J, the joules/calories conversion factor, 

then from Ohm's Law, the power input is given by n2V2/R. It can readily be 
shown that V ~ ER/R + r, so that the power input becomes E2R/(R + r) 2. 
The total energy input is therefore EZRt/(R + r)2J cal ~ HT. 

Thus 

H =- E2Rt/(R + r)ZJTcal deg 1 

The temperature at which a heat capacity was determined was taken as the 
mean temperature over the time, t, i.e. the temperature corresponding to the 
resistance, R. 

Procedure for  a kinetic run 
Initiator phials were first prepared under vacuum. These consisted of thin 

glass bubbles blown from 4ram tubing, and were filled with known volumes 
(0.25 -- 2.00ml) of a methylene dichloride solution of initiator using a vacuum 
burette arrangement. At the start of a run an initiator phial was placed in the 
lower position in the phial holder and a vacuum tight seal made between the 
two halves of the calorimeter, using a 'worm' of Apiezon Q compound, 
previously extruded from a sodium press. The whole calorimeter was then 
evacuated at 10-6mmHg for 3 hours; isolated from the pumps and solvent 
and monomer distilled in. It was arranged that the total volume of liquid 
in the calorimeter was always 100ml. The Bridge circuit was connected, the 
reaction mixture stirred, and the whole calorimeter kept at constant tempera- 
ture by means of a large Dewar containing cooled methanol. When a steady 
recorder trace was obtained at the required temperature, the outer jacket of 
the calorimeter was evacuated and the phial breaker released by drawing back 
both magnetic stops. The recorder trace rose sharply and levelled out again 
giving a steady reading corresponding to complete polymerization. The 
recorder chart was immediately calibrated by changing one of the bridge 
resistances by 0.1E2 and noting the rise. The Bridge circuit was then broken, 
the stirrer stopped, and air admitted to the outer jacket and calorimeter 
proper. A razor blade was used to break the Q compound seal and the reac- 
tion mixture quenched by addition of methanol (2ml). 

The calorimeter and its contents were washed with methylene dichloride to 
remove traces of polymer and the washings added to the polymerization 
solution. All solvent was removed on a water pump and the tacky polymer 
dissolved in a minimum volume of benzene. This solution was filtered into a 
weighed flask, freeze-dried and the yield of polymer determined. Molecular 
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weights of samples were always low and were conveniently determined on a 
Mechrolab vapour pressure osmometer. 

Successive polymerization technique 
If  no termination occurs then addition of  more monomer should result in 

further polymerization and heat evolution. To test this idea the calorimeter 
was set up with an initiator phial in the Upper position in the phial holder 
and a phial of monomer in the lower position. The normal kinetic procedure 
was then followed until the breaker was released. This time the initiator 
phial only was first broken by drawing back stop $1 leaving Sz in position. 
When polymerization was almost complete the monomer phial was broken 
by releasing the breaker again, this time with both stops $1 and $2 withdrawn. 
The normal procedure was then adopted for the isolation and molecular 
weight determination of the polymer. 

RESULTS 

Ca libration o f  calorimeter 
The resistance of the platinum resistance thermometer, RT, at a series of 

known temperatures, T, is listed in Table 1. A plot of RT against T gives a 
straight line the gradient of which is the temperature coefficient of resistance. 

Table 1 Resistance of  plat inum wire thermometer  

Solvent Temperature Resistance 
if°C) R~, (ohm) 

C6H8 +5"53 14"392 
H20  0"00 14'099 
CC14 --22"80 12"848 
CH3CN --43"72 11 "690 
CHCI3 -- 63"55 10'608 

Temperature coeffieent of resistance (0) = 0"0527 ohm deg -t 

The resistance of the compensator leads at various temperatures is shown 
in Table 2. From a straight line plot of these values the corresponding 
resistance at other temperatures could readily be obtained. 

The total heat capacity, H, of the calorimeter and contents, as set up for a 
kinetic run, over a range of  temperatures, T, is shown in Table 3. From a least 
mean squares calculation a best straight line plot of  H against T was con- 
structed giving values of  H = 69-5 cal deg -1 at 0°C and 66.4 cal deg -1 at 
--25°C. 

It was observed that a small temperature rise occurred when the phial 
breaker was operated under the conditions of a kinetic run even when no 
initiator was present in the phial. This rise was recorded at --25°C and 0°C 
and corresponding allowances made in the calculations. At 0°C the total rise 
was 0.133°C and at --25°C, 0.290°C. 

124 



CATIONIC POLYMERIZATION OF iSOBUTYL VINYL ETHER 

Polymerization of  isobutyl vinyl ether (IBVE) 
On account of the exothermicity of polymerization of IBVE and the very 

rapid reaction rates obtained using Ph3C+SbC16 - and CvHv+SbCI6 - as 
initiators it was necessary to work in the concentration ranges 3.5 - 12 ( × 10 2) 
M for [ravEl and 2-5 - 11.0 (×  10-5)M for the catalysts, [Co]. 

A typical recorder trace was similar in shape to that of the log plot 
(Figure 2) and gave some evidence for a relatively 'slow' initiation leaction 
followed by rapid propagation. Introduction of a second sample of monomer 
after ca 90~/o conversion of the first sample showed that the initial 'slow' 
reaction was now absent and the estimated rates (see below) of first and second 
polymerizations were almost identical, providing clear evidence for the 
absence of a significant termination process during the kinetic lifetimes. 

Table 2 Resistance of compensator circuit 

Temperature Resistance 
(°C) r (ohms) 

+3-5 0.430 
- 23.0 0.425 

45.0 0.422 
58.0 0.418 

-77.0 0.415 

Table 3 Heat capacity of calorimeter 

Temperature Heat capacity Temperature Heat capacity 
(°C) (cal deg -1) (°C) (cal deg -1) 

+19-5 70.8 -4-0 72-2 
+-19.0 73-5 --9.0 71.3 

18.5 72.3 -10.0 68.9 
+18.0 71-2 -13.0 65.8 
+5.5 70-3 21.5 67.8 
+4.0 74.0 -24.0 64.5 
+2.5 73.6 40.0 66.3 
~- 1-0 71.0 -42-0 64.2 
.+ 0.5 68.0 -44-0 66-0 
--2-5 64.5 ~ 47.5 64.1 

After correcting for the small heat rise due to the glass breaker, the total 
heat rise indicated by the trace was equated with the yield of polymer (always 
> 9 0  ~). In this way the monomer consumed at time t was readily calculated 
from the appropriate position in the trace. For each kinetic run plots of log10 
[mVE]t versus time were constructed (Figure 2) and values of --k~[Co]/2.303 
calculated from the maximum gradients (see Kinetic Appendix). 

The molar heat of polymerization (AH~) was calculated from the total 
corrected trace rise, converted to ohms by means of the 0.1 ohm calibration 
peaks, using the following relationship: 
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Figure 2 Typical plot used for evaluation of propagation rate 
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where R = rise of trace (ohm) 
H = heat capacity at the temperature of the run (cal deg -I) 
0 temperature coefficient of resistance of the platinum wire 

(ohm deg -1) 
Y = yield of polymer (mol) 

A representative analysis of a typical kinetic run is shown in Table 4 for: 
[Co] --  8.01 × 10-SM, [mVE]0 -- 7.88 × 10-ZM. 

Yield of polymer = 97~.  Total trace rise corrected for breaker rise = 
11.50 chart divisions. Hence 11-50 chart divisions ~ 7.88 × 10 -2 × 97/100M. 

Maximum slope of plot of log10 [ISVE]t against t (Figure 2) 
was --7-10 × 10 -2 = --k~ [Co]/2.303 ; 

hence k~ = 2-04 × 103 M -1 s -1 

Since 0.1f2 ~ 7-53 chart divisions, the heat of polymerization (AH~) is 
calculated to be 25-1 kcal tool 1. 

Summaries of the results obtained with CTH7+SbC16 - and Ph3C+SbC10 - 
as initiators are given in Table 5 and Table 6 respectively. 

Successive polymerization experiments 
In order to demonstrate the absence of significant termination, experiments 

were performed in which a second equivalent sample of monomer was in- 
troduced after approximately 90 ~ conversion of the first sample. Analysis of 
the two recorder traces gave the data in Table 7. 
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Table 4 Typical kinetic run for polymerization of  [IBVE] in CH~CI2 by C7H7 ~ SbCI6- 
at 25cC 

Time Rise Rise Corrected [IBVE] [IBVE] ,~ 10 2 log10 [IBVE] 
(s) (chart due to rise (chart (chart (tool litre 1) 

divisions) breaker divisions) divisions) 
alone 
(chart 

divisions) 

0 0.00 0-00 0.00 11.50 7.88 - 1.1035 
1 0-37 0-20 0.17 11-32 7.76 -1 .1100  
2 0.90 0-40 0.50 11-00 7.54 - 1.1228 
3 1"50 0.55 0.95 10.55 7.23 1.1409 
4 2.50 0.70 1.80 9.70 6.64 1-1774 
5 3.70 0.80 2.90 8.60 5.89 - 1.2297 
6 5-10 0-85 4-25 7.25 5.00 - 1.3039 
7 6-20 0.90 5.30 6.20 4.25 -- 1.3718 
8 7.20 0.93 6.27 5'23 3.58 - 1.446 I 
9 7.92 0.95 6.97 4.53 3-I 1 - 1.5086 

10 8-55 0.97 7.58 3"92 2.69 - 1.5703 
11 9.15 1.00 8.15 3.35 2.29 1.6392 
12 9"50 1.01 8.49 3.01 2.06 -1-6856 
13 9.95 1.02 8.93 2.57 1.76 - 1.7543 
14 10.20 1.03 9-17 2.33 1.60 - 1.7968 
15 10'47 1 '03 9-44 2.02 1.39 -- 1-8577 
16 10.62 1.04 9-58 1.91 1.31 - 1-8821 
17 10.82 I "04 9.78 1.71 1-18 - 1.9300 
18 1 l. 10 1.05 10.05 1 "45 0-994 - 2.0028 
19 11-22 1.05 10.17 1-32 0.908 2.0420 
20 11.32 1.06 10.26 1.23 0-845 2.0726 

Table 5 Polymerization of  IBVE by C7HT+SbCI6 in CHzCI2 

Temp [Col ~ 10 +5 [IBVE] ;< 10 + kp x 10 3 AHj~ Molecular Wt 
CC) (M) (M) (M -z s -1) (kcal tool i) 

0 2.53 
0 5.05 
0 5.74 
0 5.82 
0 6-31 
0 7-58 
0 7.58 
0 7-58 
0 7.58 
0 7.58 
0 7.58 

k 25 
~-25 

25 
-25 
25 
25 

- 2 5  
25 
25 

4-00 
6.01 
7-01 
8.01 

10.20 
8.01 
8.01 
8.01 
8-01 

7'88 7.36 21.3 2985 
7'88 7.14 21.8 2440 
7.88 6.60 21.5 2288 
7.88 7.17 21.4 2403 
7-88 8.29 21.8 2440 
7.88 9.15 22.5 2653 
3"94 3.90 24.2 1542 
4.73 5.40 22.1 1782 
5"52 5.37 23.6 2010 
6'30 5.74 21.8 1862 
7.09 8-17 23.4 2370 

average 6.8 22-3 
7.88 2.1~ 24.7' 3452 
7.88 2.26 24.l 3372 
7-88 2.17 25. I 4042 
7'88 2.04 25.1 3131 
7'88 2-06 25.0 3294 
4.73 1.49 27.6 2992 
6.30 1-94 25-0 3529 
7.09 1.91 27-3 3506 
8.67 2.16 25.6 4374 

average 2.0 25.5 
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Table 6 Polymerizat ion of  IBVE by Ph3C+SbCI6 - in CH2C12 

Temp [Co] × 10 +5 [1BVE] × 10 +2 kp × 10 3 AH~ Molecular Wt 
(°C) (M) (M) (M -I  s -1) (kcal tool -1) 

0 7.20 3.94 2-55 21 "5 1850 
0 7"20 5.91 3.38 21.2 2150 
0 7.20 6-85 4"29 22.2 2335 
0 7.20 7-88 3"60 22-2 2804 
0 7-20 9.85 5.22 21-6 2970 
0 2.00 7.88 3.92 2 t .0  - -  
0 3-00 7.88 4.40 20.3 - -  
0 3'98 7"88 4'43 22"5 - -  

average 4"0 21.5 
- -25  8"80 3.98 0.91 24"1 2720 
- -25  8"80 5.91 1.02 25 '0  2960 
- -25  8-80 7.88 1.26 22-2 3660 
- -25  8-80 9.85 1.69 23'5 4750 
- -25  8'80 11.82 2.56 22.1 4800 
- -25  2"23 7-88 1"82 21.0 4140 
- -25  6'61 7.88 1'46 22.3 3570 
- -25  11"02 7.88 1-44 23.2 3630 

average 1.5 23.0 " 

Table 7 Successive polymerizat ions  of  IBVE by CTHv+SbCI6 - in CHzC12 at - -25°C  

[Co] × 10 +5 [IBVE]o × 10 +~ kp × 10 -~ Molecular 
(M) (M) (M -1 s -1) weight 

7"57 5"52 2'22 3200~ 
2'25* 3160+ + 

8"58 5'52 2"37 3100t 
2'22* 3300+ + 

*Value obtained after adding a second sample of  monomer so that IBVE was the same as in the initial run. 
"~Molecular weight o f  a sample prepared independently under identical conditions 
.+Molecular weight of  total polymer yield from the successive polymerisations 

Polymerization with triphenylmethyl tetrafluoroborate 
Ph3C+BF4 - was hydrolytically much less stable in the solid and in solution, 

than the corresponding SbC16- salt. Consequently considerable difficulty was 
encountered when preparing catalyst stock solutions of reproducible activity. 
As a result the polymerization data obtained with this catalyst (Table 8) was 
not so extensive as that shown in Table 6, and is not quite as reliable. 

Table 8 Polymerizat ion of  IBVE by PhaC+BF4 - in CH2Clz at  0°C 

[Co] × 10 +g [1BVE]o × 10 +2 kp × 10 -a AH~o 
(M) (M) (M -1 s -1) (kcal mo1-1) 

2-98 11.62 2.7 21.9 
7.39 12.61 2-7 20-5 
6.50 11.87 2.3 20-1 
3.69 12-40 2-9 21.5 
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Identification of initiator residues 
A special polymerization mixture was made up, in vacuo, containing 

Ph3C ~SbCIn- (0-32g) and roVE (10ml) in 24ml CH2CIz. After rapid polymeri- 
zation at 0°C the reaction was quenched in the usual way and all volatiles 
removed by evacuation. The residue was chromatographed on neutral alu- 
mina, with elution by 60-80°C petrol followed by benzene. Only the first three 
fractions eluted with 60-80°C petrol gave polymeric material containing Ph3C 
-groups (monosubstituted benzene ring absorption in the i.r. spectra at 
705, 765cm-1). The remaining fractions contained polymer but gave no 
evidence for aryl groups in the i.r. spectra. Independent g.l.c, analysis of  the 
original polymerization product, and of the fractions containing aryl groups, 
established that Ph3CH was not present. 

Absorption spectra of  reaction mixtures 
It  was observed during the kinetic runs that the polymerization mixtures 

were colourless but that a blue colour began to build up at the end ol the 
reaction. This blue colour was independent of  whether C7H7 + or Ph3C + salts 
were used and by low temperature visible spectroscopy was shown to consist 
ot" two bands at 440 and 670 nm, respectively (Figure 3). At --25 ° the blue 

2'0  

"~ 10 r =32 

T r --28 
= 22 

12) 

T--~- 
I = 1/2 

0-0 t.50 500 5 5 0  600 650 700 
Wavelength nrn. 

Figure 3 Absorption spectra of reaction mixture. Values of Tshown 
on the right represent time intervals (minutes) after complete 

consumption of monomer 

colour was fairly stable but at 0°C it rapidly decayed through a series of  green 
and violet shades. All the colours were instantaneously removed when the 
reactions were quenched with methanol, leaving solutions with multiple 
absorption maxima in the region 325-450nm (Figure 4). 
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Figure 4 Absorption spectrum of reaction mixture, quenched by 
methanol, approximately 30 minutes after complete polymerization 

DISCUSSION 

Polymerizations of isobutyl vinyl ether initiated by tropylium and triphenyl 
methyl hexachloroantimonates showed very similar features. For both cat- 
alysts there was a comparatively slow initiation process followed by very rapid 
propagation. Experiments with C7HT+SbC16 - established that termination 
was not significant during the kinetic lifetimes. Molecular weights of poly- 
(isobutyl vinyl ether) were always in the range 2000-5000 providing clear 
evidence of dominant transfer reactions, as observed for other homogeneous 
cationic polymerizations of this and related monomers1,12. Mechanistic 
features of the initiation, propagation, and transfer processes will now be 
considered in detail. 

Initiation 
There are at least three different mechanisms whereby stable organic 

cations may initiate cationic polymerization of alkyl vinyl ethers, e.g. for 
t riphenylmethyl cation 

(1) Direct addition of cation to the olefin 

Ph3C+q- CH2=CHOCH2R k, + Ph3CCHzCH=OCHzR 

(2) Hydride abstraction from the alkoxy group 
k~ q- 

Ph3C + if- CH2=CHOCH2R---. PhaCH -4- CH2=-CH -- O=CHR 

(3) Electron transfer from olefin to cation 
k 

Ph3C + q- CH2=CHOCH2R _L. PhaC" + [CH2=CHCH2OR] $ 
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Reaction (3) was originally suggested 15,16 to explain the reactivity of 
tropylium ions towards very nucleophilic olefins but Russian workers have 
demonstrated 2.5,26 that simple addition (i.e. reaction 1) of tropylium ion 
to alkyl vinyl ethers may be used as a convenient synthetic route to cyclo- 
heptatrienyl acetaldehyde, viz: 

+ 
C7H7 + _L C H e ~ C H O R  -+ C7HTCH2CH=OR 

! H 2 0  , /OH 
CvHvCH2CHO + ROH + CvHVCH2CH\oR + H + 

In the present work it was not possible to detect cycloheptatrienyl end groups 
in the polymer chains but column chromatographic analysis of the polymers 
prepared by triphenylmethyl salt initiation, gave some fractions showing 
(i.r. analysis) clear evidence of aryl end groups. Reaction (2) is the most 
common mechanism for initiation of cyclic ether polymerization by carbon- 
ium ion salts zT,2s and yields either triphenyl methane or cycloheptatriene, 
respectively. These hydrocarbons are ~eadily detected by g.l.c, analysis in 
polymerizing mixtures formed from cyclic ethers but could not be detected 
in the present work. It seems reasonable to conclude therefore that initiation 
of polymerization of alkyl vinyl ethers by triphenylmethyl and cyclohepta- 
trienyl salts, involves primary addition of the cation to a monomer olefinic 
linkage (reaction 1). 

The ion pair dissociation equilibria for tropylium and triphenylmethy[ 
salts have been determined from conductance measurements in the solvent 
CH2C1217, 21 

Ka 

e.g. CvHT~SbC[6 - ~ C7H7 ~ F SbCI6- 

For C7HT+SbCI6 - and Ph~C=SbCI6 the values of Ka were 0.3 x 10-4M and 
3.1 x 10-4M respectively at 0°C. It follows that for the catalyst concentra- 
tions employed in the present work, the initiating salt will be predominantly 
dissociated into its free ions. Initiation therefore involves reaction of mainly 
free organic cation with polymerizable olefin. 

It is apparent from the slight 'S' shape of the adiabatic calorimetric reaction 
curves (e.g. Figure 2) that initiation is a somewhat slower reaction than 
propagation. This effect being most marked at the lower polymerizing 
temperature (--25°C), indicates that initiation has a slightly higher activation 
energy than propagation. However it is also clear from the kinetic curves, 
and the kinetic analysis, that the initiator was completely consumed after 
approximately 10-20 ~ reaction. + + 

Carboxonium ions such as CH3CH~OCH2CHa 29 and CH30=CH23° 
are known to have a greater thermodynamic stability than e.g. PHaC +, hence 
ki would not be expected to be significantly less than k,. 

Propagation and transfer reactions 
Homogeneous cationic polymerization of alkyl vinyl ethers normally leads 

to low molecular weight semi-liquid polymers as a result of highly efficient 
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transfer reactions 1. Since similar molecular weights result from polymeriza- 
tions in a wide variety of solvents, the transfer process is generally assumed to 
involve reaction of the growing chain with monomer, as in the case of most 
other cationic polymerizations lz. In fact the only known conditions leading 
to formation of higher molecular weight poly(alkyl vinyl ethers) involve 
heterogeneous catalysis-conditions which also favour formation of iso- 
tactic polymers 31. 

In the present work all polymerizations were truly homogeneous and the 
propagation reaction may be represented 

k~ 
~--CH2--CH -[- CH2=CH - ~  ~CH2--CH--CH2--CH etc 

II t I II 
RO + OR OR RO + 

Since the initiating salt was shown to be present predominantly in the form 
of free ions, it may be assumed that the propagating species will be similarly 
dissociated. This follows since the charge density on the propagating cation 
will be less than that of the initiating tropylium or triphenylmethyl cations 
and the counter ion is common to all (SbC16-). For sodium derivatives of 
condensed aromatic hydrocarbons, Slates and Szwarc have shown 32 that 
ion pair dissociation constants increase markedly with increasing size of the 
anion, i.e. with the increasingly diffuse character of the anionic charge cloud. 

Accordingly the values of k~ obtained by kinetic analysis of the reaction 
curves (see Kinetic Appendix) represent estimates of the rate coefficient for 
reaction of free propagating cation with monomer. Combined average data 
from Tables 5-8 are summarized in Table 9. 

Table 9 Polymerization of  isobutyl vinyl ether in CH2C12 

Initiator Temp AH~ 103k~ 
(°C) (kcal tool -1) (M -1 s -x) 

CTHv+SbC16 - 0 22"3 6"8 
Ph3C+SbC16 - 0 21"5 4"0 
PhzC+BF4 - 0 21"0 2"8 
CvHT+SbCI6 - --25 25"5 2"0 
PhaC+SbC16 - --25 23"0 1"5 

Within the experimental limitations of the fast reaction technique em- 
ployed, these data provide adequate confirmation of the assumptions made 
above. Thus complete consumption of initiator is indicated by the close 
agreement of values for kp from initiation by different cations, while the 
assumption regarding free cations as propagating species is fully justified 
by the correspondence between data from initiators having different counter 
ions i.e. Ph3C+BF4 - and PhsC+SbC16 -. In fact it is highly likely that the 
observed small differences in values of k~ obtained with the three salts 
resultsentirely from very slight decomposition of the salts by adventitious 
impurities in the solvent or on the surface of the glass apparatus. The initiat- 
ing salts show stability which falls in the sequence: 
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CTHv+SbC16->PhaC+SbCln-> PhaC+BF4 -, and the experimental values 
of k~ apparently decrease slightly in the same sequence. 

From Table 9 the activation energy for free cation propagation of iso- 
butyl vinyl ether may be estimated to be 6 kcal tool -1, with an average rate 
coefficient of --~5 × 103 M- is  -2 at 0°C. 

Independent support for the conclusions drawn above comes from a com- 
parison of  values of kp with those obtained from studies of radiation in- 
duced polymerization of isobutyl vinyl ether33, 34. In the present work free ions 
are assumed to be the propagating entities from known ion-pair dissociation 
behaviour of the initiating salts and because the polymerization technique 
is sufficiently sophisticated to permit the use of very low concentrations of 
initiator ( <  10-4M). Radiation induced polymerization on the other hand, 
necessitates the use of extreme drying procedures because even lower con- 
centrations of propagating species ( <  10-TM) are involved. In addition the 
counter-ions will be either solvated electrons or solvated anions formed by 
reaction of solvated electron with monomer, solvent or adventitious impurity. 
From studies of this type, William et a133 estimate that k~=3  x 105 M -1 s -1, 
for free ion propagation of isobutyl vinyl ether in bulk at 30°C, with an 
activation energy of 6.6 kcal mo1-1. Extrapolation of the data obtained in the 
present work gives an estimate of 2 × 104 M -~ s - t  for k~ at 30°C in CH2C12, 
apparently one order of magnitude less than that  from the radiation induced 
polymerization. However agreement between the two sets of data is seen to 
be much closer after taking into account the effect of solvent. 

A probable transition state for free ion propagation of alkyl vinyl ether 
polymerization must involve some charge dispersion with respect to reactants 
i.e. 

~-~CH2--CH + C H 2 = C H - +  [ - ~ C H z - - C H - - -  CH2 ... . . .  C H  - ! 

RO + OR R e+ RO e+ 

(T.S.) 
, - ,~CH2--CH--CH2--CH 

r iJ 
RO RO + 

The general theory of solvent effects on ionic organic reactions predicts 35 
that such processes will be retarded by increasing polarity of  the reaction 
medium because the reactant cation will be more solvated (i.e. more stabil- 
ized) than the transition state. Specific solvating characteristics of organic 
molecules are difficult to assess but for the type of  solvent used in cationic 
polymerizations, solvent dielectric may be used as a rough indication of the 
ability to solvate a cation. It follows therefore that in vinyl polmerization 
propagation reactions of  free cations will be retarded by increasing solvent 
dielectric. Quite different effects may be observed for initiation and termina- 
tion processes. For polymerization of isobutyl vinyl ether values of k~ (free 
ion at 30°C) were estimated as 2 × 10 +4 M -1 s -1 in CH~CI~ (dielectric con- 
stant ,~9) and 3 × 10 +5 M-1 s-1 in bulk (dielectric constant ~3). At present 
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there is no means of estimating the retarding effect on k~ of a change in sol- 
vent from bulk monomer to CH2C12, however hydride ion transfer between 
two stable organic cations would be anticipated to show the same rate 
retarding effect of increasing solvent polarity because the transition state will 
involve similar charge dispersal e.g. 

8+ 6+ 
Ar3C+ q- Ar3'CH -+ Ar3 C - - - H - - - CArs' 

(T.S.) 

-+ Ar~CH + Ar3'C + 

Solvent effects on the rate of hydride ion transfer between (free) triphenyl- 
methyl cation and a dicarbazolylmethane derivative have been studied from 
this viewpoint and do show the anticipated order 24. Increasing the dielectric 
constant of reaction mixtures by a factor of approximately 3 (corresponding 
to that for the two polymerizing systems) lowered the rate of hydride trans- 
fer by a factor of approximately 4. 

Taking into account the probable effect of changing solvent on k,  it cart 
be seen therefore that the values obtained in the present work are in quite 
good agreement with the value obtained by radiation introduced polymeriza- 
tion. Considering the vastly different techniques employed and the probable 
experimental errors for both techniques, this measure of agreement is quite 
remarkable and provides ample justification for the assumptions involved in 
estimating rate coefficients. It now appears likely that the much lower values 
of k ,  previously reported for isobutyl vinyl ether polymerization 2-5, re- 
present either ion pair propagation reactions, or else result from incorrect 
analysis of the number of active centres. 

Tables 5 and 6 show that molecular weights of poly(isobutyl vinyl ether) 
obtained in the present work are only slightly increased by lowering reaction 
temperatures. Changing from 0°C to --25°C increased average molecular 
weights by less than a factor of two. In addition the fact that polymers were 
isolated only after 100 ~ conversion of monomer diminished any possibility of 
recognising or analysing a dependence of molecular weight on either [catalyst] 
or [monomer]. Average degrees of polymerization fall in the range 20-40 
whereas the theoretical maximum should be somewhere between 1000-1500. 
It follows therefore that propagation is only 30-50 times faster than transfer, 
both processes having rather similar activation energies. 

Monomer transfer in cationic polymerization is widely assumed1,12 to 
involve simple proton transfer between growing chain and monomer, e.g. for 
alkyl vinyl ethers 

~ C H 2 - - C H  + CH2=CHOR ~ ~ - C H = C H  + CHa--CH 
tl 1 

R O  + O R  R O  + 

Proton equilibria such as this no doubt play a role, but the tremendous 
efficiency of monomer transfer, especially in vinyl ether polymerization, 
suggests that other forms of monomer transfer may be operative. 
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In essence the proton transfer equilibrium shown above represents the 
relative basicities of a vinyl alkyl ether monomer and the corresponding 
alkenyl alkyl ether, formed as a terminal unit. Studies of the mechanism of 
acid catalysed hydrolysis of unsaturated ethers 36,37 indicate that propenyl alkyl 
ethers may be very much more reactive (i.e. more basic) than corresponding 
vinyl alkyl ethers, arguing against the proposed proton transfer, except at very 
high monomer concentrations. There are at least two alternative reactions 
which may explain the ease of monomer transfer in cationic polymerization 
of alkyl vinyl ethers. 

Recent studies of carbonium ion behaviour have established beyond doubt 
that protonated cyclopropanes constitute active intermediates in many reac- 
tions of simple alkyl cations 38. There is still some uncertainty regarding the 
exact structure of protonated cyclopropanes, i.e. as to whether the ring is 
'face protonated', 'edge protonated', or 'corner protonated', but a primary 
alkyl cation may be represented as an equilibrium between classical and non- 
classical structures 

RCH,--CH.,--CH~ RCH--CH, \c, H + 

H2 

For a simple alkane structure the order of carbonium ion stabilities falls in 
the sequence tert>sec>protonated-cyclopropyl>primary. However for 
substituted derivatives, the free energy differences between protonated cyclo- 
propyl and secondary or tertiary classical structures are not very great 39-43. 
It is plausible therefore to suggest that the propagating classical cation in 
vinyl ether polymerization is in equilibrium with a very small concentration 
of the non-classical protonated cyclopropyl derivative, e.g. 

Pn CH,--CH -- CH2--CH Pn----CH_,--C--CH, 
I II+ / ~ H  + 

RO OR RO CH 
I 

OR 

CH 2 CHOR [ [ 

OR 
\ 

pn--CHz-- ('-- CH_, + 
\ /  
('HOR 

+ 

CH3--CH~OR 

For the particular example considered the presence of stabilizing alkoxy 
groups would overwhelmingly favour the open chain classical structure, but 
cyclopropanes are much less basic than similarly substituted olefins, pro- 
viding a simple explanation for the facile monomer transfer reaction. 

A second alternative monomer transfer process would be possible if the 
propagating carboxonium ion derived any stabilization by neighbouring 
group effects of monomer segments in the same chain, e.g. 
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/ C H 2 ~ .  3 
ROCH CH - -  Pn 

, o CH,  ,~+ P n _ C H z  C H _ C H  _ C H _ C H  _ C H  ~ --1~ 
I - I " II+ ~-~ "'" - I H6 + 

OR OR RO 
RO6 ÷ 

dZe'" It n - c , . - c .  

/ / .  + 

/ CH2~  / CH z -  C H ~ O R  
R O - - C H  C H - P  n / /  C H 2 .  ] 

I ] • ] " ' C H - -  Pn 
RCHs"- CH + CH 2 O RO CH 

\\ / I 
RO + ~ CH CH 2 / OR 

] "~CH 
R O  I 

R O  

The cyclic oxonium ion formed by intramolecular stabilization would have 
electrophilic reactivity at positions 1, 2, and 3, according to the nature of the 
substituents, but here again reactivity at position 1 would be heavily favoured 
by the alkoxy substituent. Reaction at position 1 leads to propagation and 
would be expected to dominate, reaction at position 2 constitutes a monomer 
transfer reaction in which an alkyl group has been transferred, and reaction 
at position 3 results in propagation with branching. A similar cyclic oxonium 
ion was proposed some years ago 44 to explain the stereoregular nature of 
vinyl ether polymerizations with heterogeneous catalysts. 

Characterisation of cyclopropyl or acetal end groups formed by any of the 
suggested monomer transfer processes is almost impossible because of 
anticipated reactivity towards the electrophilic species remaining at the 
completion of polymerization. It is perhaps worth noting however that the 
semi-liquid nature of homogeneously polymerized poly(alkyl vinyl ethers) 
may indicate a degree of branching, as well as low molecular weights, both 
of which would be expected following internal cyclic oxonium ion formation. 

Termination reactions 
For many cationic polymerizations it is almost impossible to envisage a 

true, spontaneous termination process. In the present work the rate studies 
suggest that termination is not significant during kinetic lifetimes but that 
there must be some termination (i.e. destruction of active centres) when the 
reaction mixtures are allowed to stand before work up, or when working at 
temperatures above 0°C. 
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A most probable termination process involves dissociation of the counter- 
ion, e.g. 

Pn--CHz--CH SbC16- ~_ Pn - -  CH2 --CH--C1 + SbCI5 
II [ 

R O  + R O  

Antimony pentachloride is itself a good initiator for polymerization of alkyl 
vinyl ethers 1 and cyclic ethersZ7, es, and for oxidation and chlorination of 
reactive C-H bonds 24,45-47. In all these reactions however there is a net loss of 
SbCI5 species consequent upon generation of a catalyst site, e.g. 

2SBC15 + CH2=CHOR ----+ CI4Sb--CH2--CH SbCI6- 
pl 

RO + 

RaCH + 2SBC15 > R3C+SbC16 - + HC1 + SbCI3 

Whilst the exact nature of the side reactions occurring in the poly(isobutyl 
vinyl ether)-SbC15 systems remain obscure, it is evident that both olefinic 
and highly reactive acetal and ether functions may contribute to the slow 
overall consumption of SbC15. 

Further evidence regarding the complex nature of termination in these 
systems is provided by the spectra shown in Figures 3 and 4. The strong col- 
ours developed subsequent to monomer consumption indicate some kind 
of conjugated cationic species (Figure 3). This is confirmed by the quenching 
effect of methanol leading to absorption spectra resembling those of con- 
jugated polyenes 48 (Figure 4). It is suggested therefore that solutions of poly- 
(alkyl vinyl ethers) readily undergo elimination reactions similar to those 
encountered in degradation of poly(vinyl chloride) 49,5° e.g. 

PnCHe--CH--CH2--CH--CHe--CH--CH2--CH SbCI6- 
I I I IJ 

OR OR OR RO + 
I 
+ 

Pn--CH2CH--CH2--CH=CH--C--CH--CH C1- + SbC13 + ROH 
I I :E 

OR OR RO + + 2HCI 
etc. 

The resulting conjugated cations would give rise to absorption spectra in the 
visible region and on quenching with methanol, would yield neutral polyenes 
of varying chain length, as indicated by the multiple absorbance maxima in 
Figure 4. 
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K I N E T I C  A P P E N D I X  

Assuming absence of termination reactions, then let [Co] ---- concentration of 
catalyst (C +) added, [M] = concentration of monomer and [CM +] = con- 
centration of propagating species, where reactivities of C M  +, CM1 +, CM2 + 
etc are assumed constant. 

k~ 
C + -k M - ~  C M  + 

k, k_~ 
C M  + -t- M .--.~CM2 + M CM3+etc 

and 

nOW 

O 

from (3) 

o r  

d [ C M  +] 
• ~ - -  k~[C+][M] 

--d(C+) 
tit - -  k~[C+][M] 

- -d [MI  
dt = k~[C+l[M] + k~[CM+][M] 

and [C +] + [CM +] ---- [Co] 

- -d[M]  

dt 

- - d  ln[Ml 
art 

= {k~[C+l + k~ ([Col -- [C+])}[MI 

= (k~ - -  k~o)[C+l[M] -t- kr[Col[M] 

- -  (k~ - -  k p ) [ C  +] -k k~[C0] 

[c+] = l l k~ -  k~, {k~, [Col + 

- -d  [C +] 1 
from (4) dt  = k~, - -  k~ tit 2 

Substituting (4) and (5) into (2) 

1 d 2 In[M] k~ [ 
k ~ - - k ~ '  art z + k~- -kp  , k~ [C° l+  
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d 2 In[M] 

d In [M] } 
dt 

d ln[M]l 
~)- ] [M] = 0 

(1) 

(2) 

(3) 

(4) 

(5) 

(6) 
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d 2 In[M] [Mldln[M] 
. .  dt 2 + ki  dt + k~ k r  [C0] [M] --  0 (7) 

If In[M] is plotted against  t, then d'21n[M] vanishes at the point  of ma x i mum 
dt 2 

slope hence k~ may be evaluated from the simple relationship 

--dl.[Ml] 
)7 Jmax =k~[C01 (8) 
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Notes to the Editor 

Amylose: a non-helical biopolymer in aqueous solution 

W. BANKS and  C. T. GREENWOOD 

THE HELICAL macromolecule is now a firmly established concept in the protein 
and nucleic acid fields, but it is often overlooked that this model was first 
applied over 30 years ago to the amylose component of starch. In 1937, 
Hanes 1 suggested that the characteristic blue colour produced on the addition 
of iodine to an amylose solution resulted from a complex formed by the 
iodine entering the helical cavity of the polysaccharide. Frendenberg et al 2, 
independently advanced the same model. The correctness of this model for 
the solid amylose-iodine complex was confirmed by the x-ray diffraction 
methods of Rundle and French 3, who showed that the structure corresponded 
to one iodine atom per six glucose residues. 

In contrast, the conformation of amylose in neutial, aqueous solution still 
appears to be a matter of some controversy, notwithstanding the large amount 
of  published work on this aspect of starch chemistry. This diversity is perhaps 
unexpected, and is certainly disturbing. We wish to outline the nature of the 
problem, and to present evidence to show - simply and unambiguously - that 
amylose in water is not in the form of a helix. 

The three extreme model conformations which have been considered for 
amylose are shown in Figure 1. Figure la shows the amylose chain in the form 
of a tight helix, the helix itself taking up the overall form of a random coil. 
The interrupted helix of Hol164 is given in Figure lb, and here the molecule 
is considered to be composed of long helical sections (each containing about 
100 anhydroglucose units) with portions of random coil between, the latter 
conferring flexibility on the molecule as a whole. In both of these models, the 
helical portions are thought to be stabilized by intra-molecular hydrogen 
bonds, so that the dimensions are little different from those of amylose in the 
crystalline state, i.e. the helix has a pitch of about 8 A and contains 6 glucose 
units per turn. Figure lc shows the random coil model for amylose - any 
helical character is merely a reflection of the nature of the e-1:4 inter-unit 
bonding between the monomer units. 

Szejtli and Augustat 5 have summarized the indirect evidence which favours 
the concept that amylose in solution behaves as a molecule with helical 
character. Later evidence purporting to substantiate this concept has also 
been presented by Erlander~, 7. 

Recently 8-a°, we have investigated the hydrodynamic behaviour of amylose 
in both neutral and alkaline aqueous solvents by viscosity, light scattering and 
sedimentation measurements. These studies show that: 

(1) in neutral aqueous potassium chloride solution, the amylose macro- 
molecule behaves as a random coil at its 0-point, and 

(2) in formamide, dimethylsulphoxide and 0.15 M potassium hydroxide, 
the amylose undergoes coil expansion as a result of solvent-solute interaction 
(the classical model of Flory). 
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However, in all the solvents the skeletal stlucture of the polymer backbone 
remains the same. Obviously, the extensive hydrogen-bonding necessary to 
stabilize a helix cannot exist in dimethylsulphoxide or in 0.15 M potassium 
hydroxide. The fact that the skeletal structure in these two solvents is the 
same as that in neutral aqueous salt solution then requires that in this 
medium also, the helical structure must be absent. 

The above argument depends on the interpretation of hydrodynamic 

G 

% J  

Figure 1 Models proposed for the amylose molecule in aqueous 
solution. 

a random helical coil (6 glucose units per turn) 
b interrupted helix (sections of 6-unit helical coil about 100 

glucose units in length) 
c random coil (no helical character) 

theory, which is far from rigorous. Thus Burchard ll has interpreted results 
similar to our own to show that the skeletal structure of  amylose is a function 
of the solvent system, and that this is reflected by varying degrees of partial 
free-draining in these solvents. 

We therefore decided to investigate the changes, if  any, which occur in the 
hydrodynamic volume of the macromolecule on the addition of complexing 
agents such as iodine and butan-l-ol.  I f  the molecule is as in Figure la  or b, 
the complexing agent would be expected to enter immediately the pre- 
formed helix - as it does in the solid state - and this process would occur with 
little, or no, change in the volume of the complexed molecule. On the other 
hand, the addition o f a  complexing agent to the random coil form of Figure lc 
would necessitate some co-operative phenomenon occurring: the molecule 
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would have to be forced into a helix, which would then be stabilized by 
intramolecular bonding along the helix, and hydrophobic bonding between 
the complexing agent and the helical cavity in the polysaccharide. More 
importantly, the molecule would necessarily have to decrease in size through 
helical complex formation, and its hydrodynamic volume would decrease. 
Conformational changes of  this type in amylose can be easily followed by 
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Figure 2 Changes in viscosity number of wheat amylose in aqueous solution 
(initial concentratiop = 10 -~ g ml -a, initial volume = 10 ml) 

A Amylose in 0"015 M potassium iodide + iodine (0-005 M in 
0.015 M in iodide) 

B Amylose in water + butan-l-ol 
C Amylose in water -,+- water (control) 

measuring the viscosity of  the system, as was first appreciated by Hol164. 
Figure 2 shows the changes in viscosity number which occur when iodine 

and butan-l-ol  are added to amylose in neutral, aqueous solution to form the 
appropriate complexes. It  can be seen that complex-formation is associated 
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with a large decrease in viscosity number, i.e. a decrease in hydrodynamic 
volume. In the case of iodine, the minimum in the graph of viscosity number 
as a function of iodine concentration occurs when the expected stoichiometric 
amount of reagent necessary to form the complex has been added, i.e. at 19 
mg of iodine per 100 mg of amylose. The subsequent increase in viscosity 
number is due to aggregation and after a period of several hours, a visible 
precipitate is formed. 

The amylose-iodine complex in solution, as in the solid state, has been 
shown lz to be helical in nature. The only conclusion to be drawn from the 
above work is that the helical conformation is forced upon amylose by the 
addition of the complexing agent. Thus, in neutral aqueous salt solution the 
amylose molecule possesses no pronounced helical character, in agreement 
with our earlier interpretation of hydrodynamic theory. 

It should be noted that Hol16 a reported no change in the viscosity of 
amylose solutions on adding iodine. This result was due, we believe, to a 
combination of  two circumstances - the experiments were performed in such a 
manner that the ionic strength of the solution was varied in addition to the 
iodine concentration, and, more importantly, the relative viscosity was 
graphed. As the latter quantity contains the contribution of the solvent, it 
would effectively disguise the change in hydrodynamic volume of  the amylose. 

We conclude that amylose, the first biopolymer for which a helical structure 
was suggested, thus differs from nucleic acids and proteins in that the helical 
conformation of its crystalline state is not retained in solution. However, this 
behaviour is not unique - in the field of synthetic polymers, those which are 
isotactic prefer a helical crystalline structure, but conform to the random coil 
model in solution. Amylose is, of  course, an isotactic polymer, the stereo- 
regularity of which is much higher than that of the more conventional 
synthetic macromolecules. There has existed a tendency to separate the 
hydrodynamic behaviour of synthetic polymers from that of biopolymers. It 
is therefore satisfying to record that those theories which have been applied 
successfully to describe the solution properties of synthetic macromolecules 
are equally applicable to amylose. 

Department of Chemistry, 
The University of Edinburgh, 
Edinburgh, EH9 3JJ, 
Scotland, UK (Received 13 November 1970) 
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On the measurement of  thermal diffusivity 

D. HANDS and F. HORSFALL 

IN A NOTE 1 to Polymer 'On a common misunderstanding in the measurement 
of thermal diffusivity' Martin shows that the heat equation used in diffusivity 
experiments on polymers is frequently incorrectly derived. While we agree 
with this observation we do not agree with various conclusions that he makes. 

Using nearly the same notation as Martin (p density; cp specific heat at 
constant pressure; T temperature; t time; k thermal conductivity; a thermal 
diffusivity) the heat equation in one dimension is 

8T 
p c p ~ t - - ~ x  k ~ x  (1) 

Martin points out that the equation used in measurements of thermal 
diffusivity 

8T k 82T 
8t === pep 8x '~ (2) 

is incorrect since, for the materials under consideration, the thermal con- 
ductivity is a function of temperature and therefore of position. From this he 
draws two main conclusions: 

(1) The thermal diffusivity 

k 
pCp 

is meaningless if the thermal conductivity varies with temperature 
because it cannot be used in the heat equation. 

(2) Shoulberg 2 and other workers did not measure diffusivity since they 
used equation (2). 

If we differentiate equation (1) and re-arrange the terms we get 

Hence if the thermal conductivity varies with temperature two parameters 
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govern the temperature distribution, thermal diffusivity a, and (1/k)(dk/dT). 
Thermal diffusivity is therefore still an essential part of the heat equation. 

We have developed a computer programme for simulating diffusivity 
experiments using equation (3). Using data for k 3, p4 and c~ 5 for polystyrene 
the programme predicts that to detect the effect of neglecting 
(1/k)(dk/dT)(8T/c3x) 2 Shoulberg would have needed thermocouples sensitive 
to about 0.002°C. The sensitivity of the system he used was at least an order 
of magnitude worse than this. Thus in his case equation (2) was quite 
adequate. Since the thermal properties of polymers all appear to be of the 
same order of magnitude we expect similar results for other polymers. 

Hence diffusivity not only arises in the heat equation but in general it is 
the dominant parameter. If under circumstances different from the ones 
considered above the term (1/k)(dk/dT)(8T/~x) 2 becomes significant it can be 
taken into account using, for instance, data from conductivity measurements. 

Rubber and Plastics Research Association, 
Shawbury, 
Shrewsbury, SY4  4NR, UK (Received 14 September 1970) 
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On the temperature dependence of the thermal diffusivity 

A. W. RIDDIFORO 

MARTIN recently stated 1 that knowledge of the temperature dependence of the 
diffusive conductivity K(T) is of no value, and that separate measurements of 
the density p, specific heat per unit mass at constant pressure cr, and thermal 
conductivity k as functions of temperature should be made. 

It is the intent of this note to show that only the diffusive conductivity 
x(T) = k/(pc~) and the thermal conductivity k(T) are needed. 

Following Martin's derivation: in one-dimension the defining relation for 
thermal conductivity k in an isotropic material is 

c~T 
qx = -- k Ox (1) 

where qx is the local heat flux and OT/Ox the temperature gradient. Sub- 
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stituting equation (1) into the differential equation governing non-steady heat 
flow in one dimension 

gives 

where t denotes time. 

Introducing 

aT c~qx 

ST 
pc~ ~t == ax k ~x (3) 

T 

w (T) = ~K(T)dT, (4) 
0 

the heat equation (3) becomes 

~w c~2w 
~t - 4 T )  7x~ ~5) 

where x(T) is the diffusive conductivity. Boundary conditions involving w or 
~w/8x can be stated in terms of T or ~T/~x by using equation (4) or (taking the 
gradient of equation 4) 

~w ~T 
~.x -- ~(T) ~x"  (6) 

The equation (5) is not linear because of the temperature dependence of the 
diffusive conductivity ~(T). But numerical calculations can be made with it 
using the known temperature profile at the beginning of each time step to 
define K(T) for each node. For the geometry and initial conditions that we 
have used, the solution becomes independent of time step when the time step 
is shortened to make DxZ/Dt = rain (K(T)), where Dx is the node spacing and 
Dt the time step. 

lit must be pointed out that at the end of each time step the temperature 
profile T(x) must be found from w(x), so a simple analytic form of the inverse 
of equation (4) must be known. In our experience k(T) was approximated by 
straight lines making the inverse function involve square roots. 

Meaningful calculations require only the knowledge of the diffusive 
conductivity K(T) and the thermal conductivity k(T). The essential idea of the 
above method can be found on p. 209 of Crank's book /  

Cont&ental Can Company, Inc. 
7622 South Racine Avenue 
Chicago, Illinois 60620, USA (Received 30 October 1970) 
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Kinetics of non-isothermal 
crystallization 

T. OZAWA 

Non-isothermal kinetics of the process of nucleation and its growth are 
derived by extending Avrami's equation. Kinetic analysis of the thermo- 
analytical data of the process is also described and applied to DSC curves 
of crystallization obtained by cooling poly(ethylene terephthalate) at constant 
rates. Crystallization is thought to proceed by nuclei being formed randomly 

and growing in three-dimensions. 

INTRODUCTION 

ALTHOUGH THE kinetics of isothermal process have been thoroughly studied, 
few attempts to elucidate the kinetics of dynamic, non-isothermal processes 
have been made. Recently Flynn 1 proposed non-isothermal kinetics for 
simple homogeneous chemical reactions and the present author also published 
papers on the subject 2,3. Practical processes such as industrial synthesis 
proceed under dynamic, non-isothermal conditions and not under isothermal 
conditions. It is necessary to extend the isothermal kinetics to non-isothermal 
dynamic kinetics for various types of processes. 

One of  the kinetic studies of importance is the process of growth and 
nucleation; crystallization is a typical part of nucleation and growth. Avrami's 
equation is proposed for these processes 4-7, and many processes such as 
tinning and galvanizing were found to follow Avrami's kinetic equation. 
Crystallization of high polymers also follows Avrami's equation 8, and in 
practical processes including melt-spinning of synthetic fibres and fabrication 
of  crystalline polymers crystallization of the polymer occurs under non- 
isothermal conditions. However there have been no kinetic investigations of 
these processes. 

Kinetic investigations have been carried out isothermally, since isothermal 
kinetics are simpler than non-isothermal kinetics, but isothermal measure- 
ment is only possible when the thermal response time of the measured system 
is small compared with the rate of  the process. Otherwise the process begins 
to occur before the system reaches the desired temperature. In this case, one 
should use a thermoanalytical method in which observations of  the sample 
are made under a constant rate of  heating or cooling. Such a situation seems 
to be encountered in crystallization under high pressure. For these cases the 
method of kinetic analysis of thermoanalytical data should be developed. 

In this paper, non-isothermal kinetics of the process of nucleation and 
growth are investigated theoretically, extending Avrami's equation to the 
non-isothermal situation, and a method of kinetic analysis of thermoanalyti- 
cal data of the process is derived from the theory. The theory and the method 
obtained have been applied to the thermoanalytical data of the crystallization 
of  poly(ethylene terephthalate). 
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T H E O R Y  

In the theoretical treatment of the kinetics of the process it has been assumed 
that the substance is heated or cooled at a constant rate and the mathematical 
derivation made by Evans 7 has been extended. We should first calculate the 
expectancy of circular waves on a pond caused by raindrops passing over a 
representative point, P. A nucleus and a front of its growth are compared 
with the raindrop and the wave, respectively. Up to time t, P is passed over by 
waves caused by the raindrops falling until the time ~- and within the distance 
which the wave traverses from ~" to t. The expectancy, E is equal to the number 
of such raindrops, and the probability that i waves pass over P is equal to 
exp (-- E)E~/i! according to Poisson's formula. In the actual process under 
consideration, a point once passed over by the growing front is not passed 
over by other fronts. Then, the only valid probability is that of i -- 0 for the 
actual process, and it is equal to the fraction not converted. 

When we expand the above treatment to the case of the substance being 
cooled at a constant rate, a, the distance r which the front of the growth 
traverses from the time ~- to t is given by 

t 

r = .f v(T) dt (1) 
-r 

where v(T) is the linear growth rate as a function of the temperature T. and 
integration gives 

1 
r ~ a [ R ~ , ( T ) -  Rc(O)I (2) 

T 

where Re(T)equals to j" v(T)dT,  and 7", 0 and Tm are respectively the tern- 
Tm 

perature at t, that at r and the temperature above which the process cannot 
proceed. The number j of the nuclei per unit volume or area which form 
from Tm to 0 is given by 

0 

j - f. v (T)  d t  (3) 

0 

_ I I v(T) dT (4) 
a 

= Nc(O)/a (5) 

0 
where v(T) is the nucleation rate as a function of T and N(O) equals J" v(T) d T. 

r,,, 
The expectancy, E(T), that the number of the waves pass over P from T,~ 

to T is then as follows 

T 
E(T) = g Ijr m dr (6) 

Tm 

T 
= (g/a re+z) j" No(O) [Re(T) -- Rc(O)]mv(O) dO (7) 

T~ 
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where m and g depend on the dimension of the growth as follows; 

dimension of growth m g 
one dimensional growth 0 area of  nucleus 
two dimensional growth 1 27r 
three dimensional growth 2 7r 

As the integration of equation (7) depends only on T 

E(T) = Xc(T)/a n (8) 

T 

where n equals to m 4- 2 and xc(T) is g ~ Nc(O)[Rc(T) --  Rc(O)]mv(O) dO, and it 
Tm 

should be called the cooling function of the process. 
Thus, the conversion C at temperature T and cooling rate a is given by 

1 --  C(T)  = exp [--xc(T)/a n] (9) 

When the substance is heated at a rate, a, f rom the temperature at which the 
process scarcely occurs, the following similar equation holds 

1 --  C(T)  = exp [--xn(T)/a n] (10) 

where 

and 

T 
xh(T) = g .[ Nn(O)[Rh(T) --  R~(O)]v(O) dO (11) 

0 

0 

Rh(O) = I v ( r )  d T  (12) 
0 

0 

Na(O) = f v(T) d T  (13) 
0 

The equations for the rate of the process are given as follows 

d C(T)/d t = [1 --  C(T)]X'c(r)/a n-1 (14) 

and 

dC(T) /d t  : [1 --  C(T)]X'h(T)/a n-1 (15) 

where 

X ' c ( T )  - -  dxc(T) /dT  (l 6) 

and 

X'h(T) dxh(T) /dT  (17) 

I f  the pre-determined nuclei exist before cooling, the number of  nuclei 
becomes constant and equals the density oJ of the nuclei. Then, on cooling 

T 
E(T)  ~ gw S rm dr (18) 

T,. 

T 
(goJ/a m+l) ~ [Re(T) --  Rc(O)]mv(O) dO (19) 

Tm 

= xe(T)/a n (20) 
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where 
T 

xe(T)  = gco ~ [Re(T)  - -  Re(O)]mv(O) dO (21) 
T,,, 

and equations (9) and (14) hold for this case, but n equals m 4- 1. Similar 
equations are also derived in the case of heating, where 

7" 
xh(T)  - -  go) j" [Rh(T)  - -  R~(O)]mv(O) dO (22) 

0 

and n also equals m 4- 1. 
If we now observe the process at different rates of cooling or heating, the 

kinetic parameter  mentioned above can be obtained, since from equations (9) 
or (10) 

log [--  In {1 -- C(T)}] -- log x ( T )  - -  n log a (23) 

If we plot log {-- In [1 --  C(T)]} against log a at a given temperature, a 
straight line can be obtained, and n and x ( T )  can be estimated f rom the slope 
and the intercept of  the line. x ( T )  is obtained as a function of the temperature 
from the plots at different temperatures. A similar procedure is also applied 
to the rate according to equations (14) or (15). 

If the cooling or heating rate is changed during the process, the kinetic 
equation can be obtained according to the additivity of the expectancy. For 
instance, when the substance is cooled from Tm to T~ at al, from T1 to 7"._, 
at a~, from T2 to T~ at a3 and so on. 

--11.{1 C(T)} = Xe(T1)/al" 

[Xe(T2) X~,(T~)]/a,2" 

+ [xe(T3) --- Xe(T2)]/a3" 

. . . (24) 

EXPERIMENTAL 

The sample of poly(ethylene terephthalate), kindly supplied by Toray 
Industries Etd, was dissolved in a mixture of phenol and sym- te t rach loro -  
ethane (l :1 byvolume), reprecipitated by methanol, and dried under vacuum. 
The molecular weight was obtained by measuring the viscosity of  the solution 
of the same mixed solvent at 25°C9: it was estimated to be 20 300. 

Both the isothermal and dynamic (cooling) crystallizations of  the sample 
were observed with a Perkin-Elmer differential scanning calorimeter, since 
differential thermal analysis is not suitable for kinetic analysis 3. The sample 
was heated from 480 K to 550 K at the rate of 16 K/rain and cooled at the 
rate of  1.2 or 4 K/min, immediately after the sample reached 550 K. The 
isotherms were obtained by heating the sample from 480 K to 550 K at 
16 K/min and immediately cooling it to the desired temperature by manual 
operation of the temperature-dial. Both operations were carried out under 
nitrogen. 
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R E S U L T S  A N D  D I S C U S S I O N  

Typical DSC curves obtained in the dynamic cooling crystallization are shown 
in Figure 1. The curves were analysed according to equation (23) at a few 
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Figure 1 Typical DSC thermograms of the dynamic cooling crystalli- 
zation of poly(ethylene terephthalate). 

temperatures, the results are shown in Figure 2 where the straight lines of  the 
slope of  four are drawn. Figure 2 shows the clear linear dependence of 
log ( - - In  [1 --  C(T)] } upon log a and the slopes of  the lines suggest that the 
nuclei of  crystallization of poly(ethylene terephthalate) are randomly formed 
during crystallization and that the crystallites grow three-dimensionally in 
the temperature ranges. F rom the intercepts of  the lines at 1 K/min, we ob- 
tained the cooling crystallization function of the polymer, which is shown in 
Figure 3. 

The DSC curves of  the isothermal crystallization were also analysed by the 
ordinary procedurO °, and the results are shown in Figure 4. The slopes of  
the lines are estimated by the method of least squares, to be 3.4, 3.6 and 3-6 
at 493 K, 495 K and 500 K, respectively. 

The agreement between the results of  the isothermal and cooling crystalli- 
zation is satisfactory. Rybnikar 11 reported n = 4 above 217°C for the samples 
heat-treated for 15 rain at 265°C from their isotherms of  the crystallization 
of  the polymer and found n ~ 3 in the temperature range between 160°C 
and 240°C, when the sample is maintained at 290°C for 15 rain. Morgan 
et aP 2 reported n = 4 above 235°C and n = 3 between 170°C and 220°C for 
the sample melted at 294°C for 15 min, but n ~ 4 at 250°C and n = 3 
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Figure 2 The plots of log[-ln(l-C)] versus log a for the dynamic 
cooling crystallization of poly(ethylene terephthalate). 

between 106°C and 249°C, when they melted the sample at 268°C for 15 min. 
Cobbs and Burton la reported smaller values for n in the same temperature 
range. Our results are in good agreement with the results of isothermal 
observations at the higher temperature reported by Rybnikar and Morgan 
et al. It is interesting to note that there is agreement between the isothermal 
crystallization at the higher temperature and the dynamic crystallization 
carried out in the sample cooled from the higher temperature. 

The results mentioned above suggest that the kinetic formulae derived in 
this paper for the dynamic, non-isothermal process of nucleation and 
growth is applicable, and that the mathematical treatment described can be 
used to predict the actual and non-isothermal processes. 

For the dynamic crystallization of polymers, the fold-length of the polymer 
chain should be taken into account, since the fold-lengths crystallized iso- 
thermally are different at different temperatures. If the changes in fold-length 
depend upon the temperature during the dynamic crystallization, v(T) is not 
the rate of linear growth but the product of the rate and the fold-length. 
Otherwise, v(T) is the rate of linear growth. Another point to be taken 
account of is the variation of n with the crystallization temperature. Unless 
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Figure 3 The cooling crystallization function of poly(ethylene tereph- 
thalate). The dimensions are degree and minute. 

the mechanism of variation is elucidated, the equation modified by taking the 
variation into account cannot be derived. 

Furthermore, the crystallization of polymers consists of two prccesses - the 
'primary' (Avrami) crystallization followed by the slow 'secondary' (post- 
Avrami) crystallization. The theory and method of analysing thermoanalytical 
curves for the process of nucleation and growth described in this paper 
neglect the secondary crystallization. A more exact theory might be derived 
by expanding the theory of isothermal crystallization of polymers derived by 
Gordon and Hillier 14. As pointed out by Hillier 15, a false value of n might be 
obtained if the slow secondary crystallization is neglected in an isotherm. 
However, this effect is not so serious in dynamic, non-isothermal observa- 
tions as in the isothermal ones, since the slow secondary crystallization 
following the primary one becomes slower at the lower temperafure and the 
rate is recorded in the dynamic osc curve. The discrepancy between the 
value of n obtained by dynamic observations and those obtained isothermally 
seems to be caused by this effect. 
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Figure 4 The analysis of isotherms of the crystallization of poly- 
(ethylene terephthalate). 

The exper imenta l  master  curve can be drawn,  since the plots  o f  
log { In [1 - -  C(T)]} against  the t empera tu re  at different cool ing rates are 
super imposed  on  each o ther  by longi tudinal  shifts, and  the length of  the 
shift is equal  to n log a. I f  there  is apprec iab le  secondary  crystal l izat ion,  the 
superpos i t ion  canno t  be made,  especial ly in the la t ter  par t  of  the master  
curve. Thus the effect might  be detected in the experimente.l master  curve. 

A m o n g  the processes o f  nucleat ion and growth  are solid heterogeneous  
react ions such as thermal  decompos i t ion  of  inorganic  hydra tes  16, 17 where 
nucleat ion occurs  on the surface o f  the crystall i te.  However ,  the analysis  of  
the rmoana ly t i ca l  curves of  these processes has been made on the basis of  the 
convent iona l  kinetics of  homogeneous  react ions  is or  the phenomenolog ica l  
equat ions  19. The analysis  should be made  on the basis of  the kinetic for- 
mulae  der ived f rom the ac tual  model  o f  the nucleat ion and growth.  The 
formulae  would be derived by modif icat ion of  the der iva t ion  described in 
this paper .  

Eleetrotechnical Laboratoo,, 
Tanaski, Tokyo, 
Japan 
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Low frequency dielectric behaviour 
of polyamides 

M. E. BAIRD, G. T. GOLDSWORTHY and C. J. CREASEY 

At low audio frequencies and at temperatures above the glass transition a 
large relaxation occurs in polyamides. Both this low frequency relaxation and 
the relatively high d.c. conductivity of polyamides have been attributed by 
several workers to the movement of amide protons. A comparison of the 
dielectric behaviour of a normal polyamide (6,10 and 6,6) with poly(sebacyl 
piperazine), prepared from the secondary diamine piperazine, in which no 
N-H groups are present in the repeat unit is described. D.C. step response 
measurements were used (as well as normal a.c. measurements) in order to 
separate the components of loss due to relaxation and conduction. The data 
showed that amide protons are not the main cause of this low frequency 
relaxation and on the basis of all existing information they do not make any 
significant contribution until temperatures over l l0°C are reached. The 
main relaxation observed arises from interfacial polarization throughout 
the bulk of the polymer, almost certainly due to trapping of electrons at the 
boundaries between crystalline and amorphous regions. Possible mechanisms 
are discussed. The d.c. step response measurements showed that the 
dielectric behaviour at low frequencies is quite complicated and that almost 
certainly a second mode or relaxation occurs at still lower frequencies. Since 
the retardation times involved in this second mode are extremely long this 

behaviour requires further study with very long charging times. 

INTRODUCTION 

VARIOUS relaxations have been observed in polyamides, forming a complicated 
spectrum. At low frequencies and at temperatures above the glass transition, 
Tg, a large relaxation process occurs. Both this relaxation and the relatively 
high d.c. conductivity of polyamides have been attributed 1 5 to the move- 
ment of protons originating in the hydrogen bonds which are traditionally 
thought to occur between polyamide molecules. Loss peaks in this region 
have been studied by Hirota et  al  (~. In a previous publication 7 certain data 
which were not consistent with this postulate of proton movement were listed 
together with the work of Cannon s 11 who discussed the role of quantum 
mechanical hydrogen bonding and forces between dipoles in controlling 
the packing and configuration of the polyamide molecules in the solid state. 
These facts cast some doubt on the importance of amide protons in the 
conduction and relaxation processes. Previous work on the d.c. conductivity 
of polyamides 12 14 6,6 and 6,10 also showed that amide protons did not play 
a significant part until temperatures over about I I0°C were reached. In this 
publication 7 a brief summary of results was given showing that this low 
frequency dielectric behaviour occurred to a similar extent in poly(sebacyl 
piperazine), a polyamide prepared from the secondary diamine, piperazine, 
in which no N - H  groups were present and no hydrogen bonding could occur. 
This indicated that amide protons could not be the main cause of this 
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low frequency relaxation in polyamides. A full account of the dielectric 
behaviour of  normal and piperazine-polyamide is now given and the nature 
of the mechanism of this low frequency relaxation is discussed. The repeat 
unit of  poly(sebacyl piperazine) is shown below 

CH,~--CH2 O 

- - N  N - - C - - ( C H 2 ) s - - C - -  
\ / II 

CHz- -CH2 O 

EXPERIMENTAL 

Polymers  
The infra-red spectrum of the Pip-10 polyamide closely matched one pub- 

lished 15 and showed the complete absence of  the strong N-H stretching 
absorption at 3300cm -1 found in ordinary polyamides. 

The general properties of  the 6,10 and Pip-10 polyamides used are now 
given in Table 1. 

The 6,10 polymer had impurities not exceeding 0 .003~ (as given by the 
supplier, ICI  Ltd, Plastics Division) and the Pip-10 polymer was purified by 

Table 1 General properties of the 6,10 and Pip-10 polyamides used 

Polyamide Melting Pt. Glass Transition 
(°C) (°C, dry) 

6,10 220 50 

Pip-10 160 80* 

Approx, Density 
Molecular Wt (g/ml) % Crystallinity 

(room te 7 p.) 

20000 (weight 1.09 40 
average) 

15000 (number 
average) 

33000 (solution 1 .15 medium? 
viscosity average) 

16000 (number 
average) 

* llldefined transition as observed in dilatometry experiments 
t Obtained from x-ray powder photographs and infra-red spectroscopy. Unfortunately the assessment is not  as 
reliable as for a normal polyamide because of  a lack of  background experience and no actual figure can be given 

re-precipitation from benzyl alcohol and subsequent thorough washing with 
acetone. 

Some measurements were also made with 6,6 polyamide which had a 
melting point of  about 260°C, a number average molecular weight of  about 
17000, a density of  1.14 ± 0-01 g/ml at room temperature and crystallinity 
probably in the region of 35 ~ .  It contained no filler or other additives. 

Disc specimens with thicknesses in the range 0.04-0.52cm were moulded, 
coated with aluminium electrodes by vacuum deposition, dried* and examined 

* The specimens were heated for a total of about 5 hours at 12C°C in dry nitrogen and 
stored over phosphorus pentoxide to constant weight before use. The data obtained were 
reproducible after further healing 
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in a three-terminal shielded electrode assembly immersed in a temperature 
controlled oil bath, as described in a previous paper v. Dry nitrogen was 
passed through the assembly to keep the specimens dry. The polymers were 
examined over the audio-frequency range 50-10SHz using a GR 1615-A 
capacitance bridge and at low frequencies about 10 5Hz to 10 eHz, using the 
d.c. transient technique (d.c. step response 16 measurements). A Keithley 
610-B electrometer was used to measure the direct currents, the circuit being as 
in figure 6 of reference 15. The emf used was 125 _-E 2 volts. 

Results presented later show that the low frequency relaxation and d.c. 
conductivity are representative of the bulk polymer and a direct comparison of 
the properties of normal and Pip-lO polyamides is now given. 

60 

~OCu c~ 50&.0 ,, 1&.7°C 

.~ 1/+7 

k5 

2o 

lO 

I I I 
1-0 2-0 3'0 a,.0 

Log frequency (Hz) 

F<gure 1 Plots of dielectric constant against log frequency for dry polyamides 
,6,10 [] Pip-lO 

A. C. data 
The behaviour of the dielectric constant E' of both polyamides is shown in 

Figure 1 as functions of frequency at various temperatures. This behaviour 
of the 6,10 polymer is typical of results obtained in previous studies and 
shows the large magnitude of this low frequency relaxation occurring at 
temperatures above Tg. The behaviour of the Pip-10 polyamide is similar to 
that of the 6,10 polymer. Clearly this low frequency relaxation is also present 
in the Pip-10 polyamide. In order to assess whether this relaxation is of 

161 



M .  E .  B A I R D ,  G .  T .  G O L D S W O R T H Y  A N D  C .  J .  C R E A S E Y  

comparable magnitude in the Pip-10 polyamide, it is probably better to 
compare values of dielectric constant since the loss factor contains an 
appreciable component arising from d.c. conductivity. There is considerable 
variation between specimens and between batches. Including data from 
reference 4, the dielectric constant for 6,10 and 6,6 polyamides at 100Hz and 
about 145°C ranged from 38 to 65 and at 100Hz and about 125°C from 29 to 
41. The corresponding ranges for Pip-10 polyamide from our work were 
16 to 46 and 14 to 30 respectively. 

At the same temperature the values for the Pip-10 polymer are lower on the 
whole than for the 6,10 polymer but some of the Pip-10 specimens show 

so 

OOHz 
0 

30 

u 7 

"~ 20-  

i I I I I I I I I I I 
/.(3 60 80 100 120 1/-0 160 

Temperature(°CI 

Figure 2 Variation of dielectric constant with temperature for dry polyamides 
O 6,10 [] Pip-10 

dielectric constants as large as for the 6,10 and 6,6 polyamides. Moreover the 
glass transition for the Pip-10 polymide is probably in the region of 80°C 
whilst that for the 610 polymer is about 50°C, so that there is very little 
difference between the dielectric constants for the two polymers at the same 
increment above Tg. This is further illustrated in Figure 2 where the dielectric 
constant is plotted against temperature at fixed frequency for the polymers 
described in Table 1. The curves for a frequency of lkHz show a point of 
inflection due to the presence of the m-relaxation as well as the low frequency 
relaxation. It is interesting to note that in the region 70-110°C similar 
values are observed at 100Hz for the two polymers at temperatures about 
20-30°C apart, although above l l0°C the values for Pip-10 approach those 
for 6,10 at the same temperature. Although firm conclusions cannot be made 
because the dielectric constant is still rising and the dielectric increment 
cannot be evaluated at these temperatures, these results definitely suggest 
that there is not a great difference between this low frequency relaxation in 
normal and piperazine polyamides. 
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Figure 3 Double log plots of  discharging current against time for dry 6,6 polyamide 
! 49.5°C ~ 54"6°C • 64"5°C • 70°C [] 79'9 ~C 

• 84"5cC;~ 89"4°C; , 113"7~C 

D.C.  data 
Further information was obtained from d.c. step response (charge- 

discharge) measurements. This technique has the advantage of separating the 
components 16 of loss factor E" from relaxation and d.c. conductivity and the 
discharging currents may be transformed to yield the loss factor for relaxation 
alone. Small currents were observed before the specimens were put on charge, 
these being traced to small voltages (~0 .3  volts) exhibited by the polymer, 
probably from thermoelectric, piezo-electric or electrochemical phenomena. 
The specimens were charged for a minimum period of three hours. The 
discharging currents were corrected to allow for these small currents. Typical 
behaviour of the discharging currents is shown in the double log plots in 
Figure 3 for nylon 6,6. Similar behaviour was observed with pip-10 polyamide. 
The behaviour to be expected has been discussed in a previous paper 16 for 
materials which conform to a Cole-ColelT, 18 distribution of relaxation times. 
The displacement or reversible transient current for these materials for unit 
applied voltage and unit vacuum capacitance is given by the formula 

n - -  1 
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Figure 4 Resolution of observed discharging current into its two 

components for dry polyamide 6,6 at 89.4°C; 
• observed current; • 1st component; × 2nd component 

where e8 --  eoo is the dielectric (constant) increment, t is the time, a is the 
parameter  determining the width of the Cole-Cole distribution and r0 is the 
most probable relaxation time. The double log plot of  current against time 
shows, with slight exceptions, a continuously increasing negative slope in the 
dispersion region. This slope passes through the value --1 in the region t _~ 
-co and approaches a value of --(2 - -  a) when t >> 70. When t ~ ~'0 the slope is 
- -a .  This type of behaviour was shown at lower temperatures by all the 
polyamides, e.g. nylon 6,6 in the range 50-65°C and pip-10 (Batch B) in the 
range 35 to about 50°C. The increase of  current at short times as the tempera- 
ture was raised is readily explained by an increase in e s -  e~o and a re- 
duction in r0. However at higher temperatures the behaviour obviously be- 
comes more complicated as shown in Figure 3. The total discharging 
current would appear to be the sum of two components as illustrated in Figure 
4. The first component is a normal (relaxation) transient current but the other 
is a nearly constant current which could arise f rom a bi-modal distribution 
of relaxation times, the second mode consisting of a fairly narrow distribution 
of very long retardation times. This mode would give a fairly constant current 
for times t ~ ~-0, the most probable retardation time for the second mode, but 
the current would begin to fall as t approaches to. The possibility of  assigning 
one mode to electrons and the other to amide protons is ruled out because the 
phenomenon is exhibited by pip-10 polyamide as well as the normal poly- 
amide. 
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Figure 5 Double log plots of discharging current against time for dry 6,10 polyamide 

57°C 7 60~C • 64"4°C 

A second explanation may be considered in terms of a distribution dis- 
cussed by Macdonald 19, in which both the pre-exponential factor and the 
activation energy in the expression for a single relaxation time are distributed 
each depending on a structure factor S. A two parameter, generalized, 
truncated exponential probability density function is chosen for the distri- 
bution of S, giving a power law distribution for G (~-), the overall relaxation 
time distribution function. Asymmetry in the distribution can be introduced 
by a suitable choice of  parameters. The transient current response i( t)  to a 
step voltage which is constant for measuring times less than the shortest relax- 
ation, time of the material, then exhibits one or two regions where i(t)  oc 
t (1~p), where p is a parameter  of  the material (usually j p] ~ 1) and finally 
decreases very rapidly when the measuring time exceeds the longest relax- 
ation time of the material. It  is possible for pl to be greater than p2 so that the 
b e h a v i o u r i n F i g u r e 3  might be explained in terms of Macdonald's distribution, 
although dielectric retardation data would usually be expected to give 
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Figure 6 Plots of loss factor for relaxation alone against log frequency 
for dry 6,10 and 6,6 polyamides 

+ 6,6, 49"5°C + 6,6, 54'6°C [2] 66, 64"5°C (3 6,10, 57°C 
• 6,10, 60.3°C × 6,10, 64.4°C 

01 ~< 02. The general increase of current as the temperature is raised is also 
readily explicable in terms of Macdonald's theory. These results are important 
because the distribution is physically realizable at all reasonable temperatures. 

However a second component of current exists in addition to a transient 
for a Cole-Cole distribution and this almost certainly represents a second 
mode rather than a feature of McDonald's distribution. 

Unfortunately the behaviour of the 'tail' in Figure 3 obviously corresponds 
to a system of very long retardation times and the specimens were put on 
charge for a minimum period of 3 hours at each temperature in order to 
evaluate the transient currents accurately in the region 10-1000 seconds x6. 
Mechanisms with retardation times much larger than 1000 seconds at the 
relevant temperatures will not have been charged for a sufficiently long 
time 16,19 and so the 'tail' is probably subject to inaccuracies and should be 
studied with much longer charging times. Moreover an adequate comparison 
of the behaviour of 6,10 and Pip-10 polyamides is available in the lower 
temperature region with d.c. measurements where no tail is detectable and 
at higher temperatures by dielectric constant measurements. Thus a dis- 
cussion of the 'tail' or levelling off of the double log plots of discharging 
current against time is deferred for a further separate study. 

A detailed study of the lower temperature region where the double log 
plots of discharging current against time behave as for a Cole-Cole distribution 
is showti in Figures 5 and 6 for 6,10 polyamide (Figure 6 also includes 
data for 6,6 nylon obtained from the currents shown in Figure 3) and in 
Figures 7 and 8 for Pip-10 (Batch A) polyamide. The loss factor E" obtained 
from these currents is that for relaxation alone and does not contain any 
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component arising from d.c. conductivity. It was determined using the 
Hamon z° approximation, which is valid over the ranges of temperature used. 

i(t) 
e" (w) ~oC~V (2) 

and 
0.63 0.1 

t = ( 3 )  
co J 

where w is the angular frequency (--=2rr × frequency f ) ,  t the time, Ca capa- 
citance with a vacuum replacing the material, and V the direct voltage 
applied. Similarly the behaviour of the loss factor for relaxation alone for 
Pip-10 (batch B) polyamide over the limited temperature range 40-53°C 
is shown in Figure 9. 

The loss peaks are all fairly broad corresponding roughly with Cole-ColO v 
a values in the range 0.37-0-50. Accurate values of a cannot be assigned to 
the individual curves because the full extent of  the peaks is not available 
and there are sometimes indications of asymmetry. 
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Figure 7 Double log plots of discharging current against time for 
dry Pip-lO (Batch A) polyamide; 

(} 37°C; A45°C; ~] 49°C; • 51"2°C; • 54'2°C 
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Figure 8 Plots of loss factor for relaxation alone against log frequency 
for dry Pip-10 (Batch A) polyamide; 

/~ 45°C; [] 49°C; × 51.2°C; © 54"2°C 

A c o m p a r i s o n  o f  the  m a g n i t u d e  o f  this  r e l axa t ion  fo r  n o r m a l  a n d  Pip-10 
p o l y a m i d e s  was  s h o w n  in  a p r e v i o u s  p a p e r  (Re fe r ence  7, f igure  2) and  this  
is e x t e n d e d  in  Table 2 to g ive  the  va lues  o f  m a x i m u m  e"  a n d  d ie lec t r ic  incre-  
m e n t  ~s-- ~ fo r  the  v a r i o u s  p o l y a m i d e s  at  d i f fe rent  t e m p e r a t u r e s  and  also the  

Table 2 Parameters of the low frequency relaxation 

Polyamide Temperature E "max Dielectric increment Frequency o f  
(dry specimens) (°C) A~ = ~s - coo maximum loss 

fm (Hz) 

6,10 57 19 110 2"4 x 10 -5 
60 25 130 4'0 x 10 -5 
64 33 180 4"5 × 10 -5 

6,6 55 4 19 1"0 x 10 -4 
65 8 34 6"8 x 10 -4 

(6 Hirota et al 6) 72 7-2 39 3"1 x 10 -a 
Pip-10, Batch A 49 22 90 1"4 x 10 -4 

51 23 110 4"5 x 10 -4 
54 25 110 7"0 x 10 -4 

Pip-10, Batch B 40 4"8 22 6"8 x 10 -5 
46 6.0 25 2-7 x 10 -4 
50 6.6 30 5.0 x 10 -4 
53 6"7 31 1"4 x 10 -a 

pos i t ions  o f  the  loss peaks .  
k n o w n  r e l a t i o n  ~1 

T h e  va lues  fo r  Es - -  E~o were  o b t a i n e d  f r o m  

2 i ~' '  d{lmo) E 8 - -  EO0 ~ - 
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and were evaluated from the areas under the curves of loss factor E" against 
log frequency. The values for ~ -- coo are only estimates, because of the 
difficulties described previously. 

A considerable variation exists between the values of dielectric (constant) 
increment for the different batches of Pip-10 polyamide and also between 
the various types of normal polyamide and in general the magnitude of the 
relaxation increases as the temperature increases. However at comparable 
temperatures the values for maximum E" and dielectric increment E~ -- E~. 
for the Pip-10 (Batch A) and 6,10 polyamides are similar whilst the values for 

(aJ 
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._J 

1 2 -  
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8 - 

6 - 

4 

2 

_1: 
I i ] 

Z~ - 3  - 2  
Log f requency ( H z )  

Figure 9 Plots of loss factor for relaxation alone against log frequency 
for dry Pip-10 (Batch B) polyamide 

© 40°C ~ 45-5~C × 49"5°C L~ 53°C 

Pip-10 Batch B are similar to those for polyamide 6 (Hirota6), although the 
highest temperature for Pip-10 (Batch B) is lower than that for polyamide 
6, and rather more than for polyamide 6,6. Thus this unusual low frequency 
dielectric behaviour observed in polyamides as the temperature is raised, 
occurs to much the same extent in the Pip-polyamide in which no N - H  
groups are present and no hydrogen bonding can occur. 

Locus of low frequency relaxation 
The plots of log frequency of maximum loss against IO00/T K fall in the 

regions associated with the loci for nylons 6 and 126. The activation energies 
for the various polymers are listed in Table 3. 

The values for polyamides 6,6 and Pip-10 (Batches A and B) are similar to 
those for polyamide 12 (data from Hirota 6) with the value for 6,10 somewhat 
lower, 
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Table 3 Activation energies of polymers used 

Polyamide Activation energy 
(dry specimens) (10 5 J/tool) 

6,10 1.5 
6,6 (estimate) 1.8 
Pip-10 Batch A 2.l 
Pip-10 Batch B 1 "8 
6 Hirota 6 2-5 
12 Hirota 6 2.1 

Location o f  polarization 
Since the dielectric constant (at fixed frequency) rises continuously as the 

temperature is raised1,2, 4 without passing through a peak value and falling 
off as expected for dipolar polarization, and no corresponding low frequency 
relaxation is observed in the dynamic mechanical behaviour ofpolyamides6, 22, 
this low frequency dielectric relaxation is almost certainly caused by a space 
charge (interfacial) polarization. In view of the fact that it has been attributed 
to amide protons, it is important to distinguish between bulk and electrode 
polarization effects. This was achieved by making measurements on a series of 
6, 10 polyamide discs of widely varying thickness (approximately 0.05--0.50 
cm) at a fixed temperature (128°C) and a fixed frequency (100Hz or 1 kHz). 
The product of capacitance increase due to the low frequency relaxation 
positions AC and thickness showed some fluctuation but the product was 
constant within experimental error showing that AC is nearly proportional to 
(thickness) -1 and that the polarization is mainly a bulk rather than an elec- 
trode phenomenon. 

If electrode polarization 2~-26 were predominant the increase in capacitance 
AC should be approximately proportional to (thickness) -2 provided that the 
peak voltage applied to the specimen V ~kT/e where k is Boltzmann's con- 
stant and e is the electronic charge. The measured capacitance was found to 
be virtually independent of V down to values less than kT/e. Furthermore 
similar results for capacitance (at 100Hz and 130°C) and d.c. conduction 
current (at 63°C) under fixed conditions were obtained for 6,10 and Pip-10 
polyamides with different types of electrode (vacuum deposited aluminium, 
silverpaint and even aluminium foil and silicone grease). The d.c. conduction 
current for 6,10 polyamide at 63°C and a given applied voltage was also 
approximately inversely proportional to the thickness of the specimen. These 
effects confirm that the measured phenomena arose from the bulk of the 
polymer and were not associated with the electrodes. 

Effects o f  polarization with constant voltage on a.c. results 
The polarization of a specimen by the continued application of direct 

voltage was found to reduce the (a.c.) dielectric constant appreciably. This 
was found with 6,10 and Pip-10 polyamides but the capacitance recovered 
considerably and sometimes completely after discharging for a sufficient 
time at elevated temperatures, as shown in Figure 10. 
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Figure 10 Recovery of specimen capacitance of dry polyamides at approximately 150'C 
on discharging at the same temperature after being subjected to a steady field; 

( 6,10: field 2000 volts/cm for about 50 hours at 150°C, original 
value of capacitance given by dotted line 1 

.% Pip-10 Batch B: field -~ 1500 volts/cm for about 50 hours at 
150°C, original value of capacitance given by dotted line 3 

~1 Pip-10 Batch C (cast disc): field _~ 3300 volts/cm for about 370 
hours at 150~C, original value given by dotted line 2 

DISCUSSION 

In a previous publication 14 it was shown that the conduction in the pure 
Pip-10 polyamide was almost certainly electronic, any contribution from 
terminal protons to the conductivity at 150°C probably being about 3 orders 
lower than observed. Similar conclusions apply at lower temperatures, 
e.g. 60°C. These calculations were made assuming Frenkel defects for 
the protons and using the relationship n = ~/NNie  -(U/2kT) where n is the 
number of mobile protons per cm 3, N is the number of ends per cm 3 and N, is 
the number of interstitial sites for protons per cm 3. U is the energy required 
to liberate the proton and a minimum value of U as twice the lowest observed 
activation energy from the plot of log conductivity against 1 / T K  was used. 
The value used for the mobility of the proton of 10 -s cm 2 sec -1 volt -1 was 
realistic because the terminal protons in the Pip-10 polyamide were on 
average about 22 A apart with no possibility of forming a chain of hydrogen 
bonds and because of the low mobilities found in polymers. Since the low 
frequency relaxation is caused by a space charge mechanism closely associated 
with the d.c. conductivity (see Figure 11) it is almost certain that the same 
charge carrier is responsible for both phenomena. Thus the contribution of 
terminal protons to the low frequency relaxation in Pip-10 polyamide is 
almost certainly negligible. 

Comparison of the experimental results given here for normal and Pip-10 
polyamides shows that amide protons cannot be the major cause of this 
low frequency relaxation in normal polyamides, although some contribution 
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Figure 11 Relationships between the frequency of maximum loss (Fro 
and d.c. conductivity (o) for dry polyamides; 

O 610; Zk Pip-10 Batch A; [] Pip-10 Batch B 

from them cannot be ruled out. However, when taken in conjunction with the 
results of earlier work on the d.c. conductivity of polyamides lz-14, the data 
indicate that amide protons probably do not make a significant contribution 
except at temperatures over about l l0°C. The space charge must arise 
mainly from electrons which are trapped at the boundaries between crystalline 
and amorphous regions. 

It is interesting to note that a similar low frequency relaxation has been 
observed in proteins 27 where the conductivity is electronic 2s. Obviously the 
parameters of the relaxation will then depend markedly on the morphology 
of the specimen being examined. In view of the spherulitic nature of poly- 
amides it seems likely that charge could build up at the surface of spherulites. 
The theory of interracial polarization has been developed by Maxwell z9 for 
a two layer capacitor and by Wagner 3° and Sillars al for spheres and particles 
of various shapes in a different surrounding medium. A considerable rise 
in dielectric constant can occur, when the particles possess a different 
dielectric constant and d.c. conductivity from those of the surrounding 
medium and needle shaped particles lying along the direction of the field can 
cause marked effects. When conducting spheres ~0 are dispersed in a relatively 
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non-conducting medium a simple proportional relationship exists between the 
frequency of maximum loss and the d.c. conductivity of the spheres, and the 
two parameters will possess the same activation energy. A linear relationship 
between the frequency of maximum loss and conductivity of the bulk poly- 
amide has been observed by Hirota et al 6, and similar activation energies 
were obtained for both quantities. However it is not clear whether this has 
any connection with the relationship found by Wagner a°. In the present work 
the double log plots of frequency of maximum loss against d.c. conductivity ~4 
of the bulk polymer were found to be linear (Figure l l )  with slopes near unity 
for the Pip-10 polyamide specimens, but the slope deviated from unity for 
the 6,10 polymer indicating a non-proportional relationship. Small differences 
between the corresponding activation energies for the low frequency relaxa- 
tion and d.c. conductivity were also observed for the 6,10 polymer but the 
values for both batches of the Pip-10 polymer were similar. The frequency of 
maximum loss is obviously strongly related to the d.c. conductivity. 

Unfortunately these theories hold only for low concentrations of dispersed 
particles. At higher concentrations the theory becomes more complicated az. 
although formulae have been obtained for spheres dispersed in a surrounding 
medium an, as follows 

~.~ , , -  ~ 3  E~ ~ ~ _ (5) 
_ L C r O - -  ~ . ~  cr -or  c q  

and 

- -  - -  = 1 r=, ( 6 )  
\ ~ 1 -  cr2I 

where v2 is the volume fraction of the dispersed spheres, e2 and a,) are the 
dielectric constant and conductivity of the spheres, q and ~1 are the corre- 
sponding properties for the surrounding medium and E, and ~ are the static 
dielectric constant and conductivity of the whole assembly. The high fre- 
quency dielectric constant E~ of the whole assembly is given by 

E ~ - - E ~ ( q ]  1,'a 
- : =  1 -  v-2 ( 7 )  

E1 e 2 \ ecr] 

This theory has been used with reasonable success to explain the dielectric 
behaviour of nitrobenzene/water emulsions a4. The main difficulty in applying 
these formulae lies in a lack of knowledge of the individual d.c. conductivities 
of the crystalline and amorphous regions of the polymer. However it is 
quite likely that the conductivity ~2 of the crystalline regions will be much 
less than that of the amorphous regions ol and also quite possible that the 
conductivity a of the bulk polymer will not be much different from that of the 
amorphous regions i.e., ~2 ~ a, and ~2 ~ ~. 

With t,e = 0.5 equations (5) and (6) then become3a: 

e,~ 0.970 ~2 ~ 0.354 el (8) 
and 

Crl. 
= V'2 0"354 ~1 (9) 
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Typical values for the dielectric constants of amorphous (El) and cry- 
stalline (~2) regions for polyamides in the region 100 -- 150°C may be taken 
from figure 3 of Reference 1 as 

ca ~ 20 (static dielectric constant of amorphous regions with regard to a- 
relaxation allowing for the semi-crystalline nature of the bulk polymer). 

E2 ~ 3 (High frequency dielectric constant of bulk polymer with regard to 
a-relaxation, allowing only electronic and atomic polarizations). 

Using these values in equation (8) gives a value for the static dielectric 
constant Es of about 10. At these temperatures Es for the bulk polyamide must 
be well in excess of 100 and so this large low frequency relaxation cannot be 
explained by Hanai's theory 33. (For the case al ~ a2 and a ~ a2 equation 5 
reduces to Es = e l / ( 1 -  v2) 3 and this could explain the large dielectric 
constants observed in the high temperature regions. However, it seems hardly 
likely that the crystalline regions could have a much higher conductivity than 
that of the amorphous regions). Thus given the validity of the assumptions 
made above, it seems unlikely that the build up of charge at the surfaces of 
spherulites would be sufficient to explain the large dielectric constants ob- 
served at elevated temperatures. 

The spherulites in moulded polyamide samples may be of a fibrillar or 
lamellar 35-39 character and the accumulation of charge at the surfaces of 
lamellae or elongated crystallites lying along the direction of the field could 
obviously lead to much larger values for the static dielectric constant. Owing 
to the complex nature of spherulites no existing theory is applicable and no 
further analysis is attempted here. The development of such a theory would 
form a complex and separate study but observations of the sites where con- 
centrations of space charge build up, if possible, could help in the development 
of such a theory. A bi-modal distribution of retardation times can be readily 
explained by assigning the shorter retardation time mode to the build up of 
space charge at the surfaces of spherulites and the longer time mode to the 
build up of charge at crystallite boundaries inside spherulites, but the former 
then seems unlikely to explain the large dielectric constants observed, as 
mentioned earlier. 

Future work should include a study of the effect of morphology on the 
dielectric behaviour of suitable specimens by correlating the spherulitic be- 
haviour seen between crossed polars with dielectric properties. 

At lower temperatures the second mode might well consist of extremely 
long retardation times so that its effect is not noticed on the double log plots 
of discharging current against time. As the temperature is raised it produces 
the observed effects on the current curves in the experimental time range. 
At much higher temperatures (as used for the a.c. data) the second mode will 
now play an important part in the dielectric behaviour and the lack of a point 
of inflection in the plots of dielectric constant against log frequency could 
be explained by the retardation times still being comparatively very long for 
this second mode. As the temperature is raised both the d.c. conductivity and 
the magnitude of the space charge polarization increase. The variation 
of the latter is illustrated in the behaviour of the (a.c.) dielectric constant 
in Figures 1 and 2. The appreciable fall in dielectric constant observed for 
specimens which had been subjected to a d.c. field for some length of time is 
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interesting and readily explained by the loss of electrons able to respond to the 
a.e. field, due to large numbers  being trapped dur ing the applicat ion of the 
d.c. field. Discharging the specimen removes the polarizat ion by de-trapping 
the electrons and the measured dielectric constant  increases. 

Michel and co-workers a° found that the superposi t ion of a cont inuous 
voltage caused a marked reduct ion in the dielectric constant  of dry polyamide 
6.6 at low frequencies and elevated temperatures, owing to a similar effect. 

Department o f  Applied Physics, 
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The effects of varying peroxide 
concentration in crosslinked linear 

polyethylene 

T. R. MANLEY and M. M. QAYYUM 

We have investigated certain physical and mechanical properties of linear 
polyethylene that had been crosslinked under high pressure with various 
amounts of di-tertiary butyl peroxide. Good correlation was obtained between 
the amount of peroxide used and the density of the crosslinked polymer. The 
shear modulus also gave good correlation at temperatures below the crystalline 
melting point, but not at higher temperatures. The gel content (by Soxhlet 
extraction) using tetralin showed a complex relationship. Toluene, White 
spirit, and xylene were unsatisfactory solvents for this work. Little relation- 
ship was observed between the amount of peroxide used and.the tensile strength 

or elongation at break of the crosslinked polymer. 

INTRODUCTION 

POLYETHYLENE is one of the most important thermoplastics but its use is 
restricted in certain applications by its low melting point, solubility in hydro- 
carbons and a tendency to crack when stressed. In an effort to mitigate these 
disadvantages, there has been considerable work on the crosslinking of 
polyethylene. 

High energy radiation has been extensively used to crosslink polyethyl- 
ene 1-3 and a commercial polymer (Irrathene) was made by electron beam 
radiation. The use of high energy radiation to crosslink polymers requires 
high capital expenditure and is limited to articles of thin cross section. Most 
c o m m e r c i a l  material is crosslinked chemically using peroxide initiators. To 
obtain uniform crosslinked polyethylene, the peroxide must be evenly 
dispersed in the polymer. Care must be taken that peroxide does not react 
during mixing. The peroxide-containing polyethylene is then extruded or 
moulded4, 5. Several grades of crosslinkable polyethylene are at present 
marketed. These are mainly used in the pipe, wire and cable manufacturing 
industries. 

Kados and others 6 studied the effect of high pressure on the molecular 
structure of  polyethylene under cooled conditions in the absence of  cross- 
linking agent and observed the rise in density and variation in the polymer 
structure even at 500 atm. The effect of pressure on different grades of 
polyethylene is shown in Tab le  1. ~ 

In 1967 a new process of crosslinking polyethylene, introduced by Engel, 7 
gave a material with considerably higher molecular weight than that obtained 
with other crosslinking techniques. In this process the polyethylene is fed from 
a hopper into a mixing chamber where the peroxide is injected. The mixture 
is then taken to a heated pressure chamber by a screw conveyor. The peroxide 
diffuses completely into the plastic under the action of the high pressure. 
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Table 1 Effects of high pressure on crystallization of polyethylenes 

Type of plastic Crystallization Density % Crystallization 
pressure (gm/cc 23 ~C) based on 

atmospheres density 

Medium density 1 0.9513 69 
polyethylene 2500 0.9576 7 I 

3000 0.9665 77 
5000 0.9737 82 

High density 1 0.9692 79 
polyethylene 3000 0-9818 87 

5000 0.9893 92 
Polymethylene 4760 0.995 96 

(25"C) 

Because of the intimate mixing of the peroxide and polymer, very small 
amounts of  peroxide are necessary. The high pressure softens and shapes the 
polymer, forcing it through a heated die to complete the crosslinking process. 
The rate of crosslinking may be varied by changing the pressure, the tem- 
perature, amount of  peroxide and the rate of  extrusion. 

The Engel process has considerable commercial attractions and, therefore. 
a fundamental study of the operating conditions was commenced. 

EXPERIMENTAL 

Mater ia l s  
The high density polyethylene used was Lupolen 5261Z (BASF). This 

has a density between 0-950 and 0.953 with a melt flow index of 1.7-2.3. 
Trigonox B (Di-tertiary butyl peroxide) was supplied by Novadel Limited in 
95~o purity. Special Boiling Point Spirit No. 4; (Aniline Point 58.5°C) 
(Shell-Mex and BP) and silicone Fluid MS 550 (Midland Silicones Ltd) were 
used as a solvent for the Trigonox B and as a lubricant respectively; 100 parts 
of peroxide, 100 parts of  solvent and 40 parts of lubricant were used to assist 
dispersion. 

Crosslinked polyethylene pipes were extruded using the Engel process v. 
The temperatures of the pressure chamber, pin and die were 130°C, 110°C 
and 200-210°C respectively. The design pressure of the chamber was 150 000 
lbft/cm z*. Different rates of  extrusion were used. 

Dens i t y  
The method given in BS 2782 509A was used at 23°C. Ispropyl alcohol and 

water, which give better wetting of polyethylene, were used as the density 
gradient liquids. The work was performed by courtesy of Mr. W. J. Allwood. 
Plastics Division, British Petroleum Ltd. 

*llbft/cm 2 = 6.895kN/m 2 
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Gel content 
The percentage gel was determined as the percent of the original weight 

(0.2 to 0.5 g) remaining after Soxhlet extraction for 24 hours. Toluene (110°C), 
Xylene (137-140°C), white spirit and tetrahydronaphthalene (203-209°C) 
were studied. 

Shear modulus 
Dynamic modulus was measured at room temperature at a constant 

frequency of 0.5Hz and from 20°C-175°C ~ 1 at 0.25Hz on a Nonious 
Torsional Pendulum. 

Tensile strength and elongation 
Tensile strength and elongation were measured on a Hounsfield Tenso- 

meter. The specimens were 3/16 in. wide and 3 in. long (gauge length 1.1/8 
in.)*. At 100°C and 140°C the rate of strain was 5 in. per minute; at room 
temperature rates of 2, 5, 12 and 20 in. per minute were employed. The results 
which are given in Tables 5-8 are the means of 10 readings in the former 
instances and five readings for Tables 7 and 8. 

RESULTS 

Density 
In the Engel process the crosslinking takes place in the amorphous polymer 

as there is insufficient time for the polythene to crystallize. A significant 
amount of crosslinking makes it more difficult for the molecules to orient 
themselves relative to one another within crystallites hence the amount of 

Table 2 Density of crosslinked polyethylene at 23 °C 

No. 1 2 3 4 5 6 7 8 9 10 

~ P e r o x i d e  Nil 0.140 0-223 0.263 0.266 0.393 0.436 0.543 0'585 0.693 
Density g/cc 0.953 0.940 0'938 0.936 0036 0.938 0"936 0.934 0'933 0.932 

crystallinity in ultra-high pressure crosslinked polyethylene is very low. This 
reflects in the low density of the polymer shown in Table 2. These results 
show that density decreases with increasing the peroxide concentration in 
chemically closslinked polythene. 

Gel content 
Four solvents, toluene, xylene, white spirit and tetralin were used. Results 

are shown in Table 3. Samples were taken from different places along the 

*lin. = 2.54 cm 
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crosslinked polyethylene pipe in order to measure the variation in cross- 
linking th roughout  the pipe. 

The toluene figures are unsatisfactory; this is at tr ibuted to the high 
softening point  of  the original polymer (150°C). Tetralin gives good correla- 
tion but its boiling point  is very high, (203-209°C) so xylene was investi- 
gated. This gives reasonable figures, higher than tetralin, as would be expected, 
but the figure of  26 % gel in the raw material makes xylene unsatisfactory. 

No. 

Table 3 Gel content of crosslinked polyethylene 

% Gel content 
% Peroxide Toluene Xylene White Spirit  Tetraline 

(1 lff'C) (137--140~'C) (203 209C) 

I Nil 93-04 26.1 N il N il 
2 0.140 97-84 52.08 59.18 45.84 
3 0.223 94.77 7 I. 10 31.44 67.74 
4 0-263 90.86 75.60 86.96 68.06 
5 0.266 * 90.2 75.82 69.25 
6 0-393 * 76.5 44-62 67.84 
7 0.436 94-60 94.6 65.42 70-12 
8 0.543 * * 78.04 71.05 
9 0.585 94-17 83-7 83.54 73.81 

10 0.693 * * 90.11 75.69 

* Not delermined 

Results with white spirit were very scattered which may be due to its com- 
position and the low boiling point  fractions present. F r o m  the gel content 
figures it is clear that  different values for crosslinking are obtained using 
different solvents. Baskett s obtained similar results using Benzene (78°C), 
toluene (l 10°C) and xylene (137-140°C) with low density polyethylene. 

Tetralin appears to be a satisfactory solvent but because of  its high boiling 
point, some error may result. Therefore, other  solvents having lower boiling 
points, e.g. mesitylene, decalin or other cheap hydrocarbons  such as Shell No. 
4 will be investigated. 

Shear modulus- the torsional pendulum technique 
Many experimental methods exist for the determination of  the dynamic 

modulus of  a plastic9,10. The torsional pendulum method was chosen as it 
provides reliable informat ion on samples that  are conveniently prepared. A 
u n iform rectangular bar o f  the material under investigation is clamped rigidly 
at one end while the upper  end is clamped in a movable member  o f  known 
moment  of  inertia. The time required for one complete oscillation, P is 
measured. The modulus  is calculated f rom the specimen dimensions, moment  
o f  inertia o f  the movable  member  and the period o f  the movement.  
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The shear modulus is calculated from 

KLI  
WT3~pz 

where K = 
L =  

W =  
T - -  
I =  
P =  
5 =  

a constant which is 38.54 when G is in dyn/cm 2 
length of the specimen in inches 
width of  the specimen in inches 
thickness of  the specimen in inches 
moment of inertia in g/cm 2 
period of  oscillation in seconds 
a shape factor depending upon the ratio of the width to thickness 
of  the specimen 

(1 dyn/cm 2 = 0.1N/m 2) 

The modulus at temperatures below the crystalline melting point varies 
with the amount of crystallinity and the concentration of crosslinks. From 
Table 4 it is clear that as the amount of peroxide increases, shear modulus 
decreases. One cannot, however, extrapolate from these results to higher 
temperatures because crosslinking becomes increasingly important above the 

Table 4 Shear modulus  of  crossl inked polyethylene at  0.5 Hz, 20°C 

No. 1 2 3 4 5 6 7 8 9 10 

Peroxide Ni l  0.140 0.223 0.263 0.266 0-393 0.436 0.543 0.585 0.693 
G × 10 -9 
dyn /cm 2. 4-90 3.86 3-37 3.33 3.41 3.35 2.76 2.70 2-75 2'30 

* I dyn/cm 2 = 0"1 N/m S 

crystalline melting point. A graph of shear modulus versus temperature is 
shown in Figure 1. The shear modulus of polythene, both uncrosslinked and 
crosslinked, falls slowly but above the crystalline melting point there is a 
sharp decrease in the shear modulus of uncrosslinled material only. 

Above the crystalline melting point no correlation was obtained between 
the amount of  peroxide and the shear modulus. 

Tensile strength and elongation 
Tensile strength and elongation at break with different rates of a strain at 

room temperature are shown in Table 5 and 6. Table 7 and 8 give tensile 
strength and elongation at higher temperatures. 

At room temperature tensile strength falls slowly as the peroxide concen- 
tration increases and with a further increase it goes down sharply. This is 
shown in Figure 2 for the results at a strain of 5 in./min.* The crosslinked 

* l i n / m i n  = 2-54cm/min 
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Figure 2 Tensile strength of crosslinked polyethylene, Straining 
rate 5 in./min (llbft/in 2 = 6.895 kN/m 2) 
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Table 7 Tensile strength of crosslinked polyethylene at different temperatures. Strain rate 
5in./min 

Temp ~ of  peroxide 
(°C) 0.263 0.393 0.543 0.585 0.693 

19 2967 3393 2743 2549 2608 
100 1645 2130 1490 1340 1845 
140 1275 1260 1155 1175 1295 

Resu l t s  a re  in  lb f / in  2. (1 lb f / in  2 --  6 ' 895  k N  ~) 

Table 8. Elongation of crosslinked polyethylene at different temperatures. Strain rate 
5in./min 

Temp ~ peroxide 
(°C) 0.263 0.393 0'543 0"585 0"693 

19 438 180 138 168 127 
100 360 300 90 100 220 
140 360 320 115 155 175 

Resu l t s  a r e  in  l b f / i n  2. (1 lb f / in  = = 6 ' 8 9 5  K N  ~) 

soo[ 

¢- 

0 

300 

20( 

-00 0-1 0.2 0.3 04. 0.5 0"6 0"7 
% peroxide 

Figure 3 Elongation of crosslinked polyethylene. Straining rate 
5in./min 
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polyethylene tubes were extruded in presence of air, thus peroxide 
compounds are probably formed. Such structures are the main cause of 
reduction in tensile strength. 

The graph of elongation at break against the amount of peroxide shows an 
initial rapid decrease in elongation but this later flattens out. This is illustrated, 
again for the results at a strain rate of 5 in./min in Figure 3. 

In most cases tensile strength increases and elongation decreases as the rate 
of straining increases. It is not possible to draw general conclusions from 
these results because pipes from which the samples were taken were extruded 
at different rates. 

DISCUSSION OF RESULTS 

The degree of crosslinking is affected by the amount of peroxide, the base 
polymer and the processing conditions. The presence of other ingredients, 
e.g. solvent and lubricant, makes it difficult to obtain a clear picture of 
peroxide effect of crosslinking. One obtains a good correlation between 
amount of peroxide and density measurement. The density falls with peroxide 
content in agreement with Danneberg 4 and Narkis et a111 who used x-rays to 
study crystallinity. 

The gel content, as measured in tetralin, increases with the amount of 
peroxide used. Initially, this increase is rapid but it slows down until a gel 
content of 70 ~o is reached after which it again tends to increase. 

A 0'953 

'~E 0"9/-,3 
u 

"P- 0-933 
o; a 

3^ i I.L I I 
0"92u 20 ~0 60 80 100 

% get 

Figure 4 Densities of crosslinked polyethylene against gel content 
in tetralin 

A comparison of density measurements (Table 2) and gel content (tetralin) 
indicates that crosslinking occurs more readily in amorphous polythene 
since the gel content rises with decreasing crystallites (Figure 4). 

The relationship with peroxide content is not so clear. The initial rapid rise 
in gel content (Figure 5) is readily explained as each link formed will con- 
tribute to a gel. After a while, however, a number of redundant links may be 
formed between two molecules that are already linked and the net increase in 
gel content will be less. There will also be some reduction in gel content 
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because of degradation and thus the rate of gelation will tend to flatten out. 
This reduction in gel content because of degradation is not likely to be great 
as the polymer used contains very few branches. Considerably more degrada- 
tion would be expected in low density polyethylene. 

Finally when all the readily broken branches are degraded the gel content 
will again rise (Table 3). 

There is good correlation between the shear modulus at room temperature 
and the amount of peroxide used (Table 4). Above the crystalline melting 

10C 

80 

^ 
A 

6C 

4O 

20 

i I I # I I 

0"(3 0.1 0"2 0.3 0.4 0.5 0.6 07 
% peroxide 

Figure 5 Gel content against peroxide content of crosslinked 
polyethylene 

point of the polymer, however, apart from the fact that modulus of the 
crosslinked polymer is higher than that of the original material, little correla- 
tion may be observed. Some of this discrepancy may be introduced by the 
variations in the rates of heating employed in measurement of the shear 
modulus. Another factor may be that both degradation and crosslinking are 
occurring in the polymer at elevated temperatures. 

All measurements were made in a normal atmosphere; the results obtained 
are shown in Figure 1. The inflexions in the curves in this figure give the 
temperature of the crystalline melting point. The amount of peroxide used 
has a clear relationship to the crystalline melting point (Figure 6). 

The tensile strength of crosslinked polyethylene falls with the increase of 
peroxide but the relationship is poor. At high temperatures it has the same 
trend but gives a better correlation with peroxide content except for one 
sample (0.393 ~ peroxide) which has high value. If density, which is a measure 
of crystallinity, is compared with tensile strength (Tables 2 and 7) it seems to 
indicate that the tensile strength is dependent to a greater extent of the 
crystallinity than the crosslinking caused by the peroxide. 

The elongation at high temperature (Table 8) has no relation to the tempera- 
ture. This is thought to be due to the non-homogeneity of the pipe and the 
small number of samples measured. This probably also applies to the high 
temperature tensile measurements to a lesser degree. 
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lTigure 6 Temperature of the crystalline melting point against 
peroxide content, of crosslinked polyethylene. 

Similarly, the elongation at high temperature has very little corJelation 
with the peroxide content although the general trend is that it falls with 
percent peroxide as is shown with the room temperature measurements. 

CONCLUSIONS 

Although variations in the amount of peroxide used play the major role in the 
determination of the mechanical properties of crosslinked polyethylene, 
they cannot be used in isolation to prognosticate the properties of finished 
materials. Further study of the effects of operating conditions is required and 
is being u~dertaken. 

The most reliable techniques for monitoring the quality of finished 
articles are at present den.fity and shear modulus at room temperature. 
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The relationship between volume 
and elasticity in polymer glasses 

R. N. HAWARD and J. R. MACCALLUM 

It is proposed that the adiabatic bulk modulus of a polymeric glass is deter- 
mined by interchain forces which obey conventional intermolecular force 
relationships. Based on the Lennard-Jones expression for the intermolecular 
forces in liquids an equation is derived relating the bulk modulus and the 
volume of the polymer glass relative to its volume at the condition of zero 
expansion volume. The relationship deduced is tested on data available 
for poly(methyl methacrylate), polystyrene, polyethylene, and poly(vinyl 

chloride). 

SOME YEARS ago it was suggested that the adiabatic bulk modulus of an 
organic glass (generally of the order of  2-5 × l0 4 bar*) was determined by 
the deformation of carbon-carbon bonds 1. More recently calculations have 
shown that the modulus associated with bond distortion is some two orders 
of magnitude higher than the Young's  or adiabatic bulk modulus2, 3. Just 
prior to Tuckett 's  postulate Muller had measured the bulk modulus of 
hydrocarbon crystals both along and perpendicular to the axis of the mole- 
cular chain, obtaining values of 3.3 x l0 6 bar and 3 . 3 -  0.8 × l0 ~ bar 
respectively 4. Measurements of  a similar nature have been made on oriented 
crystals of macromolecules. Thus a value of 2.4 x 10 6 bar has been obtained 
for the modulus due to bond extension for polyethylene ~ which compares 
well with the figure reported for the low molecular weight analogues 4. 
Robertson and Wilson examined a sample of polycarbonate and obtained a 
value of about 1.7 × l0 ~ bar for the elastic modulus along the polymer 
chains 6. They found that this longitudinal modulus showed little variation 
with temperature, whereas the temperature dependence of the transverse 
modulus was considerable. These authors concluded that the modulus for a 
sample of  unoriented polycarbonate was almost totally due to the interchain 
modulus. 

In view of these observations it is now proposed that the adiabatic bulk 
modulus of  an isotropic organic glass, in which the molecular chains are 
randomly oriented, is largely determined by the interchain modulus. This 
being so it is to be expected that the interchain forces follow conventional 
inter-molecular force relationships. 

The concept that the modulus is determined by intermolecular forces is 
not universally accepted and recently it has been suggested that bond rota- 
tions are involved 6. This view was supported by arguments based on the 
relation between volume and elasticity. In this paper  an accepted model for 
describing intermolecular forces is used to relate volume and elasticity, and 
some experimental data examined in the light of the derived relationship. 

* 1 bar = 105Nm -z 
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Intermolecular .forces 
The most commonly used expression which describes the intermolecular 

forces in a non-polar liquid is that of kennard-Jones 8. It can be written in the 
form 

A B 
U = - ~ / 3 -  Vm/3 (1) 

in which U is the intermolecular potential for the system of molar volume V, 
A, B, n, and m are constants. (n and m usually have values of 9 and 6, or 
12 and 6 respectively). Equation (1) can be rewritten thus 

u = g - -  - ( 2 )  
m , 

in which K is a constant and V0 is the molar volume of the system for the 
condition that (dU/dV)y vo = 0. Vo can be considered as the molar volume 
when the expansion volume is zero 9. 

Since the adiabatic bulk modulus, B, e q u a l s -  V(d2U/dV2)s, equation (2) 
can be used to derive the following relationship between B and V. 

Bo ( /Vo~ "+3 /V0~-m+3~ 
B - - ( n - - m ) l ( n +  3)_ _ ~-~] 3 _ ( m +  3 ) ~ )  3 _t (3) 

B0 is the modulus corresponding to the volume V0. 
Recently, Haward has discussed the methods available for estimating 

V0 for liquids and polymers 9. The validity of equation (3) can be verified for 
various combinations ofn  and m using a computed value for Vo, and measured 
values for B and V. Although the Lennard-Jones type potential was origin- 
ally derived for liquids it should also be applicable to non-polar polymeric 
glasses in which thermal fluctuation of the molecular segments are minimal 
and inter-chain forces are of the van der Waals type. Some applications of 
equation (3) are described below. 

Poly (methyl methacrylate) 
Equation (3) can be applied to data obtained by Asay, Lamberson and 

Guenther a°. Figure 1 shows a plot of B against V for a 12:6 potential. V0 
was calculated by assuming Vo/V= 0-87 at Tg, with Vg, = 87.0 cm 3 
tool -1, resulting in V0 = 75.7 cm z mo1-1 11. An alternative method for 
estimating Vo is the bond additive values derived by Biltz and by Sugden 
which yield values of 78.7 and 78-9 cm 3 mo1-1 respectively 9. Using these values 
makes little difference to the linearity of the plot which, however, can be 
marginally improved by using a 9:6 potential. For the purposes of this paper, 
however, it is adequate to consider only the more generally used 12:6 
potential. 

An alternative procedure can be employed for estimating B0. Ramon Rao 
compiled a set of atomic increments whereby the velocity of sound through 
a liquid can be calculated for a given density a2. The applicability of this 
technique has been confirmed for a series of  hydrocarbons 13. Thus it is 
possible to estimate Bo for a polymeric glass using equations (4) and (5). 

S0 a/3 = k p0 (4) 
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So is the longitudinal velocity of  sound, k is a constant  which can be cal- 
culated using tabulated values for consti tuent atoms, and p0 is the density 
when the expansion volume is zero. Using conventional equations for So 
and for the relations between elastic constants, it follows that 

3B0 (1 ~) 
So" - - (5) 

po (1 + (~) 

where o is Poisson's  ratio and is assumed to be 0.33 for a polymeric glass 14. 
The application of  equation 4 and 5 to poly(methyl methacrylate) results 

in a value of  5.90 x l04 for B. F rom Figure 1 Bo is calculated to be 14 ~ l04. 

1.6 

1"5 

1-4 

~-1.3 

1.2 

m1-1 

-~ ~.0 
~3 

~ 09 
0 

F: 0-8 

0'6 

0-5 

0 

1000 MN/m 2 O • {11 

800MN/m 2 0 i o (  

500MN/m2 % #  

/ 
/0 ,®M./m 2 

O MN/m a 

| i t 1 I 1 

2 3 /. 5 6 7 
15 (V/V o) 5 _ 9 {V/V o) a 

Ft:gure 1 A plot of B, the adiabatic bulk modulus, versus 15(V/V.) a 9(V/V~)) :* for data 
on poly(methyl methacrylate) TM. The values were obtained at different temperatures, 
( '  25 °C, • 40c'C, E7 55°C, • 75r~C, and at the pressures indicated alongside the points 

The two quantities are of  the right magnitude which suggests that equations 4 
and 5 provide a useful means of  estimating the approximate  value of  B0 
for a given polymer  glass. 

Polystyrene 
Haward has proposed a modified van der Waals equation which makes it 

possible to estimate the isothermal compressibility at the volume Vo, and 
by applying this equation to data available for polystyrene he estimated a value 
o f  8.0 x 10 6 bar-a for this parameter  15. It is very reasonable to assume that 
the isothermal and adiabatic bulk moduli are equal under the conditions o f  
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zero expansion volume and therefore a value of 12.5 × 104 bar is obtained for 
Bo. This is very close to the measured B0 for poly(methyl methacrylate). Using 
this value for B0 and equation (3) it is possible to compare calculated and 
observed data on the bulk modulus. Gee has proposed a value of 3-0 × 104 
bar for the experimentally determined isothermal bulk modulus at the Tg 16 
and, assuming the difference between the isothermal and adiabatic moduli is 
small in the glassy state, this can be taken as B. It has been shown that at Tg 
Vo/V ~-- 0-8717, and substituting this value with the computed value of Bo 
in equation 3 results in a calculated B of 3-2 × 104 bar. Warfield et al measur- 
ed B at room temperature to be 5.4 × 104 bar is, taking the density of poly- 
styrene at this room temperature as 1.051 g cm-3,19 and using Breuer, 
Haward and Rehage's value for p017 we calculate B to be equal to 4.2 × 104 
bar. In both examples the agreement between calculated and observed 
modulus is good. 

Using Rao's approach, i.e. equations (4) and (5), B0 is calculated to be 
4.5 × 104 bar which, as for poly(methyl methacrylate), is between one half 
and one third of the measured value. 

Polyethylene 
Using Doolittles value for P0, 1 g cm -3 20, and equation (4) and (5) a value 

of 4.5 × l04 bar is obtained for B0. Thus from equation (3) B is calculated to 
equal 0.8 × 104 bar for amorphous polyethylene with p = 0.85 g cm -3. 
Data for experimentally determined values of Young's modulus, determined 
from sound velocity measurements at a frequency of 2m cycle/s, which with 

= 0.33 is almost equal to B, are somewhat scattered, but a value of B 
2 × 104 bar can be deducted for amorphous polyethylene 21. The difference 
between observed and calculated values is most likely to be due to the uncer- 
tainty in evaluating B0 by Rao's method. 

Poly(vinyl chloride) 
po calculated from Sugden's atomic increment values 22 is 1-0502g cm -3 

and p at Tg was estimated from published data 19. Bo equal to 8.7 × 104 bar 
was calculated as previously, and thus, from equation (3), B is found to be 1.7 
× 104 bar. The experimentally determined modulus with which this value can 
be compared is the isothermal bulk modulus which is equal to 3.3 × 104 
bar at Tg 16. Assuming the adiabatic and isothermal bulk moduli are almost 
equal for a glass then the measured modulus is almost twice that calculated 
using B0 estimated by Rao's method. This difference is similar to that noted 
previously and indicates that Rao's method gives a useful, but rather low, 
guide to the approximate value of B0. 

DISCUSSION 

The variation of bulk modulus with volume for poly(methyl methacrylate) 
can be satisfactorily accounted for using a Lennard-Jones type expression for 
the inter-molecular forces. Indeed the bulk moduli for the few polymers for 
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which data are available appear to depend on inter-molecular forces. Previous 
work has been concerned with crystalline polymers rather than glasses. It  is 
of  interest to note that the modulus  for deformat ion of  a C - C  bond in an 
oriented crystallite is o f  the order of  the modulus for diamond. 

Graphi te  which may be considered as a macromolecule of  a rather special 
type has been examined by Girifalco and Lad 23, who used the Lennard-Jones 
appproach  to calculate the inter-planar modulus and obtained good agreement 
between this value (3.15 × 10 ~ bar) and that measured experimentally 
(3-37 × 105 bar). They concluded that the decrease in volume with increasing 
pressure was due to compression of  inter-layer spacing. 

It  would seem to be reasonable to conclude that the bulk modulus of  a 
polymeric  material, crystalline or glassy, especially when measured at high 
frequencies, is determined by inter-chain forces and is not dependent on the 
bonding along the macromolecule.  However,  where there is an appreciable 
dependence o f  modulus  on frequency 24 and, especially at long times under 
tension as in a creep experiment, local molecular adjustment including bond 
rotat ions will of  course take place leading to a decrease in modulus at long 
times. The dependence of  the thermal expansion of  polymeric materials on 
inter rather than intra-chain forces has also been noted2L 
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The melting behaviour of heat 
crystallized poly(ethylene 

terephthalate) 

P. J. HOLDSWORTH and A. TURNER-JONES 

The crystallization of amorphous poly(ethylene terephthalate) has been 
investigated using differential scanning calorimetry (DSC) and x-ray tech- 
niques. In particular, the occurrence of double melting peaks in the DSC 
thermograms has been examined, It is shown that the high temperature peak 
is due to a recrystallization and melting process taking place while the 
material is being scanned. Hence the DSC peaks are not a direct reflection of 
the state of the material at room temperature prior to the scan. As a result, 
some proposals in the literature for the structural changes accompanying the 
crystallization of poly(ethylene terephthalate) must be re-examined. Some 
interesting differences between the effect of temperature and time on the 

crystallization of poly(ethylene terephthalate) are also reported, 

INTRODUCTION 

POLY(ETHYLENE TEREPHTHALATE) (PET) can be quenched from the melt to 
produce material which is amorphous at room temperature. This amorphous 
PET can be crystallized by heating to above its glass transition temperature. 
The structural changes accompanying this crystallization process have often 
been investigated using differential scanning calorimetry (DSC), or the similar 
technique of differential thermal analysis. It has been found that PET which 
has been crystallized under a wide range of conditions frequently exhibits 
two endothermic fusion peaks 1 6. One of these peaks, peak I, remains at a 
constant temperature. The second peak, peak I[, is only observed after heat 
treatment above a certain temperature. Initially peak II is small and occurs at 
much lower temperatures than peak I. However, with increasing crystalliza- 
tion temperature, or crystallization time, peak I I increases in size and moves 
to higher temperatures. At the same time peak I decreases in size and eventu- 
ally disappears completely. 

At present there are conflicting views about the origin of these peaks. Bell 
and Murayama ~ have proposed that peak [ is associated with chain folded 
crystals and peak II with crystals containing partially extended chains. 
Roberts 6, on the other hand, has interpreted peak I as being due to bundle- 
like crystals and peak II to chain folded crystals. Both authors tacitly 
assumed that no structural changes took place during scanning in the DSC. 
On this basis, the melting peaks were assumed to be directly related to the 
structure of the material at room temperature prior to the scan. It is our 
contention that these assumptions are incorrect. 

The isothermal crystallization of amorphous PET has been examined in 
detail by various authors 7-1°. Zachmann and Stuart 1° found, in particular, 
that  only imperfect crystallites were formed at low crystallization tempera- 
tures. Upon heating to higher temperatures, the perfection of the crystallites 
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increased, often within very short times. They concluded that this was due to 
partial melting and recrystallization. 

Hughes and Sheldon 11 carried out a OTA study of amorphous PET. They 
found that the apparent area under the melting peak was significantly larger 
than the apparent area under the crystallization peak. They suggested that the 
crystallization peak was followed by a continuous crystallization process 
which was not detectable in the thermogram baseline. 

Bair 12 et al have shown conclusively that multiple melting peaks observed 
in DSC thermograms of polyethylene single crystals are the result of annealing 
during scanning. 

Considering the above results, and many of our own unpublished results, 
we were lead to the following working hypothesis: 

When PET is scanned on a osc, crystallites formed at low temperatures 
undergo a continuous perfection process as a result of partial melting and 
recrystallization during the scan. This leads to an increase in the overall 
crystallinity. 

We would like to present experimental evidence to show that this is a 
reasonable hypothesis. This is based on complementary DSC and x-ray studies 
of heat crystallized PET. 

We will show that on the basis of this hypothesis we can readily account 
for the occurrence of double endotherm peaks in DSC scans of PET. 

Some interesting differences between the temperature and time dependence 
of  the crystallization process will also be reported. 

E X P E R I M E N T A L  

The starting material was a 0.25 mm thick cast film of PET. The polymer 
was made from dimethyl terephthalate and ethylene glycol by an ester inter- 
change reaction. It contained less than 2 ~ copolymerized diethylene glycol. 

Samples of film were heat crystallized by heating in a Perkin Elmer DSC-1 
calorimeter from room temperature to the required temperature, holding at 
this temperature for a given time, and then cooling to room temperature. In 
all cases heating and cooling rates of 16°C/min were used. X-ray, DSC and 
density measurements were carried out on the resulting samples. 

The melting behaviour of the samples was examined on the DSC using 10 
mg of sample and at a scanning rate of 16°C/min. Scale readings were 
calibrated by scanning standard melting point substances at the same rate. 

Wide angle x-ray patterns of the materials were recorded in transmission 
using a Philips Diffractometer equipped with a proportional counter and 
pulse height analyser. Cu-Ka radiation was used. 

Density measurements were made at 23°C using a density gradient column 
made up from a calcium nitrate-water mixture. From the measured density 
values (p), values of the volume crystalline fraction o f  the materials were 
calculated using the relation 

w ~  = -p - p~  ( 1 )  
Pe-- pa 
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It was assumed that pc -= 1-455 g/cm 3 (ref. 13). The measured density of  
the cast amorphous film was 1.338 g/cm z. This was assumed as the value ofpa. 
These crystallinity values should not be regarded as absolute. However, 
particularly since all the materials used in this study were unoriented it is 
thought that the use of equation (1) will give a good guide to relative changes 
in crystallinity. 

The spherulitic texture of some samples was investigated by observing thin 
microtomed sections between crossed polars. 

R ES U LTS 

Figure 1 shows DSC traces of amorphous samples which had first been heated 
in the DSC to various temperatures and cooled immediately. A scan of the 

E 

'E 

A 

i t I _ 
150 200 250 

Temperature (°C) 

Figure l DSC traces of samples of originally amorphous PET which 
had been heated to various temperatures and cooled immediately: 

(A) amorphous, (B) 177.5°C, (C) 201 °C, (D) 220~C, (E) 240°C 

original amorphous film is also included. Figure 2 shows x-ray scans of the 
principal reflections of these materials. The intensity scale should be regarded 
as arbitrary since no at tempt was made to standardize the volume of material 
irradiated. Density crystallinity values are shown in Figure 3. 

The samples prepared in the above manner were at elevated temperatures 
for different times, that is the total time spent in the DSC during heating and 
cooling. Taking an arbitrary highest temperature of  248.5°C, a second series 
of  samples was prepared by heating the amorphous film to a given tempera- 
ture, and then holding for a time, t = (2/16)(248.5 - -  T) min. In this way all 
samples were treated in the DSC for equal times. They will be referred to as 
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Figure 2 X-ray diffractometer scans of PET samples which had been 
crystallized at various temperatures: (A) amorphous, (B) 177.5°C, 

(C) 201 °C, (D) 220°C, (E) 240°C 
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Figure 3 Variation of the volume crystalline fraction (Wv) with 
crystallization temperature of originally amorphous PET samples 

[] immediately cooled series; O isochronous series 
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an isochronous series. Their density crystallinity values are shown in Figure 3. 
The x-ray patterns of the samples were indistinguishable from those of the 
materials cooled immediately from the same temperatures. 

DSC traces of a third series of samples, originally amorphous, which had 
been heated to temperatures close to the original melting point of the material, 
and then cooled immediately, are shown in Figure 4. Also shown is the scan 
of a sample which had been heated to 280°C, which is well above the melting 
point, and then cooled immediately to room temperature at 16°C/rain. 
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Figure 4 DSC traces of originally amorphous PEa- which had been 
heated to the following temperatures (and cooled immediately) (A) 
amorphous, (B) 224°C, (C) 236°C, (D) 244.5°C, (E) 248'5°C, (F) 

252°C, (G) 280°C 

The effect of different holding times was also investigated. Amorphous 
samples were heated to 220°C or 240°C and then either cooled immediately 
(holding time 0 rain) or held for 5, 30 or 960 min before cooling. The resulting 
Dsc scans and some of the x-ray traces are shown in Figures 5 and 6 respec- 
tively. Density and density crystallinity values for these samples are given in 
Table 1. 
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Table 1 Density and crystallinity values of PET following 
crystallization at 220°C and 240°C 

Temperature Time p Wv 
(°C) (min) (g/cm 3) 

220 0 1 '396 0.50 
5 1'397 0.505 

30 1.399 0.52 
960 1.404 0-56 

240 0 1,406 0.58 
5 1"407 0.59 

30 1 "408 0.60 
960 1.409 0.61 

One amorphous sample was heated to 220°C, held for 5 min and then 
scanned to higher temperatures. The same procedure was also carried out 
using a holding temperature of 240°C. The resulting scans are shown in 
Figure 7. Also shown for comparison are scans of samples which had been 
similarly prepared but cooled to room temperature prior to scanning. 

Four  amorphous samples were heat crystallized at 240°C for 5 min. They 
were subsequently scanned at 2 °, 4 °, 8 ° and 16°C/min respectively. The 
results are shown in Figure 8. 

O 
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t'~ 
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220 2t, O 260 220 2/-,0 260 
Temperature (*C) 

Figure 5 DSC traces of PET samples crystallized at 220°C for: (A) 0 
min, (B) 5 min, (C) 30 min, (D) 960 min, and at 240°C for (E) 0 min, 

(F) 5 min, (G) 30 rain, (H) 960 min 
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Figure 6 X-ray diffractometer scans of ?ET crystallized at 220°C for: 
(A) 0 rain, (B) 960 rain, and at 240°C for (C) 0 rain, (D) 960 rain 
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Figure 7 DSC traces of materials crystallized for 5 min at (A) (B) 
220°C (C) (D) 240°C. (A) and (C) were recorded without cooling to 

room temperature, (B) and (D) were recorded after cooling 
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Figure 8 DSC traces of PET which had been crystallized at 240°C for 
5 rain and recorded at heating rates of (A) 16°C/min, (B) 8°C/min, 

(C) 4°C/rain, (D) 2°C/min 
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D I S C U S S I O N  

The DSC scan of amorphous PET shows a 'cold' crystallization peak and a 
melting peak (Figure 1). Between these peaks there is a wide intermediate 
temperature range over which nothing appears to happen. From measure- 
ments made on several samples, however, we found that the area under the 
crystallization peak was only about 70-80 ~o of the area under the melting 
peak. Similar differences have been reported previously4,11. The simplest 
explanation is that there is a continuous increase in crystallinity during the 
intermediate temperature range which is not detectable in the DSC baseline. 
The results in Figure 3 confirm that there is an increase in crystallinity in the 
intermediate temperature range. 

Points from the isochronous and the immediately cooled series fall on 
roughly the same curve in Figure 3. Hence the increase in crystallinity is not 
merely because samples which had been treated at higher temperatures had 
also been in the calorimeter for longer times. The correspondence between 
the x-ray traces of these two series supports this conclusion. 

All samples which had been heated to temperatures in the intermediate 
temperature range showed the same, space-filling, spherulitic texture, irre- 
spective of the holding temperature, or time. Hence, crystallinity changes 
within this range must occur within the spherulites. This is in agreement with 
the work of Zachmann and Stuart 1°. 

The increase in crystallinity might occur in two ways. Either the total 
number of crystallites or the average perfection of the existing crystallites, 
may increase. The x-ray scans in Figure 2 suggest strongly that the second 
alternative is more important. As the temperature of treatment increases, 
there is a continuous increase in the sharpness and degree of resolution of the 
reflections. The broadening of x-ray reflections is usually attributed to two 
effects 14. If the crystal size is small in a direction perpendicular to a set of 
planes, the x-ray reflection from those planes will be broadened. Broadening 
will also result if a lattice is strained. With polymers it is very difficult to 
separate size and strain effects 1~. We have made no attempt to do so and will 
use the general term 'perfection' to cover both effects. On this basis, the 
x-ray results show that the overall perfection of the crystallites increases 
continuously in the DSC over the intermediate temperature range. 

An indication of the nature of the perfection process is given by the work 
of Zachmann and StuarO °. They isothermally crystallized samples of amorph- 
ous PET as fully as possible, raised the temperature, and then quenched after 
different times. They found that the density initially decreased, but then 
increased to exceed the starting value. They concluded that upon raising the 
temperature more perfect crystals are produced as a result of  partial melting 
followed by recrystallization. These results applied to isothermal experi- 
ments. In a DSC scan the temperature is changing continuously. It is reason- 
able to suppose, therefore, that the increase in perfection of  the crystallites 
occurring during a DSC run is the result of a continuous melting and re- 
crystallization process. On this basis, consider what is happening at any 
particular temperature in the intermediate range during a scan. The least 
perfect crystals will be melting. These will recrystallize to form more perfect 
crystals at some higher temperature (i.e. later in the scan). Crystals which had 
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previously melted will be recrystallizing. Some crystals will be stable and will 
not melt until a higher temperature is reached. The net result is a small 
increase in the average perfection of the crystals. When we talk about the 
~melting of crystals' in the present context, we do not wish to imply that the 
crystals necessarily melt completely. It could be that only partial melting 
takes place before recrystallization. 

On the basis of the foregoing considerations, the thermograms of amorph- 
ous PET can now be interpreted as follows 

(1) When amorphous PET is heated in a scanning calorimeter, there is a 
crystallization process which converts the material into an assembly of 
imperfect crystallites. This is revealed by a large exothermic peak. The 
peak width suggests that crystallites with differing degrees of perfection 
are formed. 

(2) In the intermediate temperature range there is a continuous increase 
in crystallinity. This is due, at least primarily, to an increase in the 
average perfection of the crystallites by a continuous melting and 
recrystallization process. This produces a gradual increase in crystal- 
linity which takes place over a wide temperature range and, therefore, 
is not detectable in the DSC baseline. 

(3) When the temperature is sufficiently high, crystallites which are 
melting, can no longer recrystallize. The result is a broad endothermic 
melting peak. 

Consider now the origin of double melting peaks. If we stop scanning at 
some temperature above the crystallization peak, the continuous melting and 
recrystallization process will be interrupted, producing a crystallite perfection 
distribution characteristic of the holding temperature. Upon reseanning we 
can await an associated melting process at some temperature above the 
holding temperature. If the holding temperature were low enough, we could 
expect the original continuous melting and recrystallization process to be 
completely re-established, as scanning proceeds. The complete thermogram 
should then display a melting process corresponding to the holding tempera- 
ture and a main melting peak indistinguishable from that given by amorphous 
PET. This is in complete agreement with the present experimental results (see 
Figure 1) and those of the literaturO 6. I ra  high holding temperature is used, 
the crystals attain a high perfection and hence a high stability. The associated 
melting process may then occur at such high temperatures that the continuous 
melting and recrystallization process is only partially re-established or not at 
all. This is because melted crystals are unable to recrystallize before they are 
scanned to temperatures so high that recrystallization is no longer possible. 
As the holding temperature is raised, the melting peak arising from the con- 
tinuous melting and recrystallization process should diminish and finally 
vanish altogether, leaving only a melting peak characteristic of the original 
crystallization conditions. This is in complete agreement with the present 
experimental results (Figures 1 and 4) and with those in the literaturO 6. 

205 
P O 



P. J. HOLDSWORTH AND A. TURNER-JONES 

Consider now the effect of scanning rate on thermograms of material 
which had been crystallized at 240°C for 5 rain (Figure 8). At a rate of 
16°C/min, only one melting peak is evident but as the rate is reduced, a 
second peak appears at higher temperature and grows in size. This effect is 
perfectly explicable on the basis of the foregoing arguments. The peak in the 
16°C/min run is associated with the holding temperature. Because the scan- 
ning rate is fast there is no chance for recrystallization to occur. As the 
scanning rate is reduced however, there will be increasing recrystallization, 
producing material which melts at a higher temperature. 

As the holding time is increased at any particular temperature the crystallite 
perfection distribution should become more characteristic of the holding 
temperature and the associated melting process greater in magnitude. This 
is in agreement with present results (see Figure 5) and those in the literaturO-6. 
An increase in temperature is also observed. 

Some of the foregoing effects might occur because material remains molten 
at the holding temperature and then recrystallizes upon subsequent cooling. 
Two sets of results speak against this. Firstly, none of the subsequent Dsc 
traces resembles that of material which had definitely been melted by heating 
to 280°C prior to cooling (see Figure 4). Secondly, essentially identical 
thermograms are observed irrespective of whether or not the materials are 
cooled to room temperature prior to scanning (see Figure 8). From the results 
of similar experiments Bell and Murayama 5 also concluded that the observed 
effects were not the results of recrystallization during cooling. 

In the foregoing paragraphs we have shown that a continuous perfection 
process can take place during scanning of PET in a scanning calorimeter. We 
have shown further that when account is taken of this process the occurrence 
of double melting peaks in heat crystallized PEa" can be easily explained. It 
should be noticed that it has not been necessary to postulate that the peaks 
represent crystallites with basically distinct morphologies. Neither do we 
have to postulate that crystals of high melting point are converted into 
crystals with initially lower melting points (which would seem to be very 
unlikely on thermodynamic grounds). Previous explanations of the effect 5, 6 
contained both postulates. 

Similar double melting peak thermograms have been observed in nylon 
6616, polystyrene16, and drawn PET xT. In these cases too continuous melting 
and recrystallization during scanning with the DSC may provide the correct 
explanation. 

To conclude, we wish briefly to point out some interesting differences 
between the effect of time and temperature upon the crystallization of 
amorphous PET. 

The breadths of the x-ray reflections of PET samples, and hence their 
x-ray perfections, are highly dependent upon crystallization temperature, but 
relatively insensitive to time (see Figures 2 and 6). Similar results can be found 
in the literature 17-19. The density crystallinity values show a similar trend 
(see Table 1). Contrary to this, the melting behaviour is highly sensitive to 
crystallization time (see Figure 5). With increasing time the melting peaks 
associated with the holding temperatures of 220°C or 240°C become more 
pronounced and move to higher temperatures. This must be due to structural 
changes which have little or no effect upon the x-ray perfection or the density. 
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The simplest expression for the melting point of a polymer is 

( _ 1 Tm - -  Tm oc, 1 A H z L  ! (2) 

Where Tm oc is the melting point of an infinite perfect crystal, ~e is the 
surface energy of the crystals, AHy their heat of fusion and L their thickness. 

The x-ray long period of most materials increases with holding time at a 
given crystallization (annealing) temperature. It is generally thought that this 
is due, at least partly, to an increase in the thickness of the crystalline regions. 
As can be seen from equation (2), such an increase would produce an increase 
in melting point. Zachmann and Schmidt 19 have reported however, that the 
long period of PET decreases with holding time. It seems very unlikely that the 
crystalline regions would decrease in thickness, but if this happened the 
melting point would be reduced and not increased. The increase in melting 
point is also unlikely to be due entirely to an increase in AH I since this would 
mean a reduction in lattice strain and hence an increase in x-ray perfection. 
As mentioned previously, no appreciable increase in x-ray perfection is 
observed. The melting point would increase if oe were reduced. This would 
happen if the surfaces became smoother in the course of time. 

Very tentatively, it is possible to suggest one process that might produce a 
more regular surface at the same time as thinner crystals. Suppose the original 
crystals have irregular surfaces through which the molecules pass roughly at 
right angles and suppose that with increasing time the surface tries to regu- 
larize in such a way that the crystals become bounded by a crystallographic 
plane. If this were a plane such as (001), which is not perpendicular to the 
molecular axis, a reduction in crystal thickness would result. 

It is clear that more work is required before the differing effects of time and 
temperature on the crystallization of PEr can be properly understood. 

C O N C L U S I O N S  

When heat crystallized PET is run on a DSC, tWO melting peaks are often 
observed. Whilst the peak at the lower temperature is associated with the 
crystallization conditions, the peak at the higher temperature is the result of 
a melting and recrystallization process which takes place during the scan. 
Consequently, the DSC scans are not a direct reflection of the state of the 
material at room temperature prior to the scan. 

There are significant differences between the effects of temperature and 
time on the crystallization process. When the temperature is increased there 
is an increase in x-ray perfection. At a given temperature, further structural 
changes take place in the course of time which result in an increased melting 
point but no large change in x-ray perfection. 

The present work also illustrates the pitfalls which can be awaited if Dsc 
is used for morphological studies in isolation from other techniques. 
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Polymerization and 2+2 cycloaddition 
in the system N-vinylcarbazole- 

te trac y anoe th y lene 

C. E. H. BAWN, A. LEDW1TH and M. SAMBHI 

N-Vinylcarbazole reacts with tetracyanoethylene in a variety of solvents 
to give mixtures of the 2 + 2 cycloadduct 1 -(N-carbazolyl)-2,2,3,3,-tetracyano- 
cyclobutaneV; a product VI formed by elimination of hydrogen cyanide- 
1-(N-carbazolyl)-3,4,4,-tricyano- 1,3-butadiene and poly(N-vinylcarba- 
zole). Cationic polymerization of Nvc may be initiated by TCNE or by the 
cyclobutane V, which exists in equilibrium with its components. ESR 
experiments show that (TCNE=) is the gegen-ion during polymerization and 
mechanisms for all these processes are discussed. It is concluded that a charge 
transfer complex is a common primary intermediate for both cycloaddition 
and polymerization, with subsequent electron transfer from NVC to TONE. 

N-VINYLCARBAZOLE (NVC) (I) is a very reactive vinyl monomer undergoing 
polymerization by both cationic and free radical processes and, like all 
carbazole derivatives, readily oxidised by a wide variety of  reagents. These 
two characteristics were first combined by Ellinger 1 and by Scott et aP, who 
independently showed that NVC may be polymerized by a series of organic 
electron acceptors. Since the majority of neutral organic acceptors employed 
gave rise to coloured solutions (charge transfer spectra) when mixed 
with Nvc, the role of so called charge transfer complexes in polymerization 
has been studied extensively, and the topic has been reviewed by Ellinger 3. 
For NVC polymerization the only detailed kinetic studies reported are those 
of Pac and Plesch 4, and Szwarc et al 5 both using tetranitromethane as 
initiator. Tetracyanoethylene (TCNE) (II) is one of the best known organic 
electron acceptors, readily exhibiting charge transfer spectra when mixed 
with molecules possessing rr- electrons or groups having atoms with un- 
shared electron pairs6, 7, and a particular feature of the interaction between 
TCNE and olefins is the ready formation of corresponding cyclobutanes by 
2 + 2 cycloaddition v. 

As part  of a continuing interest in the relationship between charge transfer 
spectra and reaction intermediates 8, we have investigated the reactions 
between TCNE and Nvc under conditions which lead to both polymerization 
and 2 + 2 cycloaddition. Preliminary reports of  this work have been publi- 
shed 9 tl since its completion lz and Barrales-Rienda, Brown and Peppe¢ ~ 
have demonstrated, by copolymerization with p-methoxy styrene, that 
interaction of NVC and TCNE leads to cationic polymerization. Very recently 
Nakamura,  Soma, Onishi and Tamaru ~4 have published results from a 
study similar to that now reported, and whilst there are many common 
features there are major apparent discrepancies between the two studies. 
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EXPERIMENTAL 

Materials 
Acetonitrile was dried first by passing down a column of activated alumina 

and then by refluxing with calcium hydride (10 g per litre) for at least 72 
hours. Fractional distillation using a 2ft (0-305 m) Vigreux column gave 
a middle fraction, b.p. 81-82 °. 

Methylene chloride was similarly purified except that the alumina column 
treatment was omitted, b.p. 39.540.5 °. 

Methanol (A.R.) was fractionated through a short Vigreux column to give 
a middle fraction, b.p. 64.5-65 °. 

N-Vinylearbazole. Commercial material was re-crystallized three times 
from methanol and stored in the dark in a vacuum desiccator over calcium 
chloride, m.p. 64-65 °. 

Tetraeyanoethylene. Commercial grade reagent was recrystallized twice 
from dry methylene chloride and finally sublimed under high vacuum. The 
white solid obtained had m.p. 198-200 °. 

Hexamethyl benzene. Commercial grade reagent was twice recrystallized 
from ethanol to give white plates, m.p. 165°C. 

Kinetic measurements 
Polymerization rates. Reactions were followed by conventional dilato- 

metric techniques under high vacuum. The dilatometers were attached to 
two separate vessels in which CH2CIz solution of TCNE and NVC were out- 
gassed, and allowed to reach temperature equilibrium, before mixing. 

Rates of polymerization (R~) were estimated from the expression 

~rr 2 Rc[NVCb, 
Rp -- V.v 

where Rc = rate of contraction (cm rain -1) 
~, = contraction conversion factor ---- d~/dp -- dm 
dp = density of polymer, d m =  density of monomer in CHzCI2 at the 

appropriate temperature 
r = radius of  capillary stem of  dilatometer (cm) 
V = volume of dilatometer (ml) 
v = volume fraction of monomer in solution. 

In order to use the rate expression it was necessary to determine the values of 
dm and d~, the latter being assumed independent of  molecular weight. 
Density values for both monomer and polymer were determined dilato- 
metrically and are shown in Table 1. 

Table 1 Densities of NVC and poly(Nvc) in methylene chloride 

Temp. dm tip 
(°C) (gram/ml) (gram/ml) 

25 1.096 1"231 
30 1"088 1"225 
35 1.081 1"219 
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Dissociation of cyclobutane. Reaction rates were followed by spectrophoto- 
metric techniques. The apparatus and procedure were as described for 
dilatometry, with the dilatometer replaced by a standard path length spectro- 
photometer cell. Ultra-violet and visible spectra were then measured on 
Unicam SP 500 or SP 800 spectrophotometers. 

Molecular weight determinations 
After completion of each polymerization (approximately 20 ~ conversion) 

the mixtme was poured into ice-cold methanol, and the precipitated poly 
(yvc) filtered, washed with methanol and dried in a vacuum oven at 40°C. 

Intrinsic viscosities (r/) were measured in benzene at 25°C and average 
molecular weights (My) calculated from the relationship of Ueberreiter and 
Springer 15 

[~7]--3"35 x 10-4M~, °'as dl/g 

RESULTS 

Reactions of  NVC with TCNE in benzene 
A solution of NVC in benzene immediately turned purple on addition of 

TCNE. White crystals precipitated and the reaction was complete after about 
l0 minutes at 30°C. The purple colour changed eventually to the character- 
istic green colour of benzene-TcyE solutions. In a typical preparation 25 
ml of a benzene solution, 6.3 × 10-eM in both TCNE and NVC, yielded an 
initial precipitate, 0.4 g (90~o recovery). After washing with benzene and 
drying, the white crystals, m.p. 130-131°C, had C, 75-1; H, 3-9; N, 21-2~;  
required for C20HlaNs, C, 74.8, H, 3.4, N, 21.8 ~o. Infra-red analysis showed a 
C ~ N  stretching at 2250 cm -1 and the characteristic carbazole aromatic 
vibrations between 700-800 cm -1. The compound was thus identified as 
I-(N-carbazolyl)-2,2,3,3-tetracyanocyclobutane (V), the anticipated 7 2 + 2  
adduct of NVC and TONE. 

Reaction of TCNE with excess NVC in benzene similarly gave high yields 
of V (based on TCNE) with very slow subsequent polymerization of residual 
NVC. 

Reaction Of NVC with TCNE ill Methanol 
Addition of TCNE to a solution of NVC in methanol produced an immediate 

blue colour which faded after approximately one minute at 30°C, the solution 
then becoming yellow. Typically 25 ml of a solution of 2-1 × t0-2M re- 
agents yielded, after refluxing for two hours, 0-14 g (82 ~o) of a red crystalline 
product (VI) with the solution remaining having a very strong smell of 
hydrogen cyanide. After recrystallization from acetonitrile the red crystals, 
m.p. 271-272 °, had infra-red absorbtions at 2250 cm -1 (C-N), 1613 cm 1 
(conjugated C - C ) a n d  characteristic carbazole bands between 700-800 
cm -a. Found C, 77-4; H, 3.7; N, 18.9~;  required for Ca9H10N4, C, 77.5; 
H, 3-4; N, 19.0~. The visible absorption spectrum of VI in CH2C12 had 
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•max 474nm (Emax 4.4 × l04 M -1 cm-1). In acetonitrile and methanol hmax 

values were 466 and 464 nm respectively. Compound VI is thus identified 
as 1-(N-carbazolyl)-3,4,4-tricyano-l,3-butadiene 7. Significantly there was 
no evidence whatever for polymer formation in methanol. 

Dissociation of (1-N-carbazolyl)-2,2,3,3-tetracyanocyclobutane( V) 
One of the most notable characteristics Of V was the formation of intensely 

coloured solutions when it was dissolved in aromatic solvents. The absorb- 
tion spectra of these solutions corresponded exactly with the charge transfer 
spectra of TCNE with the same solvent a6. In non aromatic solvents the 
dissociation of  V into its components was readily demonstrated by addition 
of hexamethyl benzene (HMB), a good donor molecule, to the solutions. In all 
cases the characteristic colour of the HMB-TCNE complex was observed. (See 
Table 2). 

Table 2 Absorption spectra of solutions of V and TCNE 

Solvent Solute Added donor ,~ma,, 
(nm) 

Benzene V 385 
Benzene TCNE 384 
Toluene V 405 
Toluene TCNE 406 
Anisole V 505 
Anisole TCNE " 506 
CH2C12 V HMB 546 
CH3CN V HMB 545 
CHzOH V HMB 544 
HMB TCNE 545 

In the more polar solvents solutions of V gradually became yellow in colour 
wi th  )~max corresponding to that of the butadiene VI. 

Quite obviously the cycloadduct V was dissociating back into its com- 
ponent olefins and a dynamic equilibrium was established for solutions in 
methylene dichloride, as indicated below. 

Assuming that the equilibrium between TCNE, NVC and V may be represented 
as 

K1 
NVC ~- TCNE .~ V 

then the overall equilibrium constant K1 may be expressed as 

[V]~ 
K I :  

[NVC]e [TCNE]e 

although there may be several intermediate equilibrium steps. 
If hexamethyl benzene (HMB) is added to the reaction mixture, a 1 : 1 complex 

TCNE. HMB is formed in a second equilibrium 

K2 
TCNE -~- HMB ~ TCNE. HMB 
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[TCNE. HMB]e 
.'. K2-  [TcNE]e [HMB]e 

This equilibrium has been studied previously 16 and in methylene dichloride 
at 22°C, K2:= 17.1M 1with ~max~= 546nm andcm~x 4390M lcm-1. 

Various solutions containing NVC, TCNE ard HMB were prepared and the 
absorbance ~.t 546 nm determined at 25°C. If the total concentration of 
intermediates is much less than equilibrium concentrations OfTCNE, NVC and 
V and assuming Cmax (and hence K,,) change only slightly over a small 
temperature range [TCNE. HMB]e may be calculated and K1 estimated from 
the following expression" 

[rCNE]o [TCNE]e --  [TCNE. HMB]e 
K1 ([~vc]o [Vle) [TCNE]~ 

where 

[TCNE]0 --  [TCNE]e [TCNE. HMB]e [V]e 

Exper imental  da ta  are shown in Tab& 3 and a plot  of  [V]e against  (lyrE]0 - 
[V]e) [TCNE]e gave a s t ra ight  line of  slope K1 582 M -1. Using a s imilar  
t rea tment  but  s tar t ing with V, the calcula ted value of  K1 was 588 M-1 in 
excellent agreement  with the value based on the forward  equi l ibr ium.  

Table 3. Competing equilibria between TCNE, NVC and HMB in methylene dichloride 
at 25"C 

10 ;~ 10 3 10 3 O.D. 10 4 10 3 10 3 I 0~[TCNE]e / 
IHMB]o [NVC]o [TCNE]0 (564 rim) [HMB.TCNE]e [TCNE]e [Vie ([NVC]0 [V]e} 

3.59 1.43 1.90 0.32 0-73 1-21 0.62 0-98 
4.12 2-62 2.86 0.45 1.03 1.50 1-26 2.04 
5.10 2.75 3.18 0.63 1.44 1.70 1.34 2.40 
4-93 2.63 3-67 0.75 1.71 2.10 1-40 2.58 

Formation of  1-(N-carbazolyl)-3,4,4-tricyano-l,3-butadiene (V  I ) [ ? o m  
cvcloadduct (V)  

When NVC and TCNE were a l lowed to react in po la r  solvents format ion of  
the butadiene  V! was always observed,  as noted previously  for the react ions in 
methanol .  Qual i ta t ive ly  it was appa ren t  tha t  the rate of  fo rma t ion  of  V! 
was faster  the more  po la r  the solvent. A fur ther  compl ica t ion  was concurrent  
po lymer i za t i on  o f  NVC (see later) whenever  [NVC] was in excess of  [TCNE]. 

Similar ly  it was observed that  V decomposed  in po la r  solvents to give 
VI plus some polymer .  Once again  the rate o f  f o rma t ion  o f  VI was more  
r ap id  the more  po la r  the solvent  and a simple kinetic  s tudy was made using 
solut ions  of  V in methylene chloride.  

The react ion rates were fol lowed by moni to r ing  the abso tbance  at 474 nm 
due to VI, and  comple te  reproduc ib i l i ty  was ob ta ined  only when the react ions  
were carr ied  out  in vacuo. 
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Table 4 Formation of VI in methylene chloride 

103 [V]o 108 × Initial rate of formation of V1 
(M) (M rain -1) 

3'9 4'4 
6.4 6'7 
9.4 10.5 

12.5 13.8 

Typical  da t a  are shown in Table 4 and a p lo t  of  ini t ia l  rate  o f  fo rma t ion  VI 
agains t  ini t ial  concent ra t ion  o f  V was l inear  indicat ing tha t  fo rma t ion  o f  VI 
was a reac t ion  first o rder  in [V] i.e. 

d[VI] 
dt -- k'[V] 

where 

k '  = 2 x 10 -7 s -1 at  25 ° in methylene chlor ide  

Reactions o f  NVC and TCNE in methylene chloride 
A d d i t i o n  of  excess TCNE to a solut ion of  NVC in methylene chlor ide  at  

30°C resul ted in immedia te  fo rma t ion  o f  the blue NVC-TCNE charge transfer  
complex.  The co lour  faded first to p ink,  becoming  colourless  after  3-4  
minutes,  and  white crystals o f  V separated.  I f  the process was carr ied out  
such that  [NVC] was in excess of  [TCNE], s imilar  react ions  occurred together  
with slow po lymer iza t ion  o f  NVC and  the solut ion finally became yellow due 
to f o r m a t i o n  o f  VI. 

Polymerization o f  NVC by TCNE in methylene chloride 
Polymer iza t ion  o f  NVC ini t ia ted  by TCNE was faster  in acetoni t r i le  lhan  in 

methylene  chlor ide  but  for  bo th  solvents, react ion rates were higher  in 
vacuo than  in air,  and  final po lymer  yields were in the range 30--50~.  
Accord ing ly  po lymer iza t ions  in methylene  chlor ide  were fol lowed di la to-  
metr ica l ly  in vaeuo, and the results,  based  on ini t ial  rates, are  summar ized  
in Table 5. 

Table 5 Polymerization of r~vc by TCNE in methylene chloride at 30°C 

10 [NVC] 10a[TCNE] 10 a Rp (Initial) 10 -4 molecular 
(M) (M) (M rain -1) weight 

1 '66 9'5l 1 '23 8'80 
2"52 5"51 1 "82 9"40 
3"01 9"51 2-2 9'42 
3"93 9"51 3"00 - 
5"83 9"51 4"40 9"44 
3"01 1 "63 2"27 8.70 
3"01 4.01 2'10 9-04 
3"01 5-39 2.05 9"42 
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From the data in Table 5 it is clear that the initial rate of polymerization is 
dependent on [NVC] but apparently independent of [TCNE]. A plot of Rp 
versus initial [NVC] was linear with a slope of 1-3 x l0 -4 s 1 and first order 
dependence on [NVC] was confirmed by the linearity of plots of loglo [NVC] 
versus time, for individual kinetic runs. Similar rate data obtained at 25' 
and 35°C yielded an estimate for the overall activation energy o f ~ 2 0  kcal 
tool -a, although this value may be seriously in error because of the narrow 
temperature range employed. 

Samples ofpoly(N-vinylcarbazole) taken at different O/jo conversions during 
a kinetic run did not show significant change in molecular weights as deter- 
mined by measurement of intrinsic viscosities, and the molecular weights did 
not vary significantly with changing [NVC] or [TCNE] (at 2 0 ~  conversion) 
see Table 5. Temperature affected viscosity average molecular weights as 
indicated by the representative values 107000 (25°C), 90000 (30°C) and 78 000 
(35°0 .  

ESR spectrum of  polymerizing solutions 
ESR examination ofpolymerizing mixtures showed an eleven line spectrum 

with a spacing of 1-60 G, identical with that of the anion radical (TCNE-) 
formed by addition of one electron to TCNE 17. It was further noted that the 
intensity of the e.s.r, signal due to TCNE- increased if additional YVC was 
added to the solution, and decreased steadily during polymerization. 

Absolute concentrations of TCNE - were estimated by calibration of the 
e.s.r, signals with those from aa'-diphenyl-/3-picryl hydrazyl. Instantaneous 
values of Rv and [NVC] were calculated from tangential slopes of dilatometric 
contraction curves and data from a representative run are shown in Table 6. 

Tabh, 6. Decrease in [TCNE--] during polymerization of  NVC by TCNE in 
methylene dichloride at 30" 

Time (t) 10 [Nvclt 10 '~ [TCNI- -]t 10 ~s [NVC]t [TCNE ]t 10 a (Rp)t 
(min) (M) (M) (M 2) (M rain 1) 

0 3.01 1.37 4" 12 2-20 
5 2-90 1.18 3.42 1.95 

15 2-68 0.84 2.25 1-36 
25 2.51 0.56 1.41 1.13 

It is clear that [TCNE-] decreases rapidly during polymerization and plots 
of 1Og[TCNE-] versus time were linear showing the decay to be a first order 
process in [TCNE-]. In addition Table 6, and Figure 1 show that (Rp)t is 
directly proportional to the product [NVC]t [TCNE-]t. The fact that the best 
line through the points in Figure 1 does not pass through the origin can 
almost certainly be ascribed to the errors involved in estimating [TCNE-]. 

DISCUSSION 

T e t r a c y a n o e t h y l e n e  (TCNE) is perhaps the most widely used neutral organic 
acceptor molecule for the study of charge transfer spectraG, TM. The latter may 
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10, (NVC)t ['fCNE=]t 1712 

Figure 1 Polymerization of Nvc in methylene chloride 

arise either as major contributions to the total binding energy of inter- 
molecular complexes with suitable donor molecules, or may be the result of  
purely incidental orbital overlap in such complexes. It is now common to 
describe charge tl ansfer spectra as arising from 'charge transfer complexes' al- 
though this expression may be quite misleading. In recent years there has 
been a considerable interest in the nature and significance of charge transfer 
complexes 18 with special reference to their role as reaction intermediates 19. 

Kosower 19 has fully reviewed the types of  reaction where charge transfer 
complexes may be involved, but it needs to be stressed that for many re- 
ported experimental examples, there is still no proof  that the charge 
transfer spectra represent actual reaction intermediates. Reactions of  a-cyz 
with olefins commonly lead to corresponding 2 + 2 cycloadducts 7 and are 
thought to involve polar intermediates, largely because of a pronounced rate 
acceleration in more polar solvents 2°. These reactions are characterised by 
the format ion of coloured solutions and, for the case of alkyl vinyl ethers 
(and presumably for other electron rich olefins) it has been shown convin- 
cingly 8b that the charge transfer spectra represent intermediates on the 
reaction pathway leading to cycloaddition. 

The reactions of  Nvc with TCNE are somewhat more complex than those of  
other olefins which have been studied, largely because of competing, con- 
current polymerization. In the present study it was shown that a'CNE reacts 
with NVC to form the 2 6- 2 cycloadduct V, the butadiene VI, and poly- 
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(N-vinylcarbazole). In most solvents all three products are formed simul- 
taneously although at quite different rates, all reactions being accelerated by 
increasing solvent polarity. Arguing along the lines of the previous discussion, 
it seems reasonable to conclude that the charge transfer spectra ob;erved in 
all cases, represent common primary reaction intermediates. Polymerization 
of NVC could be initiated either by TCNE or by the cycloadduct V and, in the 
absence of polymerizable monomer, the latter compound apparently under- 
goes a first order decay process to give VI. 

An important feature of all these reactions was the dynamic equilibrium 
established between NVC, TCNE and cycloadduct V. 

Reversible 2 - - 2  cycloaddition oJ TCNE and NVC 
2 + 2 Cycloaddition of TCNE and NVC occurs ~eadily in almoA all solvents. 

In benzene the adduct V was difficulty soluble permitting ready isolation 
and characterization, although its formation and presumed structure had been 
reported previously 7,14. 

When V was dissolved in other aromatic solvents the characteristic 
colours of solvent/TCNE complexes were observed. By studying competing 
equilibria between NVC/TCNE and TCNE/hexamethyl benzene it was possible 
to show that the values of the equilibrium constant (K1) for adduct formation 
was 582 M -1 in methylene chloride at 25°C. The dynamic equilibrium 
between TCNE, NVC, and V has important consequences for interpretation of 
the mechanism of cycloadditions of TCNE and provides a simple explanation 
for the apparent activity of V in initiating polymerization of Nvc (see below). 

Of particular mechanistic significance is folmation of the butadiene VI with 
elimination of hydrogen cyanide, notably the reactions in methanol produc- 
ing VI, to the exclusion of polymel or methanolysis products. The latter are 
readily formed by rapid solvolysis of N-carbazolyl substituted carbonium ions 

"\\// 
( 5N ) generated by proton addition to NVC or by one-electron abstraction 

II 
C H - - R  

from Nvc 21, and it seems unlikely that elimination of HeN from, e.g. IV would 
be more rapid than methanolysis. On the other hand, rapid ring closure of 
IV might be expected to compete favourably with methanolysis. The con- 
clusion must be that formation of butadiene VI does not involve lIl or IV 
but represents a completely separate mode of reaction for cyclobutane V. 
A plausible reaction sequence accounting for' most of the experimental 
results is shown below. 
Molecula~ models indicate that relief of strain in V may be obtained either 
by ring opening to re-form IV or by loss o f - C N  cis- to the I-(N-carbazolyl) 
substituent at positions 2 or 3. The constitution of VI demands that loss of 
- C N  should be from position 3 and hence intermediate formation of cyclo- 
butene VII is a possible alternative to re-formation of IV. Symmetry allowed"" 
electrocyclic rearrangement of VII to the butadiene VI would be expected to 
be extremely rapid, and the overall conversion V ~ VII-+ VI would accord 
with the experimentally observed first order dependence of reaction rate on 
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[V], and with the comparat ive ly  low rate coefficient ( ~ 1 0  -v  S -1 at 25 ° in 
methylene  dichloride).  

.~_ ( N C ) 2 C = C ( C N ) z -  " [C .T .Co ] -  - [ N V C + ] [ T C N E ]  

111 

I II 
C H =  CHz ' II 

, i 

KIl l  

4. '  

C H - - C H  2 
I I 

{NC)2C- -  C(CN)2 

I 
+ CH - -CH 2 

I 
(NC) 2C--- C (CN)z 

IV 

V 

- H C N  

s l o w  

- H C N  

I f: ,st  I 
Ctt  - -  CI t  CH~---CH 
I II I 

(NC)2(" - - ( ' ( C N )  (NC)2C = C ( C N )  

VII Vl 

Reaction Scheme 1 

Mechanism of the polymerization of NVC initiated by TCNE 

The salient features o f  this po lymerizat ion  are as fo l lows 
(1) Polymerizat ion  may  be initiated by TCNE or by cyclobutane V. 
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{2) Rates of polymerization are first order in [NVC] but, for the concentra- 
tion range employed, are apparently independent of [TCNE]. 

(3) Dissolved air or oxygen has a pronounced retarding effect. 
(4) (TCNE :) was detected by e.s.r, spectroscopy at a concentration 

proportional to the instantaneous rate of polymerization. 
(5) Attempts to form copolymers of NVC with free radically susceptible 

monomers such as methyl methacrylate, by initiation with TCNE, 
yielded only homopolymers of  NVC. 

(6) Formation of poly(N-vinylcarbazole), cycloadduct V, and butadiene 
VI were concurrent processes. 

(7) Molecular weights of polymers showed little variation with changing 
[TCNE] or [NVC] but were slightly increased by lowering the reaction 
temperature. 

Undoubtedly the most notable of these is the apparent relationship be- 
tween [TCNE ~] and the rate of polymerization. In fact Figure 1 shows that 

- - d  [NVC] 
R p  = dr = k [NVC] [TCNE ~l 

from which the formal rate coefficient for polymerization (k) is evaluated as 
13 M -1 s -1 at 30°C. The present results, and those of other workers, confirm 
the cationic nature of TCNE initiated polymerization of NVC and it is interest- 
ing that the value of k from the present work compares very well with those 
of  Pac and Plesch 4 (11 M - t  s -1 at 34°C) and Szwarc el al 5 (4.3 M -1 s 1 at 
10'PC), for initiation by tetranitromethane in nitrobenzene solvent. I f  the 
polymerization is cationic then it follows that the gegenion, in the present 
work, is TCNE ~ and the concentration of active centres (cationic) is being 
estimated by e.s.r, measurement of gegenion concentration. However it is 
known that the rate coefficient for free cation propagation of NVC is > 106 
M 1 s 1 at 30°C and hence the value of k now reported must relate lo some 
type of ion pair species 23 

The apparent independence of polymerization rate on [TCNE] remains 
enigmatic although it is significant that other workers report a similar result, 
over a particular concentration range, for the polymerization in benzene. 
Probably the explanation lies in the very low solubility of V e.g., 

NVC ~- TCNE ~ ~ [II ~ IV ~ V -> ppt 

NVC 

[(NVC)')] + [TCNE] ~--~ polymer 

From the value of K1 it may be estimated that, at the higher concentrations 
of  I and II  employed for polymerization, the equilibrium concentration of 
V is in excess of  its (very low) solubility, and hence the equilibrium concentra- 
tions of Ill ,  IV and V will be independent of  [TCNE]0. E.s.r. spectroscopy 
suggests that each~'(TCNE) ~ is associated with one growing polymer chain, 
and it is reasonable to suggest therefore that initiation of polymerization 
involves interception of I I I  by excess NVC, as indicated above. For the 
concentration of TCNE employed the rate of initiation, and hence polymeriza- 
tion, would be governed by [NVC]0 and by (constant) [IIl]e, as observed 
experimentally. 
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N a k a m u r a ,  Soma,  Onishi  and  T a m a r u  14 have also suggested that  the 
appa ren t  independence  of  R~0 on  [TCNE]0 results  f rom insolubi l i ty  of  V, but  
tha t  in i t ia t ion  involves a b imolecular  reac t ion  between V and y v c  viz: 

\/ \/ 
N +N 

I - ir 
V + NVC -+ C H =  C H - - C  (CN)2 - - C  (CN)2 ÷ C - - C H 3  

Such a process  would  lead to the same kinetic consequences as repor ted  in the 
present  work  but  would  not  accord  with the e.s.r, data.  The Japanese  workers  
used  benzene as solvent  (vs methylene chlor ide in the present  work)  and 
r e p o r t  that  e.s.r, signals could  not  be detected dur ing  polymer iza t ion ,  but,  
in agreement  wi th  the present  observat ions ,  oxygen had  a re tard ing  effect. 
The la t ter  is easily unde r s toed  if  (TCNE =) is the gegenion because o f  its known 
sensi t ivi ty towards  dissolved oxygen. F u r l h e r m o r e  the demons t r a t ion  o f  a 
dynamic  equi l ib r ium between I, I1 and V provides  a simple explana t ion  for  
the catalyt ic  act ivi ty o f  V, observed in the present  s tudy and by the Japanese  
workers .  
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The birefringence and mechanical 
properties of a 'single crystal' from a 

three-block copolymer 

M. J. FOLKES and A. KELLER 

The birefringence and mechanical properties of macroscopic single crystals of 
a three-block copolymer (styrene-butadiene-styrene) are described. The 
samples investigated were extruded plugs previously shown to consist ot a 
hexagonal array of styrene cylinders embedded in the butadiene matrix with the 
cylinder axes along the extrusion direction. The birefringence is shown in this 
paper to be entirely due to form-biretringence and the dispersed styrene phase 
to consist of randomly oriented chains. The Young's modulus is highly 
anisotropic, It is found that this anisotIopy as well as the absolute values of 
the moduli can be fully accounted for by the simplest model based on the 

previously established morphology of the samples. 

(1) INTRODUCTION 

RECENTLY, a considerable amount of attention has been given to the relation- 
ship between the morphology and macroscopic properties of the new class of 
materials known as thermoplastic elastomers 1. These materials are usually 
three-block copolymers consisting of chains of the form styrene-butadiene- 
styrene (sBs) or styrene-isoprene-styrene (s~s). The polystyrene exists as a dis- 
persed phase, which is glass-like at ambient temperatures and can be regarded 
as acting as crosslinks for the rubberlike polybutadiene matrix. 

The dispersed styrene phase can be in the form of spheres, cylinders or 
lamellae. Past electron microscopic and low angle x-ray studies performed on 
solvent cast films have shown that these entities can form ordered structures 
locally. Quite recently it was found in these laboratories that in certain 
extruded samples the dispersed particles can give rise to a practically perfect 
lattice extending over large regions of the sample. In particular low angle 
x-ray studies 2,a followed by electron microscopy 4 revealed that macroscopic 
portions of such extruded plugs were in fact 'single crystals' composed of a 
hexagonal array of styrene cylinders embedded in the butadiene matrix, with 
the cylinder axes along the extrusion direction. 

Material exhibiting such a single crystal nature provides a unique oppor- 
tunity for studying macroscopic properties and correlating them with the 
morphology. The polymer can be expected to be very highly anisotropic with 
particular reference to optical and mechanical properties. The material is of  
special interest with regard to mechanical properties since it can be regarded 
as a very highly perfect composite in which the embedded rods are molecu- 
larly bonded to the rubber matrix. This overcomes many of the problems 
associated with conventional fibre-resin composites. 

In this paper measurements of the birefringence and mechanical properties 
of an SBS 'single-crystal' copolymer will be described and the results inter- 
preted in terms of the physical properties and morphology of the styrene and 
butadiene phases. 
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(2) SAMPLE PREPARATION AND CHARACTERIZATION 

The material used in these investigations was a commercial SBS polymer 
containing 25 ~,, weight fraction of polystyrene and manufactured by Shell 
Chemical Company under the trade name Kraton 102. The molecular weight 
of the styrene block is 104 and the butadiene block 5-5 ~ 104 (ref. 5). The 
'single-crystal' samples were prepared and characterized in a manner similar 
to that previously reported 3. The 'as-received' commercial material was 
extruded at 100°C to form a rod, of typical diameter 9 ram, and was then 
annealed for 2 h at 150°C. 

Samples cut from the rod were first examined by low angle x-ray diffraction 
by means of a Franks camera. It was found that in general the outer annulus 
had a different structure from that of the core and was the sample portion 
of greatest interest to us. With the beam parallel to the extrusion direction 
this annular region showed an unusually sharp single crystal diffraction 
pattern of hexagonal symmetry - see F~¢ure 1. The same sample portion with 

Figure 1 Low angle x-ray diffraction pattern from an annealed 
sample of extruded sBs copolymer (Kraton 102) with the beam 
parallel to the extrusion direction. (One of the six strongest reflec- 

tions obscured by beamstop) 

the beam perpendicular to the extrusion direction gave reflections only along 
the zero layer line. All this confirms the single crystal nature of the samples 
in accord with the previous findings where these diffraction effects were 
attributed to polystyrene eylil~clers of 150 A (15 nm) diameter forming a 
hexagonal lattice with a lattice parameter  of 300 A. 

All the measurements reported in this paper were performed only on 
samples possessing a single crystal nature as cut from the outer edge of the 
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plug. This ensured optimum correlation between the observed macroscopic 
properties and morphology. 

Samples for birefringence and mechanical measurements must be uniform 
rectangular blocks with the styrene in a known accurate orientation with 
respect to the long edge of the sample. This presents certain problems in 
cutting since the original material is in the form of a rod and only material 
from the outer annulus of the rod is required. Two methods in principle are 
available, the first is to reduce the temperature of the Kraton and cut with a 
diamond saw and the second to use a thin, very sharp blade at room tem- 
perature and hold the sample in a small jig into which the blade can be 
inserted. The latter method was eventually chosen and found to work quite 
satisfactorily considering the softness of the polymer. 

Typical sample dimensions were 5 m m ×  2 mm × 1 mm and each dimen- 
sion was accurate to about ~:5 ~.  The clamping of the samples by the jaws 
of the tensometer presented difficulties owing to slippage taking place during 
the measurements. These problems were overcome very successfully by first 
gluing the ends of the Kraton to Tufnol blocks and then holding the Tufnol 
blocks in the tensometer jaws. 

(3) THE B I R E F R I N G E N C E  

(3. 1) Measurements 
All of the optical studies were carried out using a Carl Zeiss Ultraphot I 

polarizing microscope. Quantitative measurements of the birefringence were 
made with an Ehringhaus quartz compensator. 

(3. 2) Results 
When rotating a small sample between crossed polars a very sharp extinc- 

tion was observed when the extrusion direction was either parallel or per- 
pendicular to the plane of polarization of the incident light. Using a quartz 
wedge it was found that the sample exhibited a positive birefringence with 
respect to the extrusion direction. 

With the incident light along the extrusion direction the material appeared 
non-birefringent showing that we have transverse isotropy about the extrusion 
direction. 

Using a uniform cross-section sample a value for the birefringence was 
obtained and found to be (4.92 ± 1-0) x 10 -4. 

The effect of stress applied along and perpendicular to the extrusion 
direction was also investigated. Here, in addition to the above annealed 
sample, unannealed samples were also used. The unannealed samples did not 
show such a sharply defined extinction throughout but nevertheless they 
displayed positive birefringence of magnitude close to that of the annealed 
samples. However, the unannealed samples ~ould be stretched much further 
along the extrusion direction and hence extended the range of measurement. 

Figure 2 shows the birefringence as a function of strain. With the stress 
applied perpendicular to the extrusion direction the birefringence decreased 
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monotonically until at about 10 ~o strain the sample ceased to be birefringent. 
Further increase in the strain resulted in negative birefringence (as referred 
to the extrusion direction). As seen there was no difference between annealed 
and unannealed samples. 
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Figure 2 Birefringence versus strain for some extruded samples of an 
sBs copolymer: unbroken line, unannealed samples; broken line, 
annealed samples (macroscopic single crystal); ~, stress applied 
parallel to extrusion direction; ~ ,  stress applied perpendicular to 

extrusion direction 

With the stress applied along the extrusion direction the birefringence 
increased with strain. The maximum strain induced in the annealed samples 
was 1-2 ~,, but the unannealed material allowed measurements to be made to 
beyond 20 % (the reason for this difference will be apparent from the mech- 
anical behaviour later). We see that the birefringence increases linearly. 

(3. 3) Discussion 
With a hexagonal single crystal we may expect optical anisotropy. The 

resulting birefringence could be of two kinds. Firstly, if the molecules are 
oriented in any one or both of the phases we would have the usual molecular 
birefringence. It is to be recalled that in polybutadiene the greatest polariz- 
ability is along while in polystyrene it is perpendicular to the chain direction. 
Accordingly the birefringence as referred to the extended molecule will be 
positive for polybutadiene and negative for polystyrene. I f  there is molecular 
orientation within the Kraton sample it will be the resultant of  the two. 

Secondly a parallel array of cylinders embedded in a matrix of differing 
refractive index should give rise to positive form-birefringence. Our samples 
should in fact be model substances for this often quoted, but elusive effect. 
This form-birefringence should contribute to the total birefringence. Con- 
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versely, if its contribution can be determined the contribution of the molecular 
birefringence, hence the molecular orientation within the individual phases, 
should become accessible. This we shall proceed to do. 

As the form-birefringence is determined only by the volume fraction of 
the dispersed phase and by the refractive indices of the two phases, its value 
for our samples can be calculated from the data available. 

For  an assembly of parallel cylinders (not necessarily arranged regularly) 
composed of isotropic material with refractive index nl embedded in an 
isotropic matrix of  refractive index n2 the form birefringence is given by na - -  no 
where n~ = vln~ + v2n~ 

and 
[(/), + + / ) , . q  

= [ (7  + + 

and/)1 and v2 are the volume fractions of phases 1 and 2 respectively 6. This 
model gives a positive birefringence with respect to the cylinder axes. 

For  Kraton 102: vl = 0.2 v2 = 0.8 
nl = 1.59 n2 = 1.52 

where we have taken bulk values for the refractive indices. Computing na 
and no separately showed them to be very close. The birefringence can be 
evaluated to a greater degree of accuracy by writing: 

/)1/)2(/'/2 - -  /'/2) 2 

n~ - -  n~ = (n a - -  no)(na + no) ~ 2na(na -- no) = (/)1 + 1)n~ + v2n~ 

- 

o r  na - -  no - -  2na[(Va ÷ 1)n~ + v2n~] = 5"15 × 10 .4 

This theoretical value is almost identical with the measured value of  
(4-92 ~ 1.0) × 10 .4 and considering we are not certain of the values of nl 
and n2 pertaining within the material, the agreement is excellent. 

We see then, that the expected form birefringence fully accounts for the 
birefringence actually measured. It follows that there is no contribution from 
the molecules as such and consequently there is no appreciable molecular 
orientation within any of the phases which indicates that they are made up 
of random chains. Another possibility, which is unlikely but cannot be 
excluded a priori, is the small chance that any molecular birefringence 
within the separate phases would exactly cancel in the aggregate (which 
incidently would require identical direction of chain orientation within both 
phases in view of the opposite signs of birefringence of the respective mole- 
cules). 

Stress is expected to orient the polybutadiene chains (see also later). This 
should produce a molecular birefringence with maximum polarizability 
along the stress direction. With the stress along the extrusion direction it will 
reinforce the form-birefringence and with the stress perpendicular to the 
extrusion direction it will reduce and eventually cancel the form-birefringence, 
which is the effect observed. 
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(4) M E C H A N I C A L  PROPERTIES 

(4. 1) Measurements 
The Young's modulus was measured using a simple dead-loading tenso- 

meter. Loads were applied by means of a scale pan and weights. Extensions and 
sample dimensions were measured to an accuracy of 10 -4 cm by means of 
a travelling microscope. Within the range of loads applied no significant 
creep was observed during the time scale required for performing a measure- 
ment. However, for complete reversibility after each successive measurement 
of extension a few minutes were allowed for the sample to relax in the 
unstressed state. All measurements were performed at room temperature 
(23 °C). 

At the start of the series of  measurements a check was made of the uni- 
formity of strain across the width of the sample. This was carried out by 
first printing a grid pattern on the surface of the sample by evaporating 
aluminium either through an electron microscope grid or through a specially 
prepared mask. It  was found that strains measured using the grid network 
did not differ significantly f rom those obtained by directly recording the 
extension of the complete sample length. 

Modulus measurements were carried out on samples cut with their long 
axes at 0 °, 33 °, 45 °, 55 ° and 90 ° with respect to the extrusion direction. The 
samples were examined on a polarizing microscope to confirm that the angles 
were accurate. The dimensions of the samples were determined using a 
travelling microscope. 

(4. 2) Results 
Figure 3 shows stress-strain plots for the three orientations 0 ~ 0 °, 55 ° and 

90 ° of the long axes of the sample with respect to the extrusion direction. 
(The corresponding results for 33 ° and 45 ° are not included in this figure to 
avoid excessive crowding of points but the values of Young's modulus at 
these angles are given in a later plot). Over the range of strains considered 
the plots are linear and the anisotropy of the mechanical properties is very 
striking. The Kraton exhibited glass-like behaviour for 0 ~ 0 ° and was 
rubber-like at 0 = 55 ° and 90 °. 

The results illustrated were very reproducible and represent the maximum 
anisotropy obtainable from the particular morphology. Further annealing of 
the samples had no effect on the anisotropy. Unannealed samples are not 
shown in Figure 3 for two reasons. First, the results varied considerably from 
sample to sample and second, the anisotropy was greatly reduced due to a 
large reduction in the modulus for 0 ~ 0 °, compared with annealed samples. 

(4. 3) Discussion 
An evaluation of the elastic constants of  the annealed Kraton can, at least 

in principle, be carried out in a similar manner to Eshelby's 7 calculation of 
the effect of inclusions in an elastic matrix. Essentially the problem is one of 
calculating the elastic stored energy due to the presence of inclusions and 
interpreting the result in terms of an effective Young's modulus. This calcu- 
latioq will be the subject of a future publication. 

227 



M. J. FOLKES AND A. KELLER 

400 

Eo=&.250 x lOSdyn cm -2 

300 
r4 

f -  

? 200 

X 

10o 

I 

o 

Eso=4.65 x 107dyn cm~ z 
xlOTdyn cm. -2 E~=3.50 

-- ,=~ r "  J I , I I I I ! 

2 4 6 8 10 12 
Strain (%) 

Figure 3 Stress-strain curves for some samples of  a macroscopic single crystal of  an SBS 
copolymer.  (1 dyn cm 2 _~ 0'1 N m-2):  ©,  stress parallel to extrusion direction; ~ ,  stress 
at 55 ° to extrusion direction; × ,  stress perpendicular  to extrusion direction; the broken 
line represents the theoretical plot o f f  = G [(i + ~) - 1/(i ÷ c) a] fitted to Eg0 at infini- 

tesimal strains 

We shall nevertheless attempt to account for the modulus E o as measured 
along the different directions specified by 0. In the first place we consider E0 
and Eg0 for which, from Figure 3, we have the experimental values of 
4.250 × 109 dyn cm -2 and 4.650 × l07 dyn cm -2. respectively. We will 
interpret these two results in terms of a simple model for a two phase polymer 

  !jjiiiiiii ii iiiiii iiiiiiiiiiii iiii    s   i          i i!iii!iiSiiiiiiiiiiiiSiiii ii! iiiiiii iiii[- s    ̀ 
Butadiene / 

iii!iiiilJJiiii~ii F s,~,~, Iiiiii ~*iii~ 1 s,r~,, 
 iiiiiiii ii:i i .oto.;,o  

Figure 4 Models used in the evaluation of  Eo and Ea0 using the 
Takayanagi method (a) Parallel coupling (b) Series coupling 

*1 d y n c m  - 2 ~  0.1 N m  2 
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due to Takayanagi 8. On the basis of this model E0 is evaluated by considering 
a hypothetical solid depicted in Figure 4a in which the styrene and butadiene 
exist as distinct regions labelled S and B, the size of these blocks being 
proportional to their respective volume fractions. A stress applied in the 
direction shown produces an equal strain in each component phase while the 
stress is divided unequally between the phases - this is referred to as parallel 
coupling. It is easy to show that the combined modulus is given by: 

E0 - L:.~E~ ~ (1 -- v,s)Eb where v,~ - volume fraction of styrene 

E,. : Young's modulus of styrene 

Eo Young's modulus of butadiene 

If  we take bulk values for the respective moduli 

E,, --  2 x 1011) dyn cm e and r.,, 0.2 

E b =  1 X 107dyncm-z  

we calculate Eo -- 4.0 × 109 dyn cm -2 which in fact is very close to the 
measured value of 4.250 × 109 dyn cm 2. In actual fact the value used for 
E~, is relatively unimportant in this calculation since the styrene will support 
practically all the applied stress due to its very much larger modulus compared 
with butadiene. Our result therefore represents a verification of the assump- 
tion that the bulk modulus of polystyrene also pertains to the dispersed state 
in our specimens. 

This simple law of mixtures is actually a theoretical lower bound for Eo 
since the actual energy of deformation will be greater than the sum of that 
due to the styrene and butadiene separately imagined free of any mutual 
constraint. It has been shown by many workers (e,g. Heaton 9) that the 
predicted Young's modulus based on an exact treatment nevertheless agrees 
to within 1 ~  with the value calculated by weighting the fibre and matrix 
Young's moduli according to their respective volume fractions. 

The agreement between theory and experiment again indicates that the 
morphology of the annealed samples is in complete agreement with the 
model proposed by Keller et al 2 and that the styrene rods can be regarded as 
infinitely long at least from a mechanical viewpoint. 

The value of £'90 corresponds to Young's modulus measured under pure 
shear conditions. This arises because when a stress is applied perpendicular 
to the extrusion direction the transverse contraction of the sample that 
occurs can only take place along one dimension, the other contraction being 
prevented due to the presence of the constraining styrene cylinders. 

We can use the Takayanagi model to evaluate the combined modulus 
(E'9o) for the usual situation in which both transverse dimensions are un- 
constrained while a uniaxial stress is applied. It is then necessary to relate 
this to the practical situation of pure shear to obtain Eg0. 

The model depicted in Figure 4b corresponds to the situation in which we 
have 20 ~ by volume of styrene in series coupling with 80 ~o butadiene. In this 
case the applied stress is supported by both component phases S and B but 
the total strain is the sum of the strains in each separate phase. Hence the 
compliances are additive to give for the combined modulus: 
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1 - -  Vs~ 
E'ao = 1 / ( vj + --E'o-~ t \Es  

It can be seen that the butadiene will have practically the full amount of 
the total strain since E~ ~ Es and in fact we can write 

Eb (l) E9° -- 1 -- vs 

This is the value of the combined modulus that would be measured if both 
transverse dimensions were unconstrained. 

We can now relate the modulus measured under practical conditions to 
the value computed above. For  this purpose we will use some results from the 
kinetic theory of rubber elasticity 10 but it should be emphasized that the 
relationship to be derived is a completely general one and could also be 
developed from simple ideas of small strain elasticity applicable to any solid. 

For  a rubber in simple uniaxial tension, the relationship between the force 
per unit area of  the undeformed cross-section and extension is given [ y: 

[ ' ]  f =  G (l + E) (l + E) 2 

where E is the strain and G is the shear modulus. 
Thus for vanishingly small strains we have: 

Young's modulus = -- G l + (1 + E)a = 3 G  
e---~O e---~O 

which is the well known result for any incompressible solid. 
For  a rubber under pure shear conditions, that is, stretched uniaxially but 

with one transverse dimension constrained we have: 

[ ' ] f =  G (1 q- e) (1 + e) 3 

M o d u l u s =  d ]~---,0 = ( 7  1 + (I + e)4 ~ o  - 4 G  

Thus the observed modulus measured under pure shear conditions (Eg0) 
will be a factor 4/3 times larger than E'9o calculated on the basis of the simple 
series model with each phase in simple uniaxial tension. Hence we may write: 

4 4 E~ 
Eg0= ~ E9o= ~ × i --v~ (2) 

The value of Ego was found to be 4.65 × 107 dyn cm -2 and for vs = 0-2 we 
find a value for Eo ---- 2.79 X 107 dyn cm -2. Values quoted for the bulk poly- 
mer are in the range 107-108 dyn cm -2, dependant on crosslinking. Since we 
have no knowledge of the number of network junctions, which in our case 
will be entanglement, the above result is very reasonable. 

[ ' ]  It is of interest to plot the function G (1 ÷ E) (1 + E)3 over the 

experimental range of strains. This is also shown in Figure 3 and it is seen 
that over the range of  strains considered there is no significant disagreement 
with the predictions of rubber elasticity theory. 
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It has been pointed out to us by Professor F. C. Frank that we are probably 
overestimating the value of E~ using the Takayanagi model because a dis- 
persion of cylindrical glassy rods embedded in a rubber matrix will produce a 
greater strain energy than considered as two discrete blocks. It can be shown 
that in general: 

4 
E90 3 (1 ~ avs)Eb 

where a ~> 1 can be evaluated using a method similar to Eshelby's 7. Our 
simple treatment here gives a value of a = 1.25. 

The observed value of 3.50 × 107 dyn cm e for E55 as derived from 
Figure 3 is lower than Eg0 and in fact represents the minimum value measured. 
This is entirely in accord with the model: in fact the measurement of E55 was 
undertaken to test this expectation. 

It can be shown from the general considerations presented in Appendix I 
that the dimension of the sample inclined at 54°44 ' to the tensile axis does not 
change for small extensions provided the transverse contraction is isotropic. 
As it can be demonstrated that for the S cylinders at 54°44 ' to the tensile 
axis the transverse contraction is isotropic (see end of Appendix H) it follows 
that S cylinders at this angle will not constrain the lateral contraction of the 
B matrix for strains small enough for the following two conditions to hold: 
(1) the approximation in the derivation of Appendix I remains valid; (2) the 
rotations involved are sufficiently slight not to remove the cylinder axes so 
far from the 54°44 ' direction that the constraints imposed by the cylinders at 
the altered angles should become noticeable within the accuracy of our 
measurements. Under these conditions for stress at 54°44 ' to the cylinder 
axes the modulus will be as for simple uniaxial tension under the condition 
of series coupling. Thus when Eb ~ E~ by equations (I) and (2) 

E55 Eb/(I -- v.,.) = ~E90 (3) 

This should clearly be a minimum for the system as at any other angle the 
m.odulus will be raised by the constraints imposed by the S cylinders. This 
minimum is reflected by our experiment. Further, the relation between E55 
a n d  Eg0 can be specifically tested. For Eg0 -- 4-65 ~ 107 a value for E55 - 
3.48 ~ 107 is expected by equation (3) in practically complete agreement with 
the experimental value of 3.50 >~ 10 v dyn cm-L 

Measurements were also performed on samples at 0 - 33 ° and 4 5  and 
this justified a more complete examination of the angular dependence of the 
Young's modulus. The experimental values of Young's modulus at these 
angles together with those already discussed are shown in Figure 5. A 
theoretical relationship is derived in Appendix II for the angular dependence 
of the Young's modulus and can be expressed as: 

1 1 
E~j E90 (sin40 -; 4 sin'S0 cos'~0) 

A plot of E o versus 0 is also shown in Figure 5 and it can be seen that for 
the limited number of measurements made, agreement between theory and 
experiment is excellent. Verification of the theory particularly for values of 
0 -< 30 ° will form the subject of a future publication. The theory correctly 
predicts the minimum Young's modulus at 0 54°44 ' but because we have 
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Figure 5 Variation of Young's modulus with orientation angle 0 
(1 dyn cm -~ ~ 0.1 N m-2). The curve is the theoretical plot and the 
points (©) are experimental results for extruded samples of Kraton 

102 

a s s u m e d  r ig id  s tyrene  p lanes  it  p red ic t s  an  infini te  Y o u n g ' s  m o d u l u s  fo r  
8 = 0 °. T h e  r ap id  dec rease  in Y o u n g ' s  m o d u l u s  o v e r  the  r ange  0 ~ 0 ~< 20 ° 
is a lso  s h o w n  in p r e v i o u s  w o r k  on  f ib re - re s in  c o m p o s i t e s  bu t  fo r  these  
mate r i a l s  the  m i n i m u m  va lue  o f  Y o u n g ' s  m o d u l u s  occurs  c loser  to 8 = 45 ° 
r a t h e r  t h a n  O = 54044 '*. 

* We are currently involved, with R. G. C. Arridge, in testing established theories of fibre 
reinforcement on the presently used samples. It is apparent even at the present initial stage 
that by using such theories, a virtually perfect agreement with experiment is obtained for 
the variation of Young's modulus with rod orientation, i.e. even the very slight discrepancies 
in Figure 5 are removed. A full account of this extension of the work will be published 
separately. The present remark is merely included here to indicate that, even if the simple 
treatment in itself is sufficient to bring us very close to complete agreement, further im- 
provements can still be obtained. At the same time it should dispel possible doubts that 
the close agreement between such a simple treatment and observation may be accidental. 
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The large difference in behaviour of annealed and unannealed Kraton 
when a stress is applied along the extrusion direction is related to the presence 
of defects which have been observed using electron microscopy 4. Simple 
breaks in the styrene cylinders will not have a marked effect on the mech- 
anical properties, but defect planes perpendicular to the cylinder axes have 
been observed in which a complete group of cylinders end and another group 
begin. These large scale faults will have a significant effect on the mechanical 
properties. The defect density has been found to decrease on annealing which 
will manifest itself as an increase in E0. 

(5) C O N C L U D I N G  R E M A R K S  

The birefringence and mechanical properties measured are entirely consistent 
with the previously reported morphology of these extruded Kraton samples. 
In particular, the birefringence was shown to be due only to the form contri- 
bution, thus both the dispersed styrene phase and the butadiene matrix 
consist of random chains. The mechanical anisotropy is very marked and can 
be quantitatively predicted in terms of a model composite based on the 
previously established morphology. All this relates to the special single 
crystal type sample examined here. It will be obvious that in the case of a 
more general sample the knowledge of the anisotropic properties of the basic 
constituent (in the present case the hexagonal lattice of cylinders) will be a 
prerequisite for any further evaluation. Such an evaluation will then have to 
account for the aggregate effect of these constituents in the texture pattern 
pertaining to the samples which are under examination. 
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APPENDIX I 

Evaluation o f  0 corresponding to the minimum value o f  Young's 
modulus 

We will consider the deformation of  a specimen of  rubber subjected 
to a simple uniaxial stress. It is well known that the subsequent strain in any 
direction within the sample can be evaluated by considering the deformation 
of  a unit sphere composed of  this rubber (see Figure 6). The application of  a 

I///L 
~/2 

E)--54°44' ~ , ,  

Direct ion of zero 

Stress 
X 

Figure 6 The deformation of a unit sphere in simple 
uniaxial extension 

stress along the x direction will produce a corresponding strain ~ together 
with a transverse contraction of  ½E along y and z providing the strain is 
small and the rubber incompressible. The sphere deforms to an ellipsoid o f  
revolution about  the x axis. It will be shown that a direction exists along 
which the strain is zero. 

The parametric equations for the strain ellipse (because o f  rotational 
symmetry about  x we need only consider the cross-section o f  the ellipsoid 
through z ----- 0) are given by:  

x = ( l  + ~)cos0; y : ( 1  --½E) sin0 

where 0 is the angle between any direction and the x axis. The direction o f  
zero strain is given by the value o f  0 corresponding to the intersection o f  the 
strain ellipse and unit circle: 

(I + E) z cosZ0 -k- (I --  ½E) z sinZ0 = 1 

Ignoring second order terms in E we have: 

(1 + 2c) cosZ0 + (1 --  ~) sine0 = 1 

.'. tan0 = ~/2, 0 = 54044 ' 
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SINGLE CRYSTALS OF A THREE-BLOCK COPOLYMER 

A P P E N D I X  11 

Angular dependence of Young's modulus 
The dependence of Young ' s  modulus  on the angle 0 can be computed with 

the aid of a model shown schematically in Figure 7. The Kraton  sample can 
be regarded as composed of alternate layers of rubber  and 'planes '  of styrene 
and rubber.  It is assumed that  these planes are infinitely rigid and if a uniaxial 
stress ~ is applied to such a sample containing planes oriented at an angle 0 

Plane containin 9 
sty~ne rods .,,_.,,_.,,_.,,_.,,~/De~ormed plane 

\ 

# D / , 

Ho H ~ " o  i I N / , 
o 

A~ d =B  

Fi, gure  7 The deformation of a single 'plane" of styrene rods under 
simple uniaxial extension 

to the stress direction, the rubber  contained between 'planes of rods'  will 
suffer two simultaneous deformations - a simple extension perpendicular  to 
the planes and simple shear parallel to the planes. This will cause a point  B 
to move to C and  we must  calculate the resultant  extension BC and hence the 
strain due to these two mechanisms. 

The applied stress a can be resolved into two components :  

(1) A stress normal  to the rods eL.\- - a sin~0 
(2) A shear stress parallel to the rods r -= a sin0 cos0 

Let us suppose aN produces a strain E normal  to the rods, while ~- produces 
a shear strain ,~. We require BC ~ AC - AB for small strains. Let AB d. 

Now AD ~ dcos0 DC ~ DB(I ~ ~) -- dsin0(1 ~-- E), 
/ C C D A -  9 0 +  a 

. .  ACe d2[cose0 + sine0(1 + ~)2 + 2 sin0 cos0(1 ~- e) sina] 

~_ d2[cos20 + sin20 ~ 2E sin20 q 2a(l ~ ~)sin0cos0] 

d2[l + 2~ sin20 4 2a sin0 cos0] 

. .  AC ~ d[l + E sin"0 + a sin0 cos0] 

.'. Resultant  strain = (AC --  AB)/AB ~ sin20 + a sin0 cos0 

cr N ' r  

But E = ]Fg~l and a G ; Ego 4G 

O" ,V T 

"" ~ 4G ~ G 

a N T 
• Resultant  strain ~.~ sin 20 -+ r. sin0 cos0 c4~d O 
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o" (3" 
4G sin40 q- G sin20 c°s20 

1 l 
"" Eo = E90 [sin40 + 4 sinZ0 cosZ0] 

The variation of E o with orientation angle 0 is shown plotted in Figure 5. 

The following special cases are of  interest: 

E35 corresponding to tan0 = = Ego = 4.65 × l07 dyn cm -~ 

E45 (corresponding to tan0 ~ 1) ~ ~Ego = 3.72 × 107 dyn cm -2 

E55 (corresponding to tan0 = ~/2) = ~Ego = 3-48 × 107 dyn cm -2 

Ego - 4.65 × 107 dyn cm -2 

The equality of  E35 and Eg0 justifies our application of simple ideas of  
rubber elasticity to establish the value of 0 corresponding to minimum 
Young's modulus. The value of 0 = 54044 ' calculated in Appendix I depends 
on equal deformations occurring along y and z when a stress is applied along 
x (see Figure 6). These deformations for the special case of  0 = 54044 ' will be 
primarily dependent on the Young's moduli E~5 and Eg0 along y and z 
respectively. In view of the equality of  these two~ moduli our assumption of 
transverse isotropy about the stress direction for this sample is valid. Also 
note the relation between E55 and Eg0 which is identical to equation (3) in the 
text, derived on the basis of rubber elasticity theory. 
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Electron microscopy of crazes #7 
polystyrene and rubber modified 
polystyrene." use of iodine-sulphur 

eutectic as a craze reinforcing 
impregnant 

R. P. KAMBOUR AND R. R. RUSSELL 

Iodine-sulphur eutectic has been impregnated into crazes in polystyrene and 
rubber-modified polystyrene to act as a reinforcing agent during microtomy. 
Craze filaments and holes are much larger than in sulphur-reinforced poly- 
(dimethyl phenylene oxide) crazes due to a physical aging process involving 
polymer flow. In polycarbonate crazes impregnated with sulphur similar 
effects are observed due to plasticization by the sulphur. Reinforcing impregna- 
tion and rubber-staining are complementary tools in studying crazing in 

rubber-modified polystyrene. 

DURING the ultramicrotoming of sections of glassy polymers thin enough to 
be used for transmission electron microscopy, pre-existing crazes tend to 
collapse, distort, and rip apart under the high stress occurring at the knife 
tip. A previous study 1 demonstrated the utility of a suitable impregnant in 
reinforcing and protecting craze structure during microtomy. In that study 
solvent-crazed bars of poly(2,6-dimethyl-l,4-phenylene oxide) were im- 
mersed in liquid sulphur at 125 °C, long enough for the sulphur to replace the 
organic liquid in the craze. After quenching to solidify the sulphur, polymer 
sections were microtomed, coated with carbon for dimensional stability, and 
examined by transmission electron microscopy. Sulphur-free crazes were ob- 
served, the sulphur having sublimed away in the vacuum of the carbon 
deposition chamber. A craze structure resembling an irregular, open-celled 
foam was observed. The filaments and holes of the structure tended to be 
roughly 200 A in diameter. 

Because of the importance of craze formation and breakdown to the 
strength and toughness of glassy polymer systems 2 it is desirable to be able to 
investigate craze structure in other materials beside poly(dimethyl phenylene 
oxide). However, the usefulness of pure sulphur as a reinforcing agent is 
limited to nonpolar resins of high glass temperature. Sulphur z has a solu- 
bility parameter ~ of 12.5 and we find that it tends to plasticize polar resins 
like polycarbonate or polysulphone, lowering their Tg's and the mechanical 
stability of their crazes. Neither is sulphur useful with polystyrene since T,, 
for sulphur is 120°C and Tg for polystyrene is 90°C; the infusion process 
would thus have to take place 30 c: above To; i.e. 30 ° above the maximum 
temperature of craze stability. 

Iodine and sulphur at a 1:l mole ratio, however, form a simple eutectic 
melting at 65°C z and we have found this mixture useful in providing a degree 
of stability to crazes in homopolystyrene and in rubber-modified poly- 
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styrene. However, as will become apparent, this reinforcing agent is not as 
ideal for polystyrene as sulphur appears to be for the polyarylene oxide. 

E X P E R I M E N T A L  

The homopolystyrene used was Dylene 8 (Kopper Co.), a resin of/~rn = 
125 000 and ~ w  =- 390 000. The rubber-modified polystyrene was Lustrex 
HT 91, a product of the Monsanto Co. containing an estimated 5 ~ rubber 
ha the form of discrete particles containing polystyrene inclusions that pre- 
sumably result from the mode of polymerization used. Both materials were 
used in the form of  moulded bars. 

The bars were strapped down on elliptical strain jigs and immersed at once 
in the iodine sulphur eutectic bath at about 70°C. Immersion times varied from 
10 minutes to several hours. Crazing begins immediately upon bending in the 
high strain region and after immersion continues to develop both here and 
more slowly in the regions of lower strain. The clarity of homopolystyrene 
allows the crazes to be seen if the bar is removed after a short time. The 
crazes appear light red due to the infused iodine but otherwise have the 
usual appearance of crazes. If left immersed for several hours, the bar sur- 
faces become a deep, opaque red from iodine absorption and the crazes can 
no longer be easily seen. Upon removal of the jigs, they were quenched in 
water briefly and the bars immediately removed and dried to prevent 
water from affecting the iodine in the crazes. 

Microtomy was carried out, as before; with a diamond knife in a Porter 
Blum ultramicrotome set nominally to cut 750 A slices. The slices were 
lifted off the surface of the water in the microtome trough with microscope 
grids. The grids were blotted dry in the conventional manner and placed in 
the evaporator for carbon deposition. They were subsequently examined in a 
Philips EM-100B electron microscope. As with the poly(arylene oxide) no 
evidence of residual impregnant was ever seen. This, of course, is to be 
expected in that iodine is more volatile than sulphur. Some slices from the 
rubber-modified polystyrene were exposed to osmium tetroxide vapour after 
carbon deposition in order to stain the rubber particles for better viewing 4. 

R E S U L T S  

Homopolystyrene 
Figure 1 shows the right-hand half of a single craze. Two overlapping 

micrographs were taken of the half-craze. Each micrograph was cropped and 
cut in half. The four micrograph sections are displayed in order in Figure 1. 
The centre of the craze is just to the left of the left-hand edge of the top 
photograph and the right-hand craze tip is at the right side of the bottom 
photograph. Thus, the sections of micrograph are 'read' from left to right 
and top to bottom, as with a printed page. 

The symmetry of  the whole craze in respect to variations in thickness and 
average hole size with distance from the geometric centre suggests that the 
craze initiated at its centre and grew to the right and the left with equal 
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Figure l One-half of a craze in homopolystyrene impregnated with 
iodine-sulphur eutectlc. Initiation thought to have occurred to the 
left of left edge of top photograph. Craze propagated [eft to right 
and top to bottom. Note progressive coarsening of structure. 

velocities.  Thus,  the hole at  the centre, abou t  40'~ ' /of  which is seen at  the left- 
hand  edge of  the top  pho tograph ,  is in the oldest  pa r t  of  the craze. The craze 
tip is the younges t  par t ,  by the same line of  reasoning.  Thus,  the size of  the 
holes in a given section of  craze tends to increase steadily as t ime goes on 
(or a l ternat ively  as the craze t ip gets far ther  and  far ther  away). The holes at 
the t ip in Figure 1 are 400-1000 A in d iameter  while those near  the centre are 
as large as the craze is thick,  3000 Jk. The hole at the centre is abou t  10 000 A 
long. F r o m  craze t ip to craze centre the f i laments appea r  to get steadily 
larger also. In short ,  craze s t ructure  becomes not iceably coarser  with age. 
We are led to imagine  that  the region at  the lef t -hand edge of  the top  photo-  
g raph  resembles the true tip of  a crack p ropaga t ing  slowly to the right.  

Figure 2 shows a sect ion o f  a thicker  craze found in the same mic ro tomed  
po lymer  section. This section o f  craze is more  typical  o f  what  is usual ly seen 
in these po lymer  sections. The craze t ip  is p re sumab ly  some dis tance away. 
When  account  is taken  of  the 4 × greater  magnif icat ion,  it is clear that  craze 
s t ructure  is approx imate ly  the same as that  in the older  par ts  of  the craze 
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Figure 2 Thicker craze in homopolystyrene impregnated with 
iodine-sulphur eutectic. 

in Figure l. Most of  the polymer is in the form of filaments 300 to 1000 A 
thick in both crazes. However, several filaments of  a much smaller size- 
perhaps 80 to 200 A-can be seen. This broad dispersity in filament diameter 
is typical of  polystyrene crazes prepared and treated as reported here. 

Figure 3 shows a section of craze in homopolystyrene which had been 
immersed for only 10 minutes in the eutectic bath before removal and quen- 
ching. Craze structure has a coarser appearance than in the preceding figures. 
The smallest filaments are again less than 100 A thick but a very large fraction 
of the polymer is in filaments 600 to 5000 A thick. The most interesting 
feature of  this craze is the large number of  dark spots distributed over the 
large filaments. Each spot is a region of greater thickness and, hence, greater 
electron scattering power. Upon careful inspection a few of these lumps or 
nodules can be seen in profile on the sides of the large filaments. A few of the 
very thin filaments are seen to be attached at their ends to nodules on the 
thick filaments. 

It  seems likely that the nodules are the residues of  filaments that grew 
thinner and finally snapped under the action of surface tension. Each end of 
such a broken filament then rapidly retracts into its base leaving a bump on 
the thick base filament as evidence of the previous existence of the thin 
filament. In time the nodule itself would disappear completely into the base 
filament. We have occasionally seen events like this occur while studying 
a particular section of a craze in the microscope: the heat generated in the 
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polymer section by the electron beam can cause a substantial increase in 
temperature and consequent softening of the filaments. 

Although structural details vary from one craze to the next, it is clear that 
in each case the craze shows evidence of a physical aging process. The aging is 
facilitated by the unavoidable proximity of the temperature of the eutectic 

Figure 3 Homopolystyrene craze showing marked thermal aging. 
Nodules appear to be stumps of broken filaments. 

bath to the glass temperature of polystyrene. Moreover, iodine at least dis- 
solves in polystyrene to a limited degree, eventually turning the polymer a 
deep red. Whether sulphur is somewhat soluble also is not known. In any 
case, polystyrene films immersed in the eutectic bath for several hours are 
subsequently found by differential scanning calorimetry to have T~j's reduced 
by 10°C at least. Thus the bath temperature and the Tu of the eutectic- 
plasticized filaments of the craze nearly coincide. Marked evidence of physical 
deterioration in the craze structure is thus not surprising. 

Poly(bisphenol-A carbonate) crazed in liquid sulphur at 125~C yields 
microtomed sections showing even more markedly aged crazes (Figure 4). 
The Tg of polymer films soaked in liquid sulphur is reduced 20 ° through 
plasticization by the sulphur. Thus the filaments of the craze have Ty's equal 
to the bath temperature which accounts for the marked deterioration. 
(The polymer actually dissolves in the iodine-sulphur eutectic precluding its 
use as a reinforcing impregnant.) 

The gradual coarsening (and presumably weakening) of craze structure 
seen in Figures 1 to 4 appears then to take place by a breaking of the thinner 
filaments followed by their retraction and coalescence with thicker filaments. 
As this process continues, the holes get larger and fewer in number and the 
surviving filaments grow thicker. In the process the strength of the craze 
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probably deteriorates also so that these structural changes may be considered 
part of a high-temperature static fatigue process wherein crazes gradually 
transform into cracks. The same kind of process probably takes place in 
so-called solvent-cracking of glassy polymers whenever the organic fluid is 
absorbed sufficiently to lower Tg to about ambient temperature 5 

Figure 4 Craze in poly(bisphenol-A carbonate) produced m 
liquid sulphur at 125°C. Craze structure markedly deteriorated 

through sulphur plasticization. 

Certainly the structures seen here are much coarser than those observed 
in poly(dimethyl phenylene oxide) crazes reinforced with sulphur. In that 
resin, craze infusion can be effected 85 ° below Tg of the polymer. Further- 
more, the Tg is unchanged by long-time immersion in liquid sulphur, in- 
dicating a negligible degree of plasticization. Filament retraction and void 
coalescence occur at a much lower rate, if at all, and the characteristic dimens- 
ions of  mature craze structure remain in the 200 A range indefinitely. 

Rubber-modified polystyrene 
Since the discovery of the role of crazing in the deformation of  rubber- 

modified polystyrene and similar composite polymer systems6, 7, interest in 
their morphology and behaviour under stress has increased markedly. Much 
of the advance in understanding of these systems has come from optical 
and electron microscopic studies. The latter have depended largely on the use 
of osmium tetroxide to stain selectively the rubber. The agent attaches to 
residual double bonds and thus shows the morphology of the rubber particle 
and its inclusions., Happily osmium tetroxide also seems to react somehow 
with craze material suffiiently to leave a general indication of the number and 
spatial disposition of the crazes. However, the staining does not protect 
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craze structure during microtomy. Thus the knowledge of craze structures is 
restricted. 

It appears that suitable impregnants can be useful in preserving craze 
structure in rubber-modified systems during microtomy. We report here 
preliminary results obtained using iodine-sulphur eutectic as a reinforcing 
impregnant with rubber-modified polystyrene. For the same temperature 
limitations previously mentioned in connection with homopolystyrene this 
impregnant is not an ideal one for studying ~unaged' crazes in rubber- 
modified polystyrene. Results suggest, however, that proper impregnation 
will become a very useful tool that complements rubber staining. 

Figure 5 shows a microtomed section of Styron 453 (Dow Chemical Co.) 
rubber-modified polystyrene that had been crazed by straining in the eutectic 
bath for 10 minutes at 70°C, removed, and quenched. The section was 
backed with carbon as before and examined without further treatment. The 
oval shape in the centre is a rubber particle, originally a sphere 3.5/zm in 

Figure 5 Rubber-modified polystyrene crazed in iodine-sulphur 
eutectic. Rubber particle visible because of difference in cutting 

characteristics of rubber and polystyrene. No staining. 

diameter. As is usually the case, microtomy has produced a compression of the 
slice of about 40 ~o in the cutting direction (top left, bot tom right) and the 
rubber particle shape is consequently distorted. Three crazes are seen that 
interact with the rubber particle. Not  surprisingly, their structure is similar 
to that seen in Figure 2. On the basis of  change of thickness with distance, 
two of the crazes appear to have initiated at or near the edge of the rubber 
particle. The initiation site of the third craze is by no means evident. When it 
is borne in mind, however, that this is just one section in a body containing 
rubber particles distributed in three dimensions, it is evident that the third 
craze may have initiated either on the same rubber particle at a greater or 
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lesser depth or on another rubber particle no part of which is located in this 
section. 

The rubber particle is visible here apparently because the rubber has 
different cutting characteristics from the polystyrene. In some sections the 
rubber appears darker and hence is thicker; in others the rubber appears 
lighter and is thinner. The tendency of one material to deform out of the way 
of  the knife more than another is well known to microtomists. If  more 
polystyrene than rubber is cut off in one slice, rubber must tend to protrude 
above the polystyrene surface on the cut face of the block. The protrusion 
would then be present on the surface of the next slice making the rubber 
in the second slice thicker by the same amount that it was thinner in the first; 
hence the alternation in contrast between styrene and rubber from slice to 
slice. 

The different cutting characteristics do not delineate as sharply or as 
certainly the morphology of the rubber particle as does staining. We have, 
therefore, treated microtomed sections with osmium tetroxide subsequent to 
carbon deposition. Figure 6 shows a section of crazed Lustrex HT91 resin 
(Monsanto Co.) in which the crazes were impregnated with iodine-sulphur 
eutectic and the rubber subsequently stained lightly. After carbon evapora- 
tion the microscope grids holding the sections were turned upside down on a 
glass slide and the slide placed in a closed chamber containing an open 
ampoule of osmium tetroxide solid for one hour. Staining, of course, results 
from the osmium tetroxide vapour. The rubber boundaries and the polysty- 
rene inclusions are more sharply delineated than in Figure 5. 

Examination of impregnated and stained sections like that in Figure 6 
suggests that in most cases the craze edge is coincident with the rubber 
particle boundary to within 200 A or so. Not infrequently, however, the 
craze edge is separated from the rubber particle by a gap of non-voided 
polystyrene. Less frequently the craze edge penetrates through the rubber 
skin into the first included particle of polystyrene and occasionally the 
penetration goes deep into the rubber particle. Since serial sections have not 
been examined, we do not know how far the gap or the limited penetration 
extend above and below the plane of the section. 

Another feature of Figure 6 should be mentioned. The random clustering 
of  rubber particles that frequently is seen changes the pattern of craze de- 
velopment. With an isolated rubber particle crazes initiate preferentially in the 
equatorial zones (defining the poles as the direction of  stress) since the stress 
concentration factor is greatest there. In clusters the stress fields of the in- 
dividual particles may interact sufficiently to allow crazes to run from the pole 
region of one particle to that of the next. The pattern of the particular cluster 
may even allow crazes to run at angles of as little as 45 ° from the applied 
stress direction (Figure 6). These complexities are not surprising, of course, 
but are worthy of notice by those engaged in stress analysis of these systems. 

C O N C L U S I O N S  

The work reported here demonstrates a limited utility of iodine-sulphur 
eutectic in reinforcing crazes in polystyrene. In the most general context 
the attendant physical deterioration of the craze is undesirable in that 'un- 
damaged' craze structure cannot be studied. The coarsening of structure that 
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Figure 6 Rubber-modified polystyrene crazed in iodine-sulphur 
eutectic. Microtomed sections stained with osmium tetroxide. 

occurs during impregnation suggests how crazes may age under stress at 
temperatures approaching Tg. A similar process probably occurs in many 
environmental stress cracking events taking place in environments that swell 
the polymer and lower Tg of the craze filaments substantially. 

It also seems clear that opt imum craze impregnation will be a very useful 
tool, complementary to rubber-staining, in studying deformation mechanisms 
in rubber-modified polystyrene. The opt imum impregnant will be one that 
wets polystyrene without plasticizing it, that melts only 10 or 20°C above 
ambient temperature, and that is hard in the solid state, fluid in the liquid 
state, insoluble in water, and sublimable. 
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Network properties." (1) 
Multiple glass transitions 

C. H. BAMFORD, G. C. EASTMOND and D. WHITTLE 

Networks composed of polyvinyl trichloracetate (PVTCA) cross-linked by 
polymethyl methacrylate or polystyrene were prepared from mixtures of 
PVTCA and the appropriate monomer by thermal initiation with molybdenum 
carbonyl at 80°C or photoinitiation with manganese carbonyl at 25°C. From 
details of the syntheses the following properties of the networks were calcu- 
lable: (I) the mean numbers of cross-linked units per weight average PVTCA 
chain, (2) the mean degree of polymerization of the cross-links and (3) the 
ratio (number of branches)/(number of cross-links). Dilatometric observa- 
tions showed that normally the networks have two glass temperatures and 
are two-phase systems. The slopes of the volume-temperature curves between 
the transition points were higher than expected, markedly so with copolymers 
containing methyl methacrylate and to a much smaller extent with those 
containing styrene. It is concluded that in the former systems the PVTCA-rich 
phase contains considerable proportions of polymethyl methacrylate while in 
the latter there is only a small degree of incorporation of styrene into the 
PVTCA-rich phase. In agreement with these conclusions is the observation 
that for the polymethyl methacrylate systems the lower glass temperature is 
appreciably higher than the glass temperature of PVXCA. With the systems 
containing styrene this difference is not found. The influence of structural 
characteristics of the networks, particularly the branch/cross-link ratio and 
the length of the cross-links, on the compositions ot the two phases is 

discussed. 

GREAT INTEREST 1 has recently been shown in properties of block copolymers 
of the types AB, ABA in which A and B represent glassy and rubbery 
polymer segments, respectively. It has been shown that, at least over certain 
ranges of composition, the different components often form two separate 
phases in the solid state, one component existing in the form of domains in a 
matrix of the other. Evidence for two-phase behaviour is provided by 
electron microscopy "-6, low-angle x-ray scattering 7's, dilatometryg, t° 
differential thermal analysis 3, 11, and mechanical relaxation phenomena r-', 1:3 
Electron-microscopy shows the coexistence of two phases directly, while the 
second technique allows an evaluation of inter-domain distances. The other 
techniques show the existence of two glass transition temperatures, which 
may approximate to those of the pure components. In these systems polymer 
molecules in the domains are effectively cross-linked by physical forces. 

We have recently 14-17 described general methods of synthesizing networks 
composed of chains of different components, the nature of which is variable 
over a wide range. These materials may be prepared by cross-linking a 
prepolymer with chains of a vinyl polymer. Cross-linking involves free radical 
generation by reaction of suitable halogen-containing groups in the pre- 
polymer with an organometallic derivative in the presence of  a vinyl monomer 
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M as shown below 

CIzC--I__CCI3 initiator CIzC--  
- ---~ ,--CCI2M--M 

C13C--! M C13C--] 

C13C-- I--CC13 
+ --CCI~M MCI2C-- 

C13C-- - -CCIz 
(~) 

Repetition of this process ultimately leads to a three-dimensional network. 
The cross-link density and length are statistically controllable as already 
described. If the termination reaction occurs partly by disproportionation the 
prepolymer molecules will carry branches as well as cross-links. 

We have embarked on a programme designed to investigate the properties 
of such networks with predetermined structures. The polymers will be 
characterized by tensile and torsion measurements, dilatometry, nuclear 
magnetic resonance, electron microscopy and swelling behaviour. In this 
paper we report the results of diatometric studies on networks consisting of 
polyvinyl trichloracetate cross-linked with methyl methacrylate and styrene. 

E X P E R I M E N T A L  

Materials 
Methyl methacrylate, styrene, molybdenum and manganese carbonyls 

were purified as previously described 18. The prepolymer (PVTCA) was prepared 
by trichloracetylation of polyvinyl alcohol as in earlier work 14. Networks 
containing PVTCA cross-linked by polymethyl methacrylate and polystyrene 
were prepared 14-~7 from mixtures of PVTCA and the appropriate monomer 
by initiation with molybdenum carbonyl at 80°C or photoinitiation (A 
4358 A*) with manganese carbonyl at 25°C. Excess monomer was removed 
under vacuum for 15 h, approximately, and the resulting networks were then 
weighed. All reactions were carried out under vacuum in a laboratory 
illuminated with sodium light. 

Techniques 
Dilatometry. Measurements of glass-transition temperatures and co- 

efficients of cubical expansion were carried out in conventional pyrex 
dilatometers with mercury as the confining liquid. Polymers were annealed 
by immersing the dilatometer bulb containing a weighed quantity of polymer 
in a water bath and heating to 100°C under high vacuum. After cooling, a 
weighed amount of degassed mercury was transferred to the dilatometer and 
the bulb was agitated by an electric vibrator to remove voids between mercury 
and the polymer. The dilatometer was then opened to the atmosphere. This 
annealing process removes excessive free volume which may be present in the 
polymer films and eliminates contraction-effects lo which may occur during a 
heating-cooling cycle. 

* 1 /~ = 0"1 n m  
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A dummy dilatometer was prepared containing only a known weight of 
mercury. The two dilatometers were clamped together and suspended 
vertically in a thermostat. Simultaneous observations of the meniscus levels 
were made at 3-5°C intervals over a temperature range 20-130°C with a 
cathetometer. A plot of the difference between the two volumes A V against 
temperature allowed glass-transition temperatures and cubical expansion 
coefficients to be evaluated, the former to ±3°C.  

Care was taken to ensure that thermal equilibrium, indicated by a steady 
cathetometer reading, had been achieved at each temperature. This usually 
required 15-30 rain. Some samples were kept at temperatures <~I00°C for 
several hours without further variation in ~ V (see Figure 3). At temperatures 
> 115cC, decomposition of PVTCA occurred and constant readings could not 
be obtained: this effect was greatest for networks having a high PVTCA 
content. 

Polymer densities. These were determined by a f lotat ion method tg. 
Gel times. These were measured in vacuum viscometers as described in an 

ear l ier pub l ica t ion  14. 

R E S U L T S  A N D  DIS C USSION 

( 1 ) Ne twork  synthesis  and characterization 
• o /  The prepolymer contained 53~o chlorine, corresponding to 60 4/,, tri- 

chloracetylation of the parent polyvinyl alcohol. The effective Pw of the 
trichloracetate residues was 2600. Preparative details and structural charac- 
teristics of the networks are given in Table 1. Gel-times quoted are corrected 
for transfer to monomer 1,~. Initial rates of initiation j 0  were derived from 
observed rates of polymerization of the vinyl monomer under comparable 
conditions but with ethyl trichloracetate as halide instead of PVTCA; in this 
way effects of variations in the termination coefficient arising from attachment 
of growing chains to prepolymer molecules and gelation are avoided. This 
method of determining J 0  is described in more detail in reference 17. Carbonyl 
consumption is small in polymerizations l and VI I - IX  and no allowance for 
consumption 15 in VI I - IX  is necessary. The kir~etics of initiation by manganese 
carbonyl when consumption is appreciable are insufficiently understood at 
present to permit a precise correction and only limiting values can be esti- 
mated. The resulting uncertainties in the calculated mean number of cross- 
linked units per weight-average prepolymer chain and the length of cross-links 
are apparent from columns 8 and 9 of Table 1. Recent investigations ~'0 on 
initiation by molybdenum carbonyl suggest that under our conditions no 
consumption correction should be made. Estimation of mean cross-link 
lengths from conventional kinetic parameters is unreliable on account of the 
incidence of the gel effect, which was particularly pronounced in polymeriza- 
tions VII - IX involving styrene. These quantities were therefore calculated 
f rom the total number of cross-linked units and the conversion of the vinyl 
monomer. Branch :cross-link ratios were obtained from available information 
on the nature of the termination reaction a6, 17: a small correction for chain 
transfer to methyl methacrylate at 80':C has been madO 5. 
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Figure 1 Dilatometric data for polyvinyl trichloracetate (pvlcA), 
polymethyl methacrylate (PMMA) and a blend containing 52 % w/w 

PVTCA 

(2) Dila tometr ic  data 
(2.1) PVTCA--polymethyl  methaerylate system. Figure 1 gives dilatometric 

data from which the glass transition temperatures of PVTCA and polymethyl 
methacrylate are seen to be 59°C and 103°C, respectively. The coefficients of 
cubical expansion below and above Tg are 

agpv ~ 2-8 × 10 -4 per KI  
atp~ -~ 6.6 × 10 -4 per K j for prepolymer 

~gp,n=2"l × 1 0 - 4 p e r K  t 
alpm 5.4 × 10 -4 per for polymethyl methacrylate (2) 

Dilatometric data for the samples I-VI are presented in Figures 2 and 3. 
In samples I-V two transitions Tgi, Tg2 are observed, the former somewhat 
higher than that of the pure prepolymer and the latter close to that of 
polymethyl methacrylate. A blend of the homopolymers containing 52 ~o w/w 
PVTCA showed two glass transition temperatures close to those of the homo- 
polymers (Figure 1). 

The existence of two transition temperatures indicates the presence of two 
phases, which would result from limited compatibility of the two components. 
This type of behaviour has been reported for block copolymers of the type 
AB, ABA 1, 12 and also for polymer blends 21, 22; in these systems independent 
evidence 2-6 has often indicated the formation of discrete domains containing 
a preponderance of one component. 

We define $1, $3 as the slopes of the volume-temperature curves below 
Tgl and above Toz, respectively, and S~ as that in the intermediate region, 
Values of $1, $3 have been calculated on the assumption that the coefficients 
of expansion of the two components are additive, in which case equation (3} 
is applicable. 

81 ~" agppVgpp -r- agpmUopm "~- aHgAVHg (3) 

Sa = ~lpp Vlpp -~ ~zp,~ Vl~m -+ -~g A VH~ 
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Figure 2 Dilatometric data for networks I, lI, l l I  showing two glass 
transition temperatures Tgt (lower), Tgz 

© represent experimental data 
Curves below Tgl and above Tg2 calculated from equation (3) 

0"05 o 

• eV  

0'03 

0"020.01 ~ Samp[eVl 

O~ I I l I I 0 hO 60 80 100 120 
Temperoture (°C) 

Figure 3 Dilatometric data for networks IV, V, VI showing the 
presence of two glass-transition temperatures (except for sample V1) 
(3 represent experimental data; • represent experimental data for 
network V obtained after holding a specimen at the indicated 

temperature for several hours 
Curves below ~I, and above To2 calculated from equation (3) 
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Here the a's are the coefficients of  cubical expansion and the V's the respective 
volumes of  the components  at the appropriate  temperature,  and in the 
appropriate  states denoted by the subscripts g (below glass transition) and l 
(above glass transition). Subscripts pp, p m  refer to PVTCA and polymethyl 
methacrylate, respectively, and AVHg represents the difference between the 
volumes of  mercury in the dilatometer containing the sample and the dummy 
dilatometer. Lines with the calculated slopes are superimposed on the 
experimental points in Figures 2 and 3; in all cases the calculated slopes $1 
are in excellent agreement with observations. The experimental points in the 
region just above Tg2 appear to agree with the calculated slopes, but diverge 
at temperatures above I I0°C, especially for materials containing significant 
propor t ions  of  PVTCA. The divergence is attributable to thermal decom- 
position of  the prepolymer;  independent observations on pure PVTCA have 
shown that decomposit ion sets in above 1 10°C. 

Values o f  $2 were calculated f rom equation (4) 

$2 : 04p~O Vlp,p ~- '~gi)~n Vyp~n = 6tHg /~ VHg (4) 

and are compared with experimental slopes in Table 2. The observed values 
are appreciably and consistently higher than those calculated (except for VI). 
We interpret these results to mean that the assumption of  independent 

Table 2 

Sample 10tS2 [mlK 1) a W PV1CA in T,jI T, j2 
observed calculated network (C)  (C) 

( %; w/w) 

1 3.75 2-64 0.326 1.2 21.5 74 97.5 
1l 5-23 4.66 0.15 1.7 8 71 102 
111 3-83 3-57 0-071 2.1 35 69 101 
1V 4-78 2-34 0-87 2-8 21 74 99 
V 5.06 3'42 0.37 4.4 7.5 71 102 
VI 3.41 3'51 - - 3 - 103 
VII 3.03 2.89 0-57 0.17 77 55 97 
VIII 3.64 3"52 0.083 0.12 40-5 60 97 
IX 4.00 3-85 0.061 0.22 21 "5 60 100 
PVTCA 59 
polystyrene 100 
polymethyl 
methacrylate 103 

behaviour of  the two components ,  which is the basis of  equation (4), is not 
valid for the networks. Independent  experiments have established that 
equation (4) holds much more closely for a 1:1 w/w blend of  evTcA and 
polymethyl  methacrylate,  the calculated and observed values o f  S,~ agreeing 
within 4~o. It  is necessary to assume that in the networks the phase which is 
relatively rich in PVTCA (phase l) also contains polymethyl methacrylate, 
which can partake in the transition at the lower Tg. To facilitate analysis of  
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the data we shall assume that all the PVTCA is in this phase, together with a 
weight fraction a of the polymethyl methacrylate component. Ph3.se 2 is 
supposed to consist of pure polymethyl methacrylate. On this basis we 
derive the modified equation (5) 

$2 = ~;~p Vl~ + a~;~,. V;~,m + (I - a),~g~., Vg~., + , ~  A V~rg (5) 

By equating $2 to the measured slope, values of a have been calculated from 
equation (5) and are shown in Table 2. The weights of polymethyl metha- 
crylate Wassociated with unit weight of PVTCA in phase 1 have been computed 
from values of a and the data in Table 1, and are also presented in Table 2. 

From these results it appears that phase 1 contains large amounts of 
polymethyl methacrylate, especially when the proportion of the latter in the 
network is high. If  phase 2 is not pure polymethyl methacrylate, but contains 
some PVTCA which does not participate in the lower glass transition, our 
method of calculation would lead to underestimates of W. 

0.05 
S a r n p [ T y  

~ m p l e V I I I  
0"0h o 

0.03 

U IX 

0.02 

0"01 

I I I I I 

20 h0 60 80 100 120 
Temperature {*C) 

Figure 4 Dilatometric data for networks VII, V I I I  and IX  showing 
the presence of two glass-transition temperatures Tgl (lower) and Tg2 

@ represent experimental data 
Curves below T~z and above Tg2 calculated from equation (3) 

(2.2) PVTCA--polystyrene system. Data for this system (samples VII-IX) 
are shown in Figure 4. Again two transitions occur, Tgl, Tgz being close to 
the transition temperatures of the two components. Values of S1, $3 were 
calculated from equation (3) with the appropriate parameters for polystyrene 
(ages, V~s etc.). The coefficients of expansion are given in equation (6) 

agps ---- 1'9 × 10 -4, a l p s  ~ 5"5 X 10 -4 per K (6) 

Both calculated slopes are in satisfactory agreement with experiment, 
provided the temperature is not high enough to cause thermal decomposition 
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of the prepolymer. Values of $2 calculated from the equation analogous to 
equation (4) are again lower than those observed (Table 2), although the 
differences are smaller than in the methyl methacrylate system. Analysis of 
the results by an equation of the type (5) allows a and W to be calculated, 
with results presented in Table 2. Both quantities are considerably smaller 
than for polymers I-V, indicating that only small amounts of polystyrene are 
incorporated into phase 1. 

(3) Texture of the networks 
Figure 5a is a schematic representation of a portion of a network of the 

type used in these studies, in which polymer chains B are cross-linked by 
chains A and which also contains branches of A and loose-ends of B. As a 
basis for discussion we consider an idealised model containing discrete and 

s 

a z 

Figure 5 
(a) Portion of a network composed of polymer chains B (broken 

lines) cross-linked by chains of A (continuous lines) 
(b) Schematic representation of an idealized structure consisting of 

discrete phases of B + A in a matrix of A, (See text for explana- 
tion of symbols) 

continuous phases and we first assume that the former consist mainly of B. 
Typical structural features are shown in Figure 5a, DB is a domain of collapsed 
and aggregated molecules B; such regions are cross-linked by A-chains XA. 
Loops LA are A-chains connecting molecules B in a single domain. Branches 
GA of A may protrude f rom the domains. A single molecule of B such as 
that shown may be unable to aggregate with like molecules and will be 
trapped in a region mainly composed of A. Similarly a chain of A (e.g. a 
branch) may be trapped in a domain containing B. 

I f  the two polymers were completely incompatible, the maximum degree of 
phase separation consistent with the geometry would be expected, the 
cross-linked units of B being near the surface of the discrete domains. 
Geometric constraints would necessitate the trapping of some chains of A in 
the domains and the exclusion of some chains of  B from the domains. With 
partially compatible polymers, the junction points will be more deeply em- 
bedded in the domains, thus incorporating a larger proportion of A in B. 
For reasons of geometry, such incorporation might be expected to occur more 
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readily with branches or loops of A than with cross-links between different 
domains. The domain composition probably varies radially, with higher local 
concentrations of A near the surface, giving rise to a diffuse boundary of 
the type already proposed 1 for block and graft copolymers. These boundaries 
are represented by the hatched rings in Figure 5b. With partially compatible 
polymers a greater proportion of B chains in the phase rich in A would also 
be expected. 

In general, the detailed morphology of the solid network must be in- 
fluenced by the relative solvent powers for the separate homopolymers of the 
liquid from which the network is isolatedS; a non-solvent for A could lead 
to discrete domains of A within a continuous phase of B. In the present 
work the solid networks were prepared by removal of monomers, which are 
solvents for both homopolymers A and B. This type of situation could lead 
to the most intimate mixture of A and B consistent with the compatibility 
of the polymers and the geometry of the networks. 

The low values of W in the networks containing styrene (Tab& 2) indicate 
that polystyrene and VVTCA are effectively incompatible and mainly coexist 
as separate phases. This is not surprising since the homopolymers are un- 
doubtedly incompatible. The appearance of a small proportion of poly- 
styrene in the regior[s mainly composed of PVTCA (phase 1) is a result of the 
chemical attachment of the homopolymers, and the trapping of portions of 
polystyrene chains near junction-points and short cross-links in these regions. 
The marked phase separation in these systems is consistent with the observa- 
tion that T~I and Tg2 are close to those of the homopolymers (Table 2). 

Polymethyl methacrylate and PVTCA are essentially incompatible as shown 
by the existence of two glass transitions in blends of the two polymers, at 
temperatures characteristic of the homopolymers (Figure 1). Although in the 
network two phases exist (as shown by two glass transitions) large propor- 
tions of polymethyl methacrylate are incorporated in regions containing 
PVTCA (phase 1). The glass transition corresponding to these regions occurs 
at a perceptibly higher temperature than that of PVTCA (Table 2). On the 
other hand, Tg2 differs little from Tg for polymethyl methacrylate (Table 2), 
suggesting that phase 2 consists essentially of this polymer. 

During the isolation of the network unrestricted coagulation of the PVTCA 
as a pure phase is impossible, so that formation of regions relatively rich in 
PVTCA would be expected. Such regions (phase 1) must be connected by 
cross-links of polymethyl methacrylate which are necessarily excluded from 
phase 1. However, polymethyl methacrylate branches will not be under such 
constraints, and these, together with the remaining cross-links, may become 
incorporated into this phase. The view that branches are more readily 
included than cross-links in phase 1 is consistent with the higher values of W 
for networks prepared at 80°C (Table 2), i.e. under conditions more favour- 
able to termination by disproportionation, and consequent branch formation. 
The longer cross-links in samples IV-VI would also favour high values of W. 
Since according to our model, a considerable amount of polymethyl metha- 
cry/ate is located in phase 1, further phase separation in these regions would 
be anticipated; however, the observation of a well-defined glass transition 
temperature To1 higher than the glass temperature of PVTCA suggests that the 
two components are finely dispersed. 
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The morphology of (styrene)× (butadiene)y 
(styrene)x block copolymers 

P. R. LEWlS and C. PRICE 

A study has been made of the domain morphologies of two block copolymers 
of the type, (styrene)z(butadiene)u(styrene)x; for the first sample the weight- 
average molecular weights of the styrene and butadiene blocks were 13 300 
and 75 000 respectively, whilst for the second sample they were 10 300 and 
7l 000 respectively. The morphologies of films cast at different rates of 
evaporation from benzene solution were investigated by electron microscopy. 
With the exception of those prepared at very high rates of evaporation, the 
films formed highly regular domain structures, which were subdivided into 
grains. Low-angle x-ray studies were made on both solvent cast and com- 
pression moulded test pieces. It was found that at the tertiary level the latter 
consisted of an hexagonal lattice of glassy cylinders embedded in a rubbery 
matrix. The solvent cast test pieces also formed a regular domain structure, 
but for these it was not possible to make a definite structural assignment. 
Finally an attempt was made to trace the interrelationship between the 

force-extension behaviour of the samples and the morphology. 

INTRODUCTION 

A COMPREHENSIVE study of the mechanical properties of  a range of styrene/ 
butadiene block copolymers has been reported by Holden, Bishop and 
Legge 1. The stress-strain behaviour and tensile strength of triplex polymers 
of  the type (styrene)z(butadiene)u(styrene)x were found to be very dependent 
on the percentage styrene content. At 13 ~ styrene content the polymer was 
found to behave like an under-cured vulcanizate, at 27.5 ~o styrene content 
the behaviour was close to that of  a conventional vulcanizate, whilst between 
30 and 53 ~ styrene contents the polymer exhibited yield point followed by 
drawing and then an elastic extension. In an attempt to explain the properties 
of  those copolymers having properties similar to conventional vulcanizates 
Aolden et al proposed a two phase model in which the polystyrene end blocks 
formed spherical aggregates or domains (there being 600 or so blocks in each 
aggregate) within a matrix composed predominantly of  the polybutadiene 
centre blocks. Thus, the model consisted essentially of  a random array of 
hard spherical particles, which could act both as multi-functional crosslinks 
and as reinforcing filler, embedded in a rubbery matrix. The overall rubbery 
nature of  the two phase system was accounted for by the fact that the rubbery 
components form the continuous phase. Supporting evidence for the oc- 
currence of distinct microphase separation in styrene/butadiene block 
copolymers has been obtained by electron microscopy 2-5. 

At the start of  the present investigation we carried out some preliminary 
measurements on (styrene)x(butadiene)u(styrene)x copolymers having styrene 
contents of  ,~25 ~ .  Whilst the results broadly confirmed the findings out- 
lined above, we observed in addition a number of  characteristics which did 
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not appear to be accounted for by the simple model. It was found that the 
mechanical behaviour of test pieces was strongly influenced by the manner 
in which they had been moulded. Thus, the elastic modulus, and the presence 
or absence of a yield point was dependent on the physical history of the test 
piece as well as the chain geometry and percentage styrene content. Further- 
more many test pieces were found to be markedly anisotropic. To gain a 
clearer understanding of the interrelation between the mechanical properties 
of the styrene/butadiene copolymers and chain geometry we have carried out 
a detailed programme of structural characterization. We have already 
presented two preliminary reports of this work 6,7. At the present time we 
report more detailed results and attempt to explain some of the anomalies 
mentioned above. 

EXPERIMENTAL 

Materials 
Two samples of copolymer of the type (styrene)x(butadiene)u(styrene)x 

were studied both of which had been synthesized anionically using secondary 
butyl lithium as initiator. The first sample, $1, had a real weight-average 
molecular weight (Mu,) of 102000 (as determined using Benoit's light 
scattering methodS), and a number-average molecular weight of 84 000. A 
combination of u.v. and i.r. spectroscopic analyses showed the chains were 
composed of 34 ~ cis-, 34 ~o trans-, and 6 ~ vinyl-polybutadiene, and a residue 
of 26 ~o polystyrene. Thus for $1 the weight-average molecular weights of the 
styrene and butadiene blocks were estimated to be 75 000 and 13 300 respec- 
tively. The light scattering data indicated that its compositional hetero- 
geneity s was relatively small and this result was confirmed by analysing 
a series of fractions isolated by liquid-liquid phase separation. A less detailed 
study of the second sample, Sz, gave the weight and number average mol- 
ecular weights of the polymer to be 91 000 and 75 000 respectively. The 
weight average molecular weights of the polybutadiene and polystyrene 
blocks were estimated to be 71 000 and l0 000 respectively. 

Preparation of test pieces 
Samples were prepared in sheet form (~0.25 cm thick) either by solution- 

casting or compression moulding. In the casting technique a solution of the 
polymer was slowly evaporated on a clean mercury surface. Benzene was 
used as solvent for this purpose. Visual examination of the cast samples 
placed between crossed polaroids showed them to be optically isotropic. In 
the compression-moulding process the polymer in crumb form was positioned 
centrally in a mould, which was then inserted in a hot press thermostating at 
152 ± 2°C. After the system had reached thermal equilibrium, a nominal 
hydrostatic pressure of 15 MN m z was applied for ten minutes. The press 
was then cooled to room temperature, and the sample was stripped slowly 
from the mould. A severe adhesion problem initially encountered was 
circumvented by covering the mould with aluminium foil thinly layered with 
cellophane sheeting. Examination of the moulded samples using crossed 
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polaroids revealed a partially formed Maltese cross pattern indicating the 
sample was oriented having a centre of symmetry near the centre of the 
mould (i.e. near the position from which melt flow was initiated). 

Low-angle x-ray diffraction 
Initial, exploratory studies of the compression-moulded samples were 

carried out using a pinhole box-camera. More extensive studies of both 
solvent-cast (B) and compression-moulded (CM) samples, $1 and Sz, were 
carried out using a Rigaku-Denki slit-collimated low-angle camera. Copper 
K~ radiation (A = 0.1542 nm) was generated by a Philips 'fine focus' tube 
operated at 36 kV and 20 mA; a nickel filter was used to remove K~ radiation. 
The main beam was collimated by means of three slits, the first two defining 
the overall size of the beam while the third was used to control parasitic 
scattering. The slit widths were 0.02, 0.01 and 0.015 cm taken in order from 
source to sample. The calculated beam size, 3.3 × 0.03 cm correlated well 
with that determined experimentally. The instrument was standardized with 
a finely powdered sample of calcium stearate, the low-angle spacing of which 
matched that determined previously in a wide-angle diffraction experiment. 
Automatic count scanning was used to check the main beam profile prior to 
each experiment; it was found that readjustment of the slit system was 
necessary at fairly frequent intervals. 

Long periods were studied by two different methods. The first method 
involved timing a fixed number of counts over a narrow range of angles 
necessary to define the long period under investigation. A typical experiment 
entailed recording the times for a fixed count of 8000 at 30 seconds of angle 
intervals. In the second method the diffraction pattern was recorded on a 
5 cm square of Ilford industrial 'G '  film. A sample to camera distance of 
25.5 cm was used. Exposure time varied from 30 minutes to 24 hours depend- 
ing on which part of the diffraction pattern was being examined. Following 
exposure, the film was developed, washed and then air-dried for several 
hours. Spacings were measured directly from the negative using a Joyce- 
Loeble mark IIIC recording microdensitometer. Film shrinkage was found 
to be negligible. Of the two methods the second provided far greater freedom 
than the first without any significant loss in accuracy. The effect of slit 
smearing on the scattering curves was assessed using an infinite slit correction. 
A check on the correction, which lay between 3 and 10~,  was afforded by 
comparison with the positions of diffraction peaks (maximum of 2) observed 
using pin-hole collimation. 

Electron microscopy 
Electron micrographs of ultra-thin films were obtained using an AEI 

EM6G electron microscope. The instrument was operated at an accelerating 
voltage of  100 kV, under which conditions the stated resolution was better 
than 1 nm. (An objective lens aperture of 50 t~m was used to enhance contrast 
in the sample.) The instrument was calibated at various currents and nominal 
magnifications using a ruled diffraction grating. The ultra-thin films were 
prepared by evaporating solutions of the polymer on a clean mercury surface. 
The concentration of the solutions used was calculated to give a film thickness 

260 



(STYRENE)x(BUTADIENE)y(STYRENE)x BLOCK COPOLYMERS 

of 50 nm. Films were scooped up onto 300 mesh grids by drawing the latter 
slowly up through the surface using needle point tweezers. The films were 
stained in an identical manner by exposing the mounted grids to osmium 
tetroxide vapour. A glass slide covered with ten grids was suspended in a 
deep, closed crystallizing dish, containing a 1% aqueous suspension of osmium 
tetroxide. The films were stained for half an hour at room temperature and 
then stored in cellulose capsules. Each mounted grid was examined in the 
electron microscope in the following way. A scan was first m.ade at very low 
magnification ( × 500) to check whether the film was adequately supported by 
the grid; it was found that film adhesion was considerably better with the 
shiny rather than the matt surface of the copper grids. The films were then 
studied at progressively higher magnifications and micrographs taken at 
suitable intervals. All the micrographs were obtained as glass mounted 
negatives. Positive prints were taken by contact to minimise distortion and 
magnification errors. 

Tensile tests 
Stress-strain experim.ents were carried out using a Hounsfield type E 

tensile testing machine fitted with an environmental chamber. The instrument 
consists of a straining unit coupled to a control console containing an auto- 
matic chart recorder. The test sample is held vertically in between a fixed 
lower grip and a mobile upper grip. The latter grip is connected to a load cell 
mounted on a mechanized drive cross-head bar. Simple screw-tightened 
clamps were used in the m.ajority of experiments, adhesion being enhanced by 
applying a smear of Eastm.an Kodak 910 adhesive. Two load cells covering 
the ranges 0-10 kg and 0-100 kg were used in the investigation; the cells 
were calibrated before and immediately after a test had been made simply by 
suspending known weights from the upper tensile grip. Owing to the tem- 
perature sensitivity of the load cell it was necessary to thermostat the upper 
section of the straining unit to 1-0-1 °C, 

RESULTS AND DISCUSSION 

Electron microscopy 
Figures 1, 2 and 3 show micrographs of films prepared at increasing rates 

of evaporation from benzene solution. Since the osmium tetroxide preferen- 
tially stains polybutadiene due to the formation of an addition compound 
with olefinic bonds, dark regions are indicative of polybutadiene and light 
regions of polystyrene. Films prepared at both low and intermediate rates of 
evaporation from benzene solution showed a distinct two phase structure. At 
low rates of evaporation (~24  h) the domain morphology, i.e. the tertiary 
structure, obtained is a highly ordered array of uniform glassy domains 
embedded in a rubbery matrix. Whether these domains are spheres, prolate 
ellipsoids or cylinders (viewed end-on) cannot be decided from the limited 
two dimensional information provided by the electron micrographs. Exami- 
nation of micrographs at lower magnification (see Figure 4) reveals that the 
films have a grain texture which constitutes a quaternary structure. The 
grains vary in size from about 0.07 to 5 t~m. The grain boundaries are defined 
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Figure 1 Figure 2 

Figure 3 Figure 4 

Figure 1 Film of sample 1 prepared at low 
rate of evaporation 

Figure 2 Film of sample 1 prepared at inter- 
mediate rate of evaporation 

Figure 3 Film of sample 1 prepared at high 
rate of evaporation 

Figure 4 Film of sample 1 (prepared at low 
rate of evaporation) showing grain structure 

by two types of  defect; classical line defects similar to those associated with 
crystalline lattices and regions of  incomplete phase separation. 

For  films isolated at intermediate rates of evaporation (,~4 h) the mor- 
phology consists of  a parallel array of cylinders or alternatively lamellae 
viewed end-on embedded in a rubbery matrix. It is interesting to note that 
because of the continuity of  the glassy phase these films prove much easier to 
mount  and were far less sensitive to stray vibrations in the microscope than 
those obtained at low rates of evaporation. With films prepared at high rates 
of  evaporation (flash drying conditions) phase separation is far from complete 
and one is just able to discern a rather disorganised mixture of  domains of  
various shapes and sizes. After lengthy storage at ambient temperatures these 
films showed no enhancement of phase separation. 

In the context of  the present study we feel the electron microscopy of thin 
films serves three main purposes: 

(1) It reveals the possibility of  a tertiary structure having long-range 
order and also the existence of a quaternary structure. 
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(2) It suggests a number of morphological units which are likely to occur 
in the bulk state, e.g. sphere, cylinder. 

(3) It emphasizes that with this class of material, as is the case with 
crystalline polymers, the physical history plays a controlling role in deter- 
mining the higher levels of structural organization. 

However, in order to obtain more direct information about the state of the 
bulk polymer we turn to low-angle x-ray diffraction. 

Low-angle x-ray diffraction and mechanical properties 
The observed intensity of scatter at a given angle, 20, from the incident 

beam, will be proportional to the product a(h)F2(h), where a(h) is an int;r- 
particle interference function, F2(h) is a function which depends on the struc- 
ture of the individual particles (i.e. whether cylinder, sphere etc.), and 
h -- 47r/A × sin 0, where A is the wavelength of the radiation in the medium. 
For a solid sphereg, a° of radius R, 

(hR)3i. ~ l (1) 

whilst for a solid cylinder 11a2 of radius R, 

2J1 (tlR) 
F O )  = hR  (2) 

where J3/z and Jx are 13essel functions of order 3/2 ar, d l respectively. Plots 
of F2(h) agair, st h for both cases give rapidly damped oscillating curves; the 
first two minima occur at 4.43 and 7.73 for function 1 and at 3.83 and 7-02 
for function 2. If the particles form a highly ordered array, the function a(h) 
will consist of a series of sharp maxima whose positions are governed by the 
Bragg equation (nA = 2 d sin 0). For such a case sharp diffraction maxima 
would be observed at values of h corresponding to maxima in a(h). The 
function F2(h) would have very little influence on these positions and would 
affect only the intensity of the peaks, However, if the particles form a dis- 
ordered array, the maxima in a(h) and hence in i(h) would be diffuse and 
their positions would no longer coincide, because of the influence of F2(h); 
for the latter case the Bragg equation would no longer be directly applicable. 

Compression moulded samples 
Long periods are given in the first two rows of Table 1 for the compression 

moulded sheets of samples 1 and 2; the values are all expressed relative to the 
first observed long period, dl, in each case. For both S1/CM a~ad S2/CM, the 
first peak was by far the most intense and the fourth peak appeared as a 
shoulder on the third (see Figure 5). However, the third peak was slightly 
more intense than the second for S1/CM, but less intense than the second 
for S2/CM. The fifth peak, which was observed only for S1/CM, was extremely 
weak and only just detectable. 

The long period ratios, di/dl for both compression moulded samples are 
consistent within experimental error, with the theoretical ratios dhk/dlo, 
given in Table 2, for a lattice composed of hexagonally packed cylinders 
(h.p.c.). The inter-axial distances calculated for this model are given in column 
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8, Table 1 and the radii of the cylinders obtained from a knowledge of the 
percentage styrene content and assuming complete separation of components 
are given in column 10, Table 1. If  the structural assignment is correct there 
are a number of diffraction peaks which are apparently missing. It seems 
likely that the influence of the particle scattering function FZ(h) is responsible 
for these absences. Similar absences were studied in the work of Skoulios and 
colleagues for the case of ethylene oxide-polystyrene block copolymers 13. In 
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Figure 5 Plot of intensity against scattering angle for S2/CM. The 
intensity of the first long-period has been set equal to unity for 

reference 
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Table 1 Low angle x-ray and electron microscopy data for compression (CM) and solvent 
cast (B) test pieces 

Sample dl/dl d~/dl d:~/dt d4/dt d5/dl Assignment di,,t(nm) di,,t(nm) R(nm) 
(x-ray) (EM) (calel 

S~/CM 1 0.579 0-360 0.330 0-231 h.p.c. 37.5 37.0 9.5 
S2/CM I 0-560 0.368 0.338 h.p.c. 28.0 33.0 6.5 
S~/B 1 0"615 0.381 - f.c.c.s.(?) 40.0 43-0 13-5 
Sz/B I 0.608 0.396 - f.c.c.s.(?) 31.0 34-5 10.0 

Table 2 Characteristic ratios for two-dimensional lattice of hexagonally packed cylinder 
(h.p.c.) 

dJ~:/dlo 1 0.577 0.500 0"378 0.333 0'289 0.270 0.250 
hk 10 1 I 20 21 30 22 31 40 
*dmin/dlo ; SI/CM 0'48 0"26 
dmin/dlo; S~/CM 0.44 0.24 

* Values represent ratios at which F2(h) would be a minimum for the calculated radii of the cylinders. 
d h k / d ~  ~ [3, /(h ~ hA ! k~) ]  ~'a 

Table 2 are given positions of the first two minima (dmin/dxo) in F2(h), calcu- 
lated for the case of cylindrical units with sharp phase boundaries. Because 
of the simplicity of the assumed model we would not expect exact agreement 
between the experimental and calculated values of dmin/dlo; from the data it 
appears that the latter are a little too low. However it is encouraging to find 
that the predicted minima all occur in the vicinity of positions for which 
absences have been noted. Since the dmin/dlo are somewhat higher for S1/CM 
than S2/CM it is also possible to explain why the second peak is weaker for 
the former sample than the latter. 

That relatively few diffraction peaks are observed is accounted for by the 
rapid damping of the structure factor. Thus for a solid sphere the normalized 
intensity is reduced to one half at hR =- 1.76 and for a solid cylinder at 
hR : -  1.61, whereas for an a tom of mercury the half intensity is not reached 
until hR~ = 6-0 where Ra ~ 0" 15 is the apparent radius of the mercury atom. 

In column 9, Table 1 are given inter-particle distances obtained from 
electron micrographs of thin films having morphologies of the type shown in 
Figure 2. The very good agreement between these values and those in column 
8 is encouraging, but perhaps somewhat fortuitous in view of the fairly large 
calibration errors associated with the electron microscopy values (:~:5 ~,,) and 
the fact that the x-ray data relates to the average state in the bulk polymer, 
whilst the electron microscopy data relates to the state of the system at or 
near a surface. 

A variation of diffraction intensity occurred when the compression moulded 
samples were rotated in a plane perpendicular to the incident beam (see 
Figure 6). As mentioned in our preliminary communication v analysis of the 
behaviour indicated that grains of the tertiary lattice structure were oriented 
so that the axes of the cylindrical units were preferentially aligned in the 
direction of melt flow. A similar (but more distinct) orientation effect 
together with the presence of a cylindrical morphology has been reported 
recently by Keller for extruded samples 14. The moulding technique described 
earlier gave sheets in which flow lines radiated out from the centre of the 
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Figure 6 Variation of intensity of the first long-period on rotation 
of the sample in the plane perpendicular to the incident beam. The 

direction of melt flow corresponds to the 90 ° angle 

mould.  The degree of or ientat ion was found  to be a sensitive funct ion of the 
temperature  and  mould ing  pressure. However, because of the complexity of  
the factors involved no at tempt  was made to study the or ientat ion effect in a 
quanti tat ive manner .  The anisotropy of the samples was also reflected in the 
mechanical  properties. In  Figure 7 are shown stress-strain curves for simple 
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Figure 7 Force-extension curves for a compression moulded test 
piece of sample 2. II and _t_ indicate extensions parallel aqd per- 

pendicular to the flow lines respectively 

extension taken parallel and perpendicular to flow lines in test piece A of 
sample 1. The two curves are well separated over the complete range of study ; 
the initial moduli are 7.6 ~ 0.5 and 3.6 ± 0-2 MN m ~ respectively. Some 
test pieces showed a much higher degree of structural orientation than A. For 
one such sample a modulus of 210 MN m 2 and a yield point of 3 MN m 2 
were recorded in a direction parallel to the flow lines. The mechanical 
properties of the compression moulded samples can be fully accounted for 
at least qualitatively in terms of the model assigned earlier. I f  we consider a 
single grain only, then if the strain is applied parallel to the orientation of the 
cylindrical units the response of the system will be dominated by the high 
elastic modulus of the glassy phase. For the latter case the equilibrium 
modulus for a polymer having 25'~ ~, styrene content would be 103 MN m '~. 
At fairly low strains however, the grains would begin to respond irreversibly 
either by fracturing or as is more likely for the present situation by yielding 
and then drawing. For the case of a stress applied perpendicular to the axes 
of  the cylindrical units the response would be characteristic of the rubbery 
matrix. It is important to remember that a lattice composed of glassy 
spherical domains embedded in a rubbery matrix would never exhibit 
behaviour characteristic of the domains simply because whatever strain axis 
was chosen would by necessity repeatedly cross from one phase to the 
other. Electron microscopy revealed that at the quaternary level (styrene)~- 
(butadiene)u(styrene)x polymers consist of a neatly fitting assembly of 
grains. The overall properties of a given sample will therefore be influenced 
by the detailed structure of this mosaic, and in particular by the average 
orientation of the grains. 

Solvent cast samples 
The data for these materials were treated in a manner similar to that 

described in the previous section. In Table 1 long-period ratios are recorded 
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for solvent cast sheets of both samples. In each case the first diffraction peak 
was much more intense that the other two. The third peak was rather broad 
and was possibly a convolution of two peaks. The long-period ratios showed 
small but experimentally significant differences from those observed for 
compression moulded samples indicating some change in the domain 
morphology. 

From a comparison of the values of di/dl in Table 1 with those ofdh,k,l/dlll 
in Table 3 it is tempting to assume that the domain morphology for both 

Table 3 Characteristic ratios for a face-centred cubic lattice of spheres 

dhet/d111 1 0 ' 8 6 6  0"613 0"521 0"500  0"434 0"379 0 ' 3 8 7  
hkl 111 2 0 0  220  311 222  4 0 0  331 4 2 0  
*drain/dill ; S1/B 0"59 0 ' 3 4  
dmln/dlll ; Sz/B 0"56 0 ' 3 2  

* Values represent ratios at which F2(h) would be a minimum for the calculated radii of the spheres 

S1/B and S2/B is that of a face centred cubic lattice of spheres (f.c.c.s.). 
Indeed the f.c.c.s, assignment would be in keeping with the most obvious 
interpretation of the electron micrographs shown in Figures 1 and 4. The 
inter-domain distances, dint and domain radii, R, given in columns 8 and 10 
respectively of Table 1, have been calculated on the basis of the f.c.c.s. 
assignment making the same assumptions as those for the h.p.c, morphology. 
However, for the f.c.c.s, structure there are a number of absent reflections 
which we have, as yet, not been able to adequately explain and which could 
not simply be put down to the influence of the F2(h) function. The predicted 
locations of minima in FZ(h) for spherical particles are given in Table 3. It is 
clearly not possible on the basis of the simple f.c.c.s, model to explain: 

(1) the absence of the 200 peak which should be well removed from the 
first minimum in F~(h) 
(2) the presence of the 220 peak which might have been expected to be 
absent because of its proximity to the first minimum in F2(h). 
Further studies are currently being carried out in an attempt to clarify the 

situation. For the time being however we are not able to come to any clear 
decision with regards to the domain morphology of the solvent cast samples. 

Recent work by Mclntyre and Campos-Lopez 15 on a (styrene)x(butadiene)u- 
(styrene)x polymer provides more definite low-angle x-ray evidence for 
spherical domains. Their structural assignment was that of a face-centred 
orthorhombic lattice. The copolymer investigated by them however contained 
a higher styrene content (36 ~)  than those used in the present study. 

The intensities of the low-angle x-ray diffraction peaks for the solvent cast 
sheets in contrast to the compression moulded sheets were found to be 
independent of the angle of rotation within the plane of the sheet. Similarly 
the elastic properties were found to be angularly isotropic; the initial elastic 
modulii for S1/B and S2/B were 8-4 ± 1.0 MN m -2 and 11.3 i 1-0 MN m-L 
On no occasion was a yield point observed for such samples; a typical force- 
extension curve is shown in Figure 8. The mechanical properties were there- 
fore consistent with a model in which there are discrete hard domains of 
limited dimensions in a rubbery matrix. The isotropy of the solvent cast 
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Figure 8 Force-extension curve for a solvent cast test piece of 
sample 2 

sheets,however, indicates the existence of a randomly oriented grain structure, 
which is in accord with the micrograph shown in Figure 4. Thus on the basis 
of the mechanical properties it is not readily possible for this case to distin- 
guish between a morphology based on spheres and a morphology based on 
cylinders. 

A C K N O W L E D G E M E N T S  

We wish to express our gratitude to Dr J. A. Chapman and Mr S. M. W. 
Grunday (Dept. of Rheumatology, University of Manchester) and Dr G. W. 
Lorimer (Dept. of Metallurgy, University of Manchester) for the assistance 
they gave us with the electron microscopy, and to Dr J. Waring and Mr R. R. 
Sharpe ([C[ Blackley) for numerous discussions and help with the low-angle 
x-ray scattering. We also thank the Shell Chemical Company for the supply 
of samples 1 and 2 (trade designations KI 101 and K1102). 

Department of Chemistry, 
University of Manchester, 
Manchester M13 9PL, UK (Receit, ed 10 November 1970) 

REFERENCES 

1 Holden, G., Bishop, E. T, and Legge, N. R. J. Polym. Sci. (C) 1969, 26, 37 
2 Hendus, H., Illers, K. and Ropte, E. Kolloid-Z 1967, 216, 110 
3 Fischer, E. J. Macromol. Sci. (A) 1968, 2, 1285 
4 Matsuo, M. Japan. Plastic 1968, 19, 6 
5 Beecher, J. F., Marker, L., Bradford, R. D. and Aggarwal, S. L. J. Polym. Sci. (C) 1969, 

26, 117 
6 Lewis, P. R. and Price, C. Nature 1969, 223, 494 

269 



P. R. LEWIS AND C. PRICE 

7 Price, C. and Lewis, P. R. Lab. Practice 1970, 19, 599 
8 Bushuk, N. and Benoit, H. Canad. J. Chem. 1958, 36, 1616 
90ster ,  G. and Riley, D. P. Acta Cryst. 1952, 5, 1 

10 Rayleigh, Proc. Roy. Soc., 1914, A90, 219 
11 Oster, G. and Riley, D. P. Acta Cryst. 1952, 5, 272 
12 Guinier, A. Ann. Phys., Paris 1939, 12, 161 
13 Skoulios, A. Adv. Colloid Interface Sei. 1967, 1, 3 
14 Keller, A., Pedemonte, E. and Willmouth, F. M. Nature 1970, 225, 538 
15 Mclntyre, D. and Campos-Lopez, E. Macromoleeules 1970, 3, 321 

270 



Polymerization of methyl methacrylate 
photosensitized by benzophenones 

H. BLOCK, A. LEDWITH and A. R. TAYLOR 

Polymerization of methyl methacrylate (MMA) in tetrahydrofuran (-rHv) may 
be photosensitized with benzophenone, 3,3',4,4'-benzophenone tetracar- 
boxylic dianhydride (BTDA) and 3,3',4,4'-tetramethoxy carbonyl benzo- 
phenone (TMCB) with an efficiency comparable to that of azodiisobutyronitrile 
as a photosensitizer. The reactions show conventional chain kinetics for 
radical polymerizations in which initiation involves hydrogen abstraction 
from THF by triplet excited sensitizer, i.e. 

h'~ T I f F  

Ar2C O---->(Ar-,C O)(SD---->(Ar2C~O)tT0----~-Ar2C'-OH !-1HE. 

The semipinacol radicals Ar2C-OH do not initiate (at 30C) but act as 
terminating agents with an apparent efficiency increasing in the series 
BVDA ~< TMCB ~ Ph2C--O. However, a detailed kinetic analysis suggests 
that this order results from decreasing rates (in the given order)of sell" 

dimerization of the semipinacol radicals. 

THE EXPRESSION 'photosensitized polymerization'  is normally taken to imply 
initiation of a chain polymerization process through primary absorption of 
light by the sensitizer rather than the monomer. Photosensitization can 
occur either by direct energy transfer to monomer, or by chemical reaction 
of photo-excited sensitizer with solvent, monomer, or other additive, to 
produce the initiating species. In order to describe fully the mechanism of any 
photosensitized chemical reaction it is necessary to have a knowledge of a 
number of processes. These are, the initial effect of the absorption of a 
quantum of light on the sensitizer molecule, the subsequent fate of the 
excited sensitizer molecule, the nature of the unstable intermediates formed 
by reaction of the excited sensitizer molecule, and finally, the sequence of 
molecular rearrangements caused by chemically reactive collisions of the 
unstable intermediates. 

Benzophenone and its derivatives have become the most widely used 
sensitizers for organic photochemistry and both photochemical and photo- 
physical characteristics have been studied extensively'. It is quite surprising 
therefore that benzophenones have not previously found favour as photo- 
initiators for free radical vinyl polymerization since both energy transfer and 
free radical forming, hydrogen ab;traction processes are possible. 

Previously we have shown z that free radical polymerization of methyl 
methacrylate (MMA) may be induced by sensitization via the charge transfer 
transitions of tetrahydrofuran/maleic anhydride complexes. The sensitiza- 
tion is general for ethers and unsaturated anhydrides:~ and in an attempt to 
improve the initiating efficiency we have studied sensitization of MMA poly- 
merization in tetrahydrofuran (THE) by the commercially important 3,3',4,4'- 
benzophenone tetracarboxylic dianhydride (BTDA). This compound has both 
an anhydride function for possible complexing, and a carbonyl group tbr 
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sensitization. However since the anhydride has rather limited solubility in 
most organic solvents it was convenient to study also the related ester 
3,3',4,4'-tetramethoxycarbonylbenzophenone (TMCB) and for comparison 
purposes, benzophenone (BP). 

0 j ( f 2  O.X~(" x~) MeOOC COOMe 

0 0 0 

BDTA T MC B BP 

MATERIALS 

(1) Monomers 
(1.1) Methyl methacrylate (MMA) 

Methyl methacrylate (Hopkin and Williams, stabilized monomer) was 
washed 5 times with 10 ~ v/v portions of 20 ~ aqueous sodium hydroxide to 
remove the inhibitor and then with deionized water to constant pH. The 
monomer was dried over anhydrous calcium chloride for 1 hour then 
decanted onto a fresh sample of anhydrous calcium chloride and stored 
overnight in a stoppered flask. The dry monomer was then fractionated 
under reduced pressure, with a dry air bleed, through a 2-5 ft* column 
packed with Fenske helices. The middle fraction, boiling at 45°C under 95 
mmHg was collected at a reflux ratio of 2: 1. 

The fractionation procedure was repeated with the middle fraction and the 
purified monomer was stored over molecular sieve pellets (British Drug 
Houses, BDH, Type 4A) at --5°C in the dark. 

(1.2) Methyl acrylate (MA) 
Methyl acrylate (BDH) was washed 5 times with 10 ~ v/v portions of 10 

aqueous sodium hydroxide to remove the inhibitor and then with deionized 
water to constant pH. The monomer was dried over anhydrous calcium 
chloride for 1 hour then decanted onto a fresh sample of an_hydrous calcium 
chloride and stored overnight in a stoppered flask. The dry monomer was 
then fractionated under reduced pressure, with a dry air bleed, through a 
2.5 ft vigreux column. The middle fraction, boiling at 47°C under 250 mmHg, 
was collected at a reflux ratio of 5: 1. The purified monomer was stored over 
molecular sieve pellets (BDH Type 4A) at --5 °C, in the dark. 

(1.3) Styrene 
Styrene (Hopkin and Williams, stabilized monomer) was washed 5 times 

with 10 ~ v/v portions of 20 ~ aqueous sodium hydroxide to remove the 
inhibitor and then with deionized water to constant pH. The monomer was 

*1 ft = 0.3048 rn 
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dried over anhydrous calcium chloride for 12 hours and then over calcium 
hydride for a further 24 hours. During the drying process, the monomer was 
kept under a nitrogen atmosphere to reduce oxidation by atmospheric 
oxygen. The dry monomer  was then fractionated under reduced pressure, 
with a nitrogen bleed, through a 2-5 ft vigreux column. The middle fraction, 
boiling at 57°C under 30 m m H g  was collected at a reflux ratio of 3: 1. The 
purified monomer was stored, under vacuum, over calcium hydride at - -5°C 
in the dark. 

(1.4) Vinyl acetate 
Vinyl acetate (Hopkin and Williams, stabilized monomer) was washed 5 

times with 10 ~o v/v portions of 2 ~o aqueous sodium hydroxide to remove the 
inhibitor and then with deionized water to constant pH. The monomer was 
dried over anhydrous calcium chloride for 1 hour and then over calcium 
hydride and sodium metabisulphite for 48 hours. The dry monomer  was then 
fractionated, with a nitrogen bleed, through a 2-5 ft column packed with 
Fenske helices. A good middle fraction, boiling at 73.5°C at 760 mmHg,  was 
collected at a reflux ratio of 8 : 1, after discarding the first 25 ~o of the distillate. 
The purified monomer was stored over calcium hydride and sodium meta- 
bisulphite at - -5°C in the dark. 

(1.5) Ao3,lonitrile 
Acrylonitrile (Hopkin and Williams) was dried over calcium chloride for 

24 hours. The monomer was then fractionated, with a nitrogen bleed, 
through a 2.5 ft column packed with Fenske helices. The middle fraction, 
boiling at 76°C at 760 mmHg,  was collected at a reflux ratio of 3:1. The 
purified monomer was stored over molecular sieve pellets (BDH Type 4A) 
at - -5°C in the dark. 

(2) Solvents 
(2. l) Tetrahydrofuran (THF) 

Tetrahydrofuran (BDH stabilized with 0-1 ~o hydroquinone) was refluxed 
for 24 hours over freshly ground calcium hydride. The dry THF was then 
fractionated through a 2.5 ft column packed with Fenske helices, the middle 
fraction boiling at 66.5 °C was collected at a reflux ratio of 3 : 1. Sodium wire 
was added from a press and the TnF was allowed to stand overnight in a 
stoppered flask. Fresh sodium wire was then added and the THE allowed to 
stand for a further 2-3 hours. The flask was connected to the vacuum line 
and after degassing, the THF was vacuum distilled into a storage vessel on the 
vacuum line. The storage vessel contained a number of small pieces of 
sodium and sufficient anthracene to form a 0.1% w/v solution. The THE was 
stored under vacuum at room temperature in this manner and a sample 
freshly distilled from the storage vessel gave a negative test for peroxide with 
ferrous thiocyanate. 

(2.2) Ethanol 
Dry magnesium turnings (2.5 g) and sublimed iodine (0-25 g) were placed 

in a 1 litre round bottomed flask fitted with a reflux condenser and silica gel 
drying tube. 50 cm 3 of commercial absolute ethanol were added and the 
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mixture heated until all the iodine had disappeared. Heating was continued 
until all the magnesium had dissolved to form the magnesium ethanolate and 
then a further 500 cm 3 of ethanol were added. The mixture was refluxed for 
1 hour. The dry solvent was then fractionated through a 2.5 ft vigreux 
column. The middle fraction, boiling at 78°C was collected at a reflux ratio 
of 3: l .  

(2.3) Isopropanol 
Isopropanol (Hopkin and Williams, 'Analar' grade) was refluxed for 24 

hours over freshly ground calcium hydride. The dry solvent was fractionated 
through a 2.5 ft vigreux column and the middle fraction, boiling at 82°C, 
was collected at a reflux ratio of 3 : 1. A small amount of sodium wire was 
added from a press. The solvent was stored over sodium wire and redistilled 
under reduced pressure immediately before use. 

(2.4-2.6) Benzene, toluene and chlorobenzene 
These were dried by refluxing over calcium hydride following by frac- 

tionation. Middle fractions collected had boiling points of 80.0, 110, and 
130°C respectively. 

(3) Sensitizers 
(3.1) Benzophenone 

Benzophenone (BDH Laboratory reagent) was recrystallized twice from 
40-60°C petroleum ether to yield white crystals, m.p. 48°C (lit. 48°C). 

(3.2) 3,3',4,4'-Benzophenonetetracarboxylic dianhydride 
3,3',4,4'-Benzophenonetetracarboxylic dianhydride (Aldrich Chemicals) 

was recrystallized twice from acetone, and dried under vacuum at I10°C to 
yield white crystals, m.p. 225-6°C (lit. 225-6.5°C). 

(3.3) Benzhydrol 
Benzhydrol (Hopkin and Williams) was recrystallized from petroleum 

ether (60-80°C b.p.) to yield white needles, m.p. 68°C (lit. 68°C). 

(3.4) Azodiisobutyronitrile 
Azodiisobutyronitrile (AmN) (Eastman Kodak) was recrystallized 3 times 

from absolute ethanol by dissolving the solid at 30°C and cooling to 0°C. 
The resulting white crystals, m.p. 102°C (lit. 103°C) were dried at room 
temperature on the vacuum line and stored in an air tight jar at --5°C in the 
dark. 

(3.5) Benzopinacol 
Benzophenone (2 g) was added to isopropanol (50 cm a) in a large pyrex 

tube and the mixture shaken to dissolve all the benzophenone. The tube was 
stoppered and irradiated by means of a 250 watt medium pressure mercury 
vapour lamp for 12 hours. After a short induction period the pinacol began 
to precipitate. The benzopinacol was filtered off and recrystallized from 
absolute ethanol to yield white crystals, m.p. 186°C (lit. 170-180°C). 
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(3.6) 3,3' ,4,4'-Tetramethoxycarbonyt benzophenone 
3,3',4,4'-Benzophenonetetracarboxylic dianhydride (24 g) was refluxed 

with methanol (200 cm a) until all the anhydride had dissolved. Anhydrous 
hydrogen chloride was bubbled through the solution for 3 minutes and 
reflux continued for a further 4 hours. The cooled solution was poured into 
an excess of 5~o aqueous sodium bicarbonate solution, when the product 
separated as a sticky white solid. The product was extracted with 2 × 1 litre 
portions of 60 ~o ether/40 ~o ethyl acetate and the extracts washed with two 
200 cm a portions of  deionized water. The extracts were dried over sodium 
sulphate and the solvent removed on a rotatory evaporator. The product was 
recrystallized from aqueous ethanol to yield while needles (52~),  m.p. 
91-92°C (lit. 91-6-93.5°C). Required for C21H1809, C, 60.6, H, 4.340/o; found 
C, 60.4, H, 4.43 0~. 

METHODS 

Rates o f  polymerization 
Polymerization rates were followed by conventional dilatometric tech- 

niques, the dilatometer being constructed by attaching a capillary stem to a 
'lollipop' shaped reaction vessel. High vacuum techniques were used through- 
out; THV solvent was distilled directly from sodium/anthracene solution and 
M~aA monomer was prepolymerized (5 ~ conversion) by exposure to a 250 
watt medium pressure mercury lamp, before final distillation. After filling and 
sealing, the dilatometer was placed in a constant temperature bath with 
transparent windows on an optical bench. Irradiation was by means of a 250 
watt medium pressure mercury lamp operated from a stabilized d.c. power 
supply. Light from the lamp was passed through a collimator having a 5 cm 
diameter piano-convex lens ( f - -  15 cm), mounted with the source at its 
focus so as to produce a parallel beam. Short wavelength u.v. light was 
removed by placing a 1 in* Pyrex glass filter in the path of the beam. The 
constant temperature housing and dilatometer were completely covered with 
a black cloth to prevent the incidence of stray light on the flat side of the 
polymerization vessel. 

Rates of polymerization (Rp) were calculated from the standard expression 

rrr2h 1 O0 
Rz°= FVf  :< i (MMA) MS -1 

where h -: fall in height of meniscus (cm) in time t (s) 
r = radius of capillary (cm) 
V = volume of solution (ml) in the dilatometer 

. f =  volume fraction of monomer in the solution 
F = volume contraction = (Or -- pm)/pp x 100 

p~, and pm are the densities of polymer and monomer in solution, respectively 
and were assumed equal to those reported by Matheson et al 4 for bulk 
monomer/polymer.  

*1 in = 2 5 . 4 m m  
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At 30°C F has the value 23.3 ~ and for the polymer samples isolated from 
kinetic runs, the actual yield was, on average, 97.6 ~ that calculated using 
this value of F. This correspondence shows that the errors involved in taking 
bulk values of pp and pro, rather than corresponding values in THF, are not 
significant. 

Calibration o f  light source 
The intensity of the light given out by the u.v. lamp was found to decrease 

with the time of running of the lamp. The lamp was calibrated, using standard 
samples of azodiisobutyronitrile, in 1 : I v/v mixtures of methyl methacrylate 
and tetrahydrofuran. The rate of polymerization was determined for three 
of these standard samples, at three times during the lifetime of each lamp 
used. The procedure adopted was the same as that used in the determination 
of rates of photosensitized polymerization. 

Since the rate of polymerization of methyl methacrylate photosensitized 
by azodiisobutyronitrile is proportional to the square-root of the intensity, 
the square of the observed rate of polymerization is a measure of the intensity 
of the lamp. A plot of (rate of polymerization) 2 against time was constructed 
and the best straight line drawn. From this graph the intensity of the lamp 
at any time, as a function of the initial intensity, could be read off. The rates 
of all photosensitized polymerizations were corrected to allow for the decay 
of the intensity of the lamp, assuming in all cases a square-root dependence 
on the intensity. 

Molecular weights 
Molecular weights were estimated by measuring the intrinsic viscosity of 

polymer samples in benzene at 30°C. Values for )~v were then calculated 
from the expression derived by Fox, Mason, and Cohn-Ginsberg 5 

log h~rv ---- (log[T] ÷ 4.28)/0.76 

Spectra 
UV and visible spectra were recorded (qualitatively) by means of a Unicam 

SP800 spectrophotometer, and quantitatively by a Unicam SP500 spectro- 
photometer. 

RESULTS 

All three benzophenones were found to be effective photosensitizers for 
polymerization of MMA in THE at 30°C. Initial rates of polymerization (R~) 
were determined for each sensitizer as a function of [sensitizer] and [MMA], the 
data being corrected for rate of polymerization in the absence of sensitizer, 
and for ageing of the light source. The data are summarized in Figures I and 2. 

The effect of light intensity on polymerization rates was studied by inter- 
posing a series of gauze filters between the light source and the dilatometer, 
and data for the three sensitizers is summarized graphically in Figure 3. 

276 



POLYMERIZATION OF METHYL METHACRYLATE 

111I 
14 

12 

E 

0 V  I I I I , I I I 
1 2 3 4 5 6 7 

10 2 [sensitizer]V2 (tool/1/~'a 

Figure 1 Polymerization of MMA in "raF, sensitized by benzophenones 
at 30"0°C ([MMA] : 4"68 tool/I) 
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Analysis of the rate data (Figures l-3) led to the following rate expressions 

- -dM 
dt - -  KI[MMA]I"02  [BTDA]0"49 I°°'~9 

- - d M  
dt - -  K2[MMA]0"98 [TMCB]0"50 100"50 

- -dM 
dt - Kz[MMA]0"S4 [Ph2C=O]°'~° l°°'z° 

During polymerization, the instantaneous rate decreased steadily as the 
sensitizer was consumed. Accordingly for correlations of rate with molecular 
weight, it was more appropriate to use average rates of polymerization 
rather than initial rates. The former being the numerical average of R~ over 
the time required for approximately 10% conversion. Data for the three 
benzophenones, and for AIBN are represented graphically in Figure 4, as a 
plot of reciprocal viscosity average molecular weight against average rate of 
polymerization. 
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Figure 2 Polymerization of MMA sensitized by benzophenones in THF 
at 30.0°C [Be] = 1"32 × I0 -s tool/l, [TMCa] = 7'76 × 10 -4 tool/l, 

[BDTA] = 6'67 X 10 -4 mol/l 
BP O BTDA ~] TMCB 

From Figure 4 the straight line correlations, obtained by the method of 
least squares, gave rise to the following relationships: 

benzophenone, 1/A~rv - :  0.2552R~ + (0-0481 × l0 -5) 
BTDA, l/My = 0'0766/~ + (0.1829 X 10 -s) 
TMBP, 1/)gIv = 0' 1465/~p + (0" 1173 × 10-S) 

Molecular weights of  polymethylmethacrylate ( <  10 ~ conversion) varied 
in an essentially linear manner with monomer concentration for all three 
benzophenones. Representative data are shown in Table 1. 

Effect o f  additives on polymerization o f  methyl methacrylate 
The gradients of  the plots of reciprocal of  viscosity average molecular 

weight against average rate of  polymerization, for all the benzophenones 
studied, were found to be greater than that for azodiisobutyronitrile. Thus, it 
appears that some extra mode of termination, other than mutual termination 
of growing polymer radicals, is operative when benzophenones are used as 
photosensitizers, the effect being most pronounced in the case of benzo- 
phenone. 
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Figure 3 Effect o f  l ight intensity (I0) on rates o f  po lymer iza t ion  o f  
MMA in THF, sensitized by benzophenones at 30"0°C, [MMA] = 4"68 
tool / i ,  [BP] = 1.32 × I0 ~ tool / I ,  [BDTA] ~ 7'14 ~ I0 -4 tool / l ,  [TMCB] 

= 7 ' 3 6  ~ ]0 4 m o l / l  
BP : BTDA [~ TM('B 

Table l Photopolymerizat ton of  MMA by benzophenones at 30 'C 

Sensitizer [Sensitizer] [MMA] [~q]dl/g 10-'~/Q;. 
(lOnM) (M) benzene, 30 'C 

Benzophenone 1.32 6'55 0.535 1-88 
5,62 0.424 1.38 
4.68 0.348 1.07 
3,74 0.287 0.83 
2,81 0.207 0-54 
1,87 0-220 0.58 

rM('B 0'74 6.55 0'441 1.46 
5.62 0-378 1.19 
4.68 0.229 0-62 
3.74 0-292 0-85 
2.81 0'239 0.65 
1-87 0.220 0.58 

BDTA 0'67 6'55 0"444 1 "47 
5'62 0"404 1 "30 
4"68 0"332 I "00 
3"74 0"302 0"89 
2"81 0"243 0"67 
1"87 0"207 0"52 
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Figure 4 Variation of molecular weight with rate of polymerization 
of MMA in THF, sensitized by benzophenones at 30-0°C. ([MMA] = 

4"68 mol/l) 
BP (~ BTOA [] TMCB • AIBN 

A series of thermal  polymerizat ions were carried out, at 50.0°C, using 
azodiisobutyroni tr i le  as init iator,  at a methyl methacrylate concentra t ion  of  
4.68 mol/l.  Duplicate experiments were carried out  with no additive 
present, together with experiments in the presence of two concentrat ions of 
each of benzophenone,  benzhydrol,  and  benzopinacol .  Molecular  weights of 
the polymers formed were determined by viscometry in benzene at 25 °C, and  
are summarized in Table 2. 

Table 2 Effect of additives on the free radical polymerization of MMA* in THF initiated 
thermally by amN at 50°C 

Additive [Additive] Rp [~]dl/g .AT/v 
(103M) (105M s-0 benzene, 25°C × 10 -5 

none - 5.32 1-26 5.47 
none - 5.65 1-25 5.41 
benzophenone 1 "79 5-54 1.25 5-41 
benzophenone 7-42 5-48 1-28 5.57 
benzhydrol 1.33 5"39 1.28 5.57 
benzhydrol 5.54 5"65 1.23 5.33 
benzopinacol 0.81 5.49 1.33 5.88 
benzopinacol 4.18 5.39 1.23 5.33 

* [MMA] ~ 4 " 6 8 M  
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There was no appreciable reduction in either the rates of polymerizat ion or 
the molecular  weights of the polymers formed in the presence of any of the 
additives. 

A further series of experiments was carried out to test the effect of different 
hydrogen donor  solvents (Table 3) for benzophenone  and TMCB. In each case 
it is apparent  that  a suitable hydrogen donor  solvent is required for efficient 
photosensi t izat ion al though there is some evidence for slight catalytic 
activity even in pure benzene solvent. 

Table 3 Effect of solvents on photopolymerization of MMA* at 30.0C 

Sensitizert Solvent 10r'R~, 
(M s 1) 

Benzophenone 

Benzophenone 
Benzophenone 
Benzophenone 
T M C B  

T M C B  

T M C B  

T M C B  

* [MMA] 4 ' 6 8 M  

Benzene 0-57 
Benzene 0-51~ 
Benzene ~ Toluene§ 0-80 
Benzene-~ T H F §  2-00 
Benzene ~ lsopropanol§ 1.57 
Benzene 1.17 
Benzene 0-51; 
Benzene ~ Toluene§ 2-34 
Benzene : THF§ 4.11 
Benzene i Isopropanol§ 4.39 

+ [Sens i t i ze r ]  ~ 8"0 .:  10 ~M 
R e f e r e n c e  r u n  w i t h o u t  s en s i t i z e r  

§ S o l v e n t  a d d i t i v e  p r e s e n t  a t  a c o n c e n t r a t i o n  o f  2 -0M 

Polymer i za t ion  o.f o ther  m o n o m e r s  
Polymerizat ion of styrene, acrylonitrile and vinyl acetate were at tempted by 

photosensi t izat ion with benzophenone and  TMCB. The results are summarized 
in Table 4. 

Table 4 Polymerizations photo-initiated by benzophenones at 48'C 

Sensitizer* Monomert Solvent lO~Rp(lnitial) 
(M s 1) 

Benzophenone Styrene Tr~V 0.61 
TMCB Styrene THF 0"82 
None Styrene THV 0"43 
Benzophenone Acrylonitrile THV 13' 18 
TMCB Acrylonitrile THF 8.49 
None Acrylonitrile THF 0'08 
Benzophenone Vinyl acetate THF 7"82 
TMCB Vinyl acetate TUV 9"29 
None Vinyl acetate xuv 12-05 
Benzophenone Vinyl acetate Toluene 2.30 
TMCB Vinyl acetate Toluene 1.66 
None Vinyl acetate Toluene 0.23 

* [Sens i t i z e i ]  ~ 8"0 × 10 a M  
+ M o n o m e r s  p r e s e n t  as  50~,~ v/v  s o l u t i o n s  
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The two ketones photosensitized the polymerization of styrene and 
acrylonitrile in THF, and of vinyl acetate in toluene. Both appeared to retard 
the polymerization of vinyl acetate in THF, although in this case the rates of  
polymerization appeared to be unusually high. 

Effect o f  light wavelength 
A series of  three filter experiments were carried out with ~TDA at a sensitizer 

concentration of 6"67 × 10 -4 tool/l, a monomer concentration of 4.68 
mol/l, and a temperature of 30.0°C. Initial rates of  polymerization were 
determined in the presence of two gauze filters (26 ~ transmittance), a 312 nm 
interference filter ( 2 6 ~  transmittance), or a blue-glass filter which trans- 
mitted between 350 nm and 420 nm. The conditions used were otherwise 
identical with those used for a study of variation of rate of  polymerization 
with [monomer] for BTDA, and the results obtained are summarized in 
Table 5. 

Table 5 Polymerization of MMA by BTDA in THF at 30°C 

Filter Transmittance 10 ~ Initial rate of 
(Relative, ~) polymerization 

(M s -1) 

None 100 9"07 
2 Gauzes 26 4"99 
Interference [ 26 0.63 

(312 nm) 
~60 Blue Glass ~f(350-420 nm) 4.29 

[MMA] = 4.68M [BTDA] = 6"67 X 10-4M 

Appreciable polymerization occurred with the 365 nm line of the mercury 
vapour lamp isolated, but the amount of  polymerization with the 313 nm 
line isolated was small. Allowing for the fact that the transmittance at this 
wavelength was only 26 ~ ,  the rate of  polymerization was of the same order 
as the rate of  polymerization in the absence of sensitizer. The result of the 
experiment with two gauze filters gave an intensity exponent of  0.44, in 
reasonable agreement with the value of 0.49 obtained from Figure 3. 

UV absorption spectra o f  benzophenones 
UV absorption spectra of  benzophenone, BDTA and TMCB in the region 

300-450 nm, are shown in Figure 5 for solutions in THE. There are only 
minor variations in absorbance for the three sensitizers in the readily ac- 
cessible photoactive area centred around 366 nm. The anhydride has an 
additional band centred around 310 nm but this does not appear to be 
photochemically active (see Table 4). Solvent effects in the absorbance 
maxima were very similar (Table 6) indicating that the long wavelength 
transitions were of  the 7r*+-n type in all cases. 
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Figure 5 Absorption spectra of benzophenone in THF at 30.0C 
A Benzophenone B BTDA C TM('B 

Table 6 Absorption spectra of benzophenones 

Solvent Carbonyl compound 
Ph~C ~ O r3TOA TNCB 

CH:~OH t,,,,x(nm) 331 341 
E(M t cm 1) 154 150 

THF ,~..~(nm) 344 301 ; 350 347 
e(M lcm-1) 132 4630; 143 152 

CHzCI2 Amaz(nm) 339 302; 353 344 
~(M -a cm-4) 143 5200; 170 169 

DISCUSSION 

Benzophenone has a lowest energy electronic t ransi t ion of ~r*~-n character 
and  yields the lowest energy triplet excited state (T1) with unit  q u a n t u m  
efficiency 1, e.g. for a hydrogen donor  solvent:  

hv 
Ph2C- -O  - - -÷  (Ph2C=O)(S1) ~ (Phg.C--O)(TI) 

(PhzC=O)(T1)  -b R H - - - +  Ph2(2--OH + R" 

2Ph2(~--OH - - - ~  P h 2 C - - - C - - P h z  

Z [ 
OH OH 
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The precise fate of the radicals Ph2(~--OH and R. depends upon the par- 
ticular reaction conditions, but in all cases benzpinacol [Ph2C(OH)C(OH)Phz] 
is a major reaction product. 

Hydrogen donor solvents useful in this type of photo-oxidation include 
alcohols and ethers, for which the quantum yields for photopinacolization 
are essentially unity. Efficient photo-reduction by alcohols and ethers appears 
to require ~r*~-n character of the reacting triplet excited carbonyl compound 
and, from the data in Table 6, this would be anticipated for the sensitizers 
used in the present work. 

In THF all three carbonyl compounds photosensitized the free radical 
polymerization of MMA and experiments with filtered light (Table 5) estab- 
lished that initiation was most efficient when exciting via the 7r*+-n band of 
the ketone (366 nm irradiation). The additional (carbonyl) chromophore at 
~300 rim, present in BTDA and TMC~, was apparently unimportant. Poly- 
merizations were studied in conventional dilatometers with vacuum out- 
gassing; rates of polymerization were reproducible to within 10~ and the 
presence of air or oxygen had a retarding effect. 

For benzophenone, BTDA and TMCB, linear plots for rate of polymerization 
against [sensitizer] 1/2 were obtained. In the case of BTDA and TMCB, the plots 
were linear up to a limiting sensitizer concentration, after which the rate of 
polymerization became less dependent on sensitizer concentration (Figure 1), 
possibly due to self quenching. BTDA and TMCB would be expected to have 
lower triplet state energies than benzophenone and this might account for the 
more efficient self quenching process observed for the former compounds. 

It can be seen that the rates of polymerization obtained at the same 
concentration of each sensitizer differ considerably. Relative rates of poly- 
merization for each photosensitizer were determined from the least squares 
plots for rate of polymerization against [sensitizer] 1/z and are summarized in 
Table 7. 

Table 7 Photopolymer iza t ion  o f  MMA in THF at 30°C by benzophenones  

Sensitizer Rel. rate kv/ktl/2(l Jr a) 1/2 E366 (THF) a = kd/(ktkc) 1/2 
(M 1/2 $--1/2) (M-1 cm-1)  

Benzophenone  1.00 0.0306 72 3.62 
TMCB 4.44 0-0404 112 1.65 
BTDA 7.24 0.0559 122 0'39 
(AIBN) (0"0658) (0) 

Molecular weights of polymers formed using benzophenones as photo- 
sensitizers were much less than the molecular weights of polymers formed at 
comparable rates of polymerization using azodiisobutyronitrile as photo- 
sensitizer. For all photosensitizers, linear plots of I/My against average rate 
of polymerization, K~, were obtained (Figure 4). From the gradients of these 
plots, apparent values of kv/kt~ were calculated and were observed to 
parallel corresponding relative rates, as summarized in Table 7. 

For experiments in which the monomer concentration was varied, the time 
of polymerization for each sensitizer was kept constant at each monomer 
concentration. This procedure was adopted to ensure that the decay of 

284 



POLYMERIZATION OF METHYL METHACRYLATE 

sensitizer, and hence of rate of initiation, was constant throughout each 
series of experiments. Reasonable linear plots of 3~tv against monomer 
concentration could be obtained for each sensitizer from the data in Table 1, 
the scatter of experimental points being somewhat greater in the case of 
benzophenone and TMCB than for BTDA. 

The pattern of rates of polymerization and molecular weights obtained is 
characteristic of a free-radical polymerization reaction, although some 
additional complicating reactions appear to occur. Data in Table 2 show that 
benzophenone, benzhydrol, and benzopinacol had no effect on the rate of 
thermal initiated free radical polymerization, or the molecular weight of the 
polymers formed, suggesting that the reduction in molecular weight is 
caused by an intermediate formed in the initiation reaction. 

For all three benzophenones, the rate of polymerization decreased rapidly 
with time as the sensitizer was consumed, and conversion against time data 
for all benzophenones gave a reasonable fit with an expression of the form 

[MMA]o- [MMA]t 
- [M--MA]o --  C , t  = C2(1 e c3t) 

where C1, C,~, and C~ are constants. Cg is an apparent first order rate co- 
efficient for loss of sensitizer and values of 10zCg for nP, BTDA, and TMCB 
were 0.80, 1.7, and 1.9 min -1 respectively. 

Several series of experiments were carried out to show that photosensitiza- 
tion by benzophenones occurred in solvents other than tetrahydrofuran and 
with monomers other than methyl methacrylate. 

Polymerizations carried out in 2 mol/l solutions of toluene, tetrahydro- 
furan, and isopropanol, in benzene, using benzophenone and TMCB (Table 3) 
as photosensitizers showed that photosensitization also occurred in these 
solvents. It would appear that the solvent must have an abstractable hydrogen 
atom for effective photosensitization to occur, as indicated by the very poor 
activity in pure benzene. 

Both benzophenone and TMCB were shown to photosensitize the polymeri- 
zation of acrylonitrile and styrene in tetrahydrofuran (Table 4). With vinyl 
acetate large amounts of polymer were formed in tetrahydrofuran but no 
photosensitization took place. However photosensitization was observed in 
toluene solvent. 

A mechanism consistent with most of the experimental observations is 
shown below 

Initiation 

Propagation 

hv  

Ar~C=O ---+ (ArzC~-O)(Sa) -+ (Ar2C=O)(Ta) 

(Ar2C=O)T1 + THE ~ Arz(~--OH + THE" 

THF" -~ M ~ M" 

M "  + M - + P "  

P" + M-~PM'(e tc )  
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Termination 

OH OH 
I I 

Ar2C--OH + Ar2C--OH -+ Ar2C--C--Ar2 

P" + P" ~ Polymer 

Ar2(~--OH + P" -+ Polymer 

(k~) 

(kt) 
(k~') 

Transfer 

P "  + THF -+ THF" _L_ Polymer (ks) 

Initiation by semipinacol radicals Ar2C-OH appears to be unimportant 
except possibly at higher temperatures 6 and termination or transfer involving 
the benzophenone or benzopinacol are not considered because, at least for 
benzophenone itself, these species have no effect on rate of polymerization 
or the molecular weight of polymers formed (Table 2). 

Applying conventional steady state kinetic treatment, assuming k v' = kv, 
and solving for [P "] it may be shown that 

(IoCe)l/2[Ar2C: O]1/2 
[P'] = ktl/2(1 + a) 1/2 

where Io : intensity of incident irradiation 
¢ = quantum yield for production of radicals 

= molar extinction coefficient of sensitizer at the wavelength 
employed 

a = kt'/(ktke) 1/2 

Monomer is consumed mainly in the propagation reaction 

--d[M] 
• d~t : kp[M][P'] and substituting for [P.] 

--d[M] k v 
dt  ktl/2(l + a) 1/2 (I°¢e)l/2[M][Ar2C=O]l/2 

The derived kinetic equation is in good agreement with the experimentally 
determined relationships for ~TDA and TMCB. For benzophenone the monomer 
exponent of 0.84 is almost within experimental error of the predicted value 
of 1.0, and a linear plot of rate against concentration of monomer can be 
obtained within the 10% error limit for each rate determination. The 
intensity exponent of 0-30 is outside the probability range of experimental 
error and indicates that the above reaction scheme does not completely 
describe the mechanism of polymerization, at least in the case of benzo- 
phenone. 

Testa 7 and Yang and Murov s have observed that the quantum yield of 
benzophenone reduction in isopropanol decreases with increasing light 
intensity. The latter workers explained this observation by postulating the 
quenching of the triplet state of benzophenone by paramagnetic radical 
intermediates in the reaction, e.g. 
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Ph2C--OH + (Ph2C=O)(T1) -+ Ph2C--OH -+ PheC--O (So) 

P-(R-)  + (Ph2C=O)(T1) ÷ P "(R ") + Ph2C =O (So) 

Inclusion of reactions such as these in the reaction scheme could explain 
the low intensity dependence found for benzophenone although it is not clear 
why the benzophenone triplet and/or its semipinacol radical are so much 
more reactive in this sense, than the corresponding derivatives of BTDA and 
TMCB. A further complication arises from the possibility that termination 
may involve hydrogen transfer rather than the direct combination shown 
above, e.g. 

Ar2(2--OH + P - + A r 2 C  =O + PH (Polymer) 

It is not yet possible to estimate the significance of this process for the three 
carbonyl sensitizers, but regeneration of sensitizers via termination reactions 
would increase the complexity of reaction mechanisms. In this way it is 
possible to understand the apparent differences in rates of consumption of 
sensitizer reflected in values of Ca quoted above, 

Undoubtedly the most striking feature of the polymerizations was the 
great difference in relative rates and molecular weights observed for the 
different carbonyl sensitizers (Table 7). For benzophenone ~b is unity t hence 
the increased rates with BTDA and TMCB must be due to other factors. Some 
of the rate differential may be ascribed to differences in light absorption 
characteristics (e), but it is apparent that the various semipinacol radicals 
show markedly different rates of either self combination (k~.), or combination 
with growing polymer radicals (kt'). Independent photo-initiated polymeriza- 
tions with AIBN under identical conditions yielded a value for kv/kt 1/2 
0.0658, in good agreement with other values in the literature 9, and it can be 
seen (from Table 7) that only the anhydride gives molecular weights approach- 
ing these to be expected from a typical free radical polymerization. 

Both rates and molecular weights are inversely proportional to a which in 
turn reflects the ratio kt'/ke. It does not seem reasonable that the various 
semipinacol radicals (Ar212-OH) should show marked differences in their 
rates of combination with growing polymer radicals and hence there would 
appear to be some special factors facilitating self combination of semipinacol 
radicals in the case of BTDA and TMCB. Conceivably hydrogen bonding 
between the semipinacol radicals of BTDA and TMCB could promote more 
rapid self dimerization. This would not be possible for benzophenone and 
apparently enhanced termination by Ph,)(~-OH would result, as observed 
experimentally. Alternatively more efficient hydrogen transfer from Ph2(2 OH 
could explain the results (see discussion above). 

It is interesting that polymerization of vinyl acetate was not photo- 
sensitized by the benzophenone/xHF systems. In all cases the proposed 

mechanism involves initiation by reaction of the ~ .  radical with 
k . /  

polymerizable monomer. This species is very similar to a typical a-alkoxy 
carbon radical formed during free radical polymerization of alkyl vinyl 
ethers (i.e. RCH2-(2HOR'), and free radical copolymerization of vinyl 
acetate and alkyl vinyl ethers does not occur to any detectable extent, 
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indicating that a-alkoxy carbon radicals do not add at a significant rate to 
vinyl acetate monomer. The present observations on initiation of vinyl 
acetate polymerization are entirely consistent with this result and confirma- 
tion is provided by the observed photosensitization when toluene was used as 
solvent and hydrogen donor. In this case the initiating radicals would be 
benzyl radicals (PhCHz ") similar to those formed during free radical poly- 
merization of styrene, a monomer readily copolymerized with vinyl acetate. 
The data of Table 4 show that benzophenone is apparently a better photo- 
initiator for acrylonitrile polymerization than is T~CB, in marked contrast to 
the behaviour with methyl methacrylate. It is conceivable that this results 
from additional activity involving direct triplet state energy transfer from 
benzophenone to acrylonitrilel°; as noted earlier, the lowest triplet level of 
TMCa would be expected to be lower than that for benzophenone and the 
polymerizing monomers. 

In conclusion, it may be stated that benzophenones may be used as photo- 
initiators for the polymerization of ~MA in hydrogen donor solvents with 
initiator efficiencies comparable to that of AIBN. However, depending on the 
substituents present in the aryl groups, the semipinacol radicals formed in the 
initiation processes, may act as efficient terminating species. 
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Statistical thermodynamics of solutions 
of polymers in mixed solvents 

MISAZO YAMAMOTO*, JAMES L. WHITE t and DONALD L. MACLEAN 

An improved statistical thermodynamic theory of polymers dissolved in 
mixed solvents has been devised. In particular a rather general lattice formu- 
lation of the partition function has been used to take into account: (1) 
preferential gathering of the good solvent about the polymer chains and (2) 
incorporation of volume effects, allowing consideration of the variation of 
specific volume with temperature, pressure and mixing conditions. The 
former effect is analysed by two methods: (a) consideration of a good solvent 
monolayer forming about the polymer chains and (b) quasi-chemical method. 
The first approach is developed in some detail. The volume effect is accounted 

for through lattice vacancies. 

INTRODUCTION 

THE THERMODYNAMIC characteristics of solutions of polymers in mixed 
solvents and the nature of phase equilibrium in such systems is of great 
interest to polymer physical chemists who must frequently rely on such 
properties to fractionate polydisperse materials. Indeed the important frac- 
tionation methods of fractional precipitation 1 and Baker-Williams precipita- 
tion chromatography 2,3 are based upon phase equilibrium in such multi- 
component systems. 

The basic method of  evaluating the thermodynamic properties of polymer 
solutions has been through the generalization of the lattice method to long 
chain molecules, a development which may be progressively seen in the 
papers of Fowler and Rush.brooke 4, Meyer 5, Huggins 6, Flory 7-1°, Scott and 
Maga01,12 and GeO 3,14. It was Flory 8 and Scott and Magat who first con- 
sidered polydisperse polymers and Gee and Scott and Magat who explicitly 
developed expressions, based upon the lattice theory, for the thermodynamic 
properties of a polymer dissolved in a mixture of two solvents. Gee and 
Scott and Magat not only developed expressions for the free energy of mixing 
but treated various thermodynamic characteristics of such solutions, with 
Scott 12 analysing phase equilibria in some detail. A basic assumption of the 
lattice theories of polymer solutions is the random arrangement of the 
molecules of the constituents on the lattice with the sole restriction that the 
various segments of the polymer molecules are tied together to form linear 
chains. For mixed solvents, the lattice theory analyses (i.e. those of Gee and 
Scott and Magat) are based upon this type of model and the sea beyond the 
individual polymer chains stretching from their nearest neighbours to the 
furthest molecule is presumed to consist of a uniform random mixture. In 

*Permanent address: Department of Physics, Tokyo Metropolitan University, Setagaya-ku, 
Tokyo, Japan 
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addition to the random mixing assumption, these lattice models are also 
limited in that they do not allow for variations in volume due to mixing 
effects and changes in external pressure. 

The success or failure of  a theory of polymer solutions depends upon how 
well the model of  the theory represents reality and whether the mode of 
analysis is sufficiently sophisticated to give results within the degree of 
approximation desired. The study of polymers in mixed solvents began in the 
last century with the development of  collodion - a solution of cellulose 
nitrate in an alcohol-ether mixture. (This polymer would not dissolve in 
either pure alcohol or pure ether). In 1896, H. Kneebone Tompkins presented 
a dissertation in which he studied the swelling of vulcanized rubber in a 
solution of carbon disulphide and acetone and found that the composition of 
the solvent mixture within the rubber was different from that in the external 
liquid, the former being richer in carbon disulphide, the better solvent. More 
extensive observations of this phenomenon in other vulcanizate-solvent 
systems have been made by Krigbaum and Carpenter t6 and Bristow iv. If  this 
preferential absorption occurs within vulcanizates, it should similarly occur 
around isolated macromolecules in solution. This has been pointed out by 
Ewart and his colleaguesaS, 19 who have noted that this gathering of good 
solvent causes complications in the analysis of light scattering experiments, 
and they have suggested means of remedying such difficulties. The various 
theories of polymers dissolved in mixed solvents described in the previous 
paragraph are not able to deal with the Tompkins Effect. Papers by Krigbaum 
and Carpenter 1~ and Shultz and Flory 9° have however considered the 
Tompkins Effect for swollen vulcanizates and isolated polymer chains. 
However, the methods of these papers cannot deal with the concentrated 
solution case. 

In this paper we will derive a new and more general theory of polymer 
solutions in mixed solvents. The analysis will be based upon a lattice formu- 
lation and a constant pressure ensemble. Utility of such an ensemble readily 
allows consideration of holes in the lattice and their variation with pressure 
and temperature; therefore, volume effects may be considered. In the follow- 
ing section, we will develop a general lattice formulation of this problem. 
We will then consider special cases. First we will treat a model consisting of 
a random distribution of solvent molecules, holes, and a polydisperse polymer 
in the lattice. In succeeding sections, we will consider the ordering pheno- 
menon which leads to the Tompkins Effect. A companion paper treats the 
excluded volume effect in dilute polymer solutions with mixed solvents 2L. 

GENERAL FORMULATION 

Our basic approach consists of computing the constant pressure ensemble 
partition function Z for a lattice model containing No sites of  which N~I4 are 
of polymer, N1 are of solvent 1, N2 are of solvent 2, and Nh are lattice 
vacancies or holes. Each of the solvent molecules is taken to occupy a single 
lattice site while the polymer chains will occupy a series of adjacent sites. 
The polymer is considered to be polydisperse so that the N~ molecules 
consist of a mixture of  species with varying numbers of segments. We may 
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summarize this by 
oo 

N• ----- ~ NpM; Np]Q = Z NpMM (1) 
M = I  M = I  

where h~r is the number average number of segments o r degree of polymeriza- 
tion. The lattice has a coordination number z, while the polymer molecules 
restricted by the tetrahedral nature of the carbon-carbon bonds in the 
polymer backbone occupy a sub-lattice with coordination number z v ,-, 4 < z. 
The backbone bonds have the choice of either gauche (g+ or g-)  or trans 
conformations. We shall assume as in Flory's 1956 treatment of lattices of 
semi-flexible chains 1° and Oka's model of isolated chains 22,2a that the bond 
rotation potential of each carbon-carbon bond is independent of that of any 
other bond. Thus restricted conformations such as the g+g- pentane effect 2~ 
are not excluded from our model. We shall further presume, at least at this 
point, that each bond potential function in the polymer is symmetric about 
the trans form and further that all such bond potential functions are identical. 
This essentially restricts our treatment to polyethylene or polyethylene-like 
molecules for if we take a symmetric bond potential function with two 
equal gauche positions (with energy ca) and a lower energy trans conformation 
(with energy c~ < ca), the polymer will tend to crystallize into an all trans 
zig-zag structure. Isotactic polymers on the other hand crystallize into 
helical forms; and form a gtgtgt structure. It follows that the bond rotational 
energy function varies from bond to bond in this type of polymer, but the 
bond rotation function for alternate bonds is essentially the same. It will be 
shown, however, that the above restrictions on flexibility while affecting the 
general partition function do not affect the free energy of mixing of 
amorphous polymers. 

With the above remarks in mind, we are now in a position to evaluate the 
partition function, which is defined by 

Z = 2~ exp (--pvoNo/kT)Q(Np, N1, N2, Nh, T) 
Nh 

~-- 2~ 2~ I2j(Np, N1, N2, Nh, Ej) exp (--pvoNo/kT) exp (--Ej/kT) (2a) 
N~ j 

and 

G = U + p V - -  TS ~- - - k T l n Z  (2b) 

where p is the pressure and g2~ is the total number of configurations available 
to the system compatible with fixed values of Nv, N1, N2, Nn, and Ej. Here 
E i is the total energy of the system which may be expressed (compare White 
and Yamamoto 24) as 

Ej : Nvff4c ~ + Ulc~i -}- N2c~ -~ Eso~ 

+ Z Z Nvm1[fca + (l -- f)eT](M -- 1) (3) 
M f  

where the last term on the right hand side represents the bond rotation or 
'flex' energy, Esol is the energy of solution, f represents the fraction of the 
bonds in a particular chain in the gauche conformation, and iloM f represents 
the number of such chains with M segments or units. 
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Following the methods of White and Yamamoto 94 and placing one polymer 
chain at a time into the lattice, followed by the N1 solvent 1 molecules and 
the N2 solvent 2 molecules, the partition function Z may be expressed 

co, M - - I  l 

Z -- qx~a:",a N,M Z exp ( - -pvoNo/kT)  g2sot 17 H 
--~ . . . .  N,., M= 1 J O Np. , ' t f f]  

NpMr (M -- i)! 
x , f /  2[f(M--'~l-)]![(l " f ) ( ~ / - -  ] ) ] !  VMm exp(-- Eso,/kT) 

x exp ( - - (M -- 1)[fee + ([ - -f)eT]/kT} (4) 

where ql, q2, and qp are the internal partition functions of molecules of 
solvent l, solvent 2, and polymer segments, -Qsol is the number of possible 
arrangements of solvent molecules once the polymer chains are in the lattice, 
NvMI is the number of polymer chains with M units andf f l exed  bonds, and 
~'Mfa is the number of possible lattice conformations for the ath chain with 
M units andf f l exed  bonds. The quantity VM1a will be 

a - - 1  M 

VMfa = (No --  E NpMM)Z(Zp --  2) f(M 2)/7 (1 -- 3as) (5) 
M s 2 

with 3as being the probability that the sth lattice site in a chain is occupied. 
Substitution of equation (5) into equation (4) yields 

Z N~ N2  N ~  _ _  _ _  q~ q, q, {1 + (zp 2) exp [--(Ec CT)/kT:% (.~-1)] } 

× exp [--N~(/~¢- 1)cr/kT] (z/Z)N" y HNp~--I~ , i exp ( - -pvoNo/kT)  
M Nh 

× Y~ g(N1, N2, NpM, Nh, EsoO exp (--Esol, f fkT)  (6) 
i 

where 
co N p 3 1 f  a - -  1 M 

g ~sol 17 H (No --  E NpMM) 17 (1 -- 3as) (7) 
a = l  M s = 2  

The basic problem of computing the partition function Z is the deter- 
mination of the factors 3as, Qsol, and Esol. 

RANDOM POLYMER SOLUTION 

The simplest model of polymer solutions involves presuming a completely 
random structure. We hypothesize then (1) equal probability of occupancy 
of lattice sites available to polymer segments and thus no gathering of 
polymer and (2) random occurrence of '1' and '2' molecules and holes in the 
remainder of the lattice and thus no gathering of solvent. It follows that 

3askt'independent~of s p =: ENpMM/No (8a) 

and 

[N1 -~ Nz q- Nh]! 
t'2sol -- N1 !N2 !Nh ! (8b) 
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and the energy of solution may be expressed* 

Esol = (z -- 2)NpflCW~v + 2(z -- 1)Npf/l[¢lWlp + ¢2W2p] 

q- Z[Nl¢l Wll At- N2¢2 W22 -~- 2N1¢2 W12] 

where 2Wij is the energy per inter-unit nearest neighbour 
Equations (8a) and (Sb) lead to 

g = (1/NoU~(~-~))(No !/N~ !N2 !Nh !) 

The partition function Z, equation (6), becomes 

Z : 'qNq1Nz(1N~'M y [N1 + N2 + Nh]! 
-1~ -.,, =, v ~ N1 !N2 !Na! exp (--pvoNo/kT) 

Nn 
X exp (--Esol/kT)Qv (Nh, T) 

where 

(8c) 

interaction. 

(8d) 

(9) 

f z  exp [--(21~ -- 1)ET/kT]'~ xjp No! 
Q~ 

. ~ o  ~--~ / I1NvM![N1 + 5[2 q- Nn]! 
M 

× {1 + (z~ -- 2) exp [--(Ea -- ~T)/kT]}ivv (M-l) (10) 

The number of holes Nn may be computed by the maximum term method and 
shown to be 

In Ch : -- {¢v(1 -- l/A)) + pvo/kT 

+ Cv[(z -- 2)(-- Wpv/kT)¢~ + 2(z -- 1)(-- Wlv/kT)¢z 

+ 2(z -- 1)(--W2p/kr)¢2] + z[(--W11/kr)¢~ 

-4- (-- W22/kr)¢~ + 2(-- W12/kr)¢1¢2]} (11) 

where Cj is the volume fraction of component j, i.e., N~/No for solvent and 
holes and Npigl/No for the polymer. Equation (11) is a generalization of an 
expression given by White and Yamamoto 2a for the fractional free volume of 
an amorphous polymer. 

From equations (2), (9), and (10), the Gibbs free energy may be expressed 

Gsol = Nv(ffi -- 1)ET -- Nv(M -- 1)kTln {1 + (zp -- 2) exp [--(¢c -- cT/kT)]} 

-~- N2M~I[(z - -  2 ) ¢ ~ W p p  -~- 2(2  - -  1 ) ¢ 1 W 1 ~  "~- 2(Z - -  1)¢2 Wzv] 

+ z(N1¢1 Wll + Nz¢2 W22 + 2N1¢z W12) 

+ pro(N1 + N2 + Na + N~f/l) + kT[N1 In ¢1 + N2 In ¢2 

+ NhlnCh+~NvMln¢ 'M]- -kT 'T 'N~Mln(  M 

-4- kTNp(ff -- 1) -- kT[Nvffllnqp -}- N1 lnql  + Nz lnq2] (12) 

*This expression should be seen to be somewhat different from that used by Flory 7-9, 
Scott and Magat11, lz, and Gee 13 14 Essentially this is due to different approximate treat- 
ments relating to the number of contacts between polymer and solvent 
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The free energy of mixing is given by 

AGm -- Gsol -- [Gp n- G1 @ G2] (13) 

where Gp is the free energy of the polymer and Ga and G2 are the free energies 
of the two solvents. Each of these may be obtained by suitably simplifying 
equation (12), with the quantity Gp being equivalent to the free energy of the 
amorphous polymer in the paper of White and Yamamoto 24. The free energy 
of solvent 1 is simply 

(72 : zNle}° 1 Wll @ pvo(N1 @ Nhl) 

; kT[N1 In ¢° 1 + Nhl In ¢hl] -- krNa In ql (14a) 
with 

In ¢hl --[z(-- Wll/kr)(¢°l)2 + pvo/kr] (14b) 

Here ¢hl is the volume fraction of holes in liquid 1, and ¢0 is simply (1 -- ¢hl) 
An identical expression holds for solvent 2, except for an interchange of 
subscripts (compare the theory of Bresler and Frenkel as described by 
Frenkel2a). 

Equation (12) may be rewritten (for large M) as 

AGm = kT[XlpNaep 4- XzvN2¢p 4- X12N1¢2] 

4- Z[Nl(q~hl - -  Ch)Wl l  4- N2((fih2 - -  Ch)W22 

4- [(z -- 2)/z]NpJfl(d/hp -- eh) Wpp] 4- pvo[Nh - -  N h l  - -  Nh2 -- Nhp] 

+ kT[N1 In (¢1/¢ °) 4- N2 In (¢2/¢ °) 4- Z NpM In (¢pM/¢°M) 
M 

+ In ,1 (, s) 
where 

and 

and 

- -  ( z  - -  2 )  _ z W11] Xt~ = -(Z~cT1) [2w~v - ( z - - 1 )  Wpv (Z ~ i) (16a) 

!V/.! ( z - -  2) z ] 
(z 1) Wpp (z -- 1) Wzz] (16b) 

Z 
X12 ~ - ~ T [ 2 W ~ 2 -  W 1 1 -  W22] (16c) 

The above theory is awkward in computing the variation of the free energy 
of mixing with temperature and pressure, for one must be concerned with 
changes in both the solution and the pure constituents. The situation may be 
improved if one chooses some appropriate standard state (i.e. a standard 
temperature and pressure) for the pure constituents. The most useful choice 
for the latter variable is infinite pressure. This allows us to write 

AGm = kT[XlpNlCp 4- X2pN2¢p 4- X12Nl¢2] 

-- Zeh[NIWll -- N2W22 -- NpzflW~p(z -- 2)/z] + pVoNh 

+ kT[Nl lnea + N z l n ¢ z  + ~ N p M l n e p M  + Nh lneh] (17) 
M 
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It is also worth observing that the particular form of the potential energy 
barriers do not come into play in the free energy of mixing, as we assume that 
the variations in solvent environment (and hole concentrations) have no 
effect on the intramolecular character of the polymer chains. 

GATHERING EFFECT - 1 

The above analysis is probably reasonably valid for a system such as poly- 
styrene dissolved in a mixture of xylene isomers or benzene and toluene. 
However, difficulties arise in solvent mixtures wherein the two solvent 
molecules are unlike. The solution is no longer random, and one of the solvent 
molecules preferentially gathers about the polymer chains. This is the 
Tompkins Effect. 

We shall now attempt to compute the constant pressure ensemble partition 
function and Gibbs free energy for such a solution. As a first step in this 
direction we propose the following model. The polymer molecules are 
presumed to lie at random positions in the lattice, while the solvent is al- 
lowed to divide itself into two quasi-phases; one consisting of N'  sites is 
adjacent to the surfaces of the individual macro-molecules and a second 
consisting of N"  sites is a 'sea' beyond the three-dimensional monolayer. The 
concentrations of 1 and 2 molecules in the monolayer and the sea will in 
general be different and we may write 

N' + N"  = NI + N2 + Nh 
and 

N ' = N I ' + N 2 ' - } - N h '  
and 

N " =  NI" + N2" + Nh" 

where N / a n d  N / '  are the quantities of species j in the monolayer and sea. 
It will be presumed that solvent molecules l, 2, and holes within each of two 
regions may occur randomly. This is equivalent to accepting the validity of 
equation (8a) but proposing in place of equation (8b) 

N'!  N" !  
£2sol- U,l!U,!N,h! N'~!N~!N~! (lSa) 

and yielding for g, 

1 N0! N'! N"! 
g -  N ~  (~--1) × [N' + U"]! × U~[U~!U'n! × N~!N~!N~! (lgb) 

The energy of solution is 

Esol = (Z -- 2)NpffICpWp, + Y~ (z -- 2)N~)k¢(1 -- ¢~)¢~(2Wj~) 
j = 1,2,h 

+ Z [z'U;(1 -- + 2z"U;(1 -- 
j = 1,2 ,h  

+ Z Z [z'U;O -- + z"O -- + U N )  
i < j  = 1,2 ,h  

-~ {zN£"- z"N'(1 -- Cp)¢;}ck~](2Wij) (18c) 
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or 
Esol (z -- 2)NpMWpv 47 z Z NjWjj  

j = 1,2,h 

+ {l q - ( z - -  1)~p} • N fAWjp  
j := 1,2,h 

N~NI'N; ] ] z N~'N".) 
-- N,, 2 ] ]  + N,, '~AWij (ISd) 

where the hole is considered as a 'solvent' with zero pair-wise interaction 
energies, Wih = 0 (i = 1, 2, h and p), for the convenience of symmetrical 
treatments. The volume fractions q~; and ¢; refer to the volume fractions of 
solvent species and holes in the (polymer lacking) monolayer and sea, i.e. 

Z ¢5 Z ¢7 l (~9) 
j = 1,2,h j :~  1,2,h 

while the coordination number between the monolayer and sea is defined by 

z" =: z -- z' -- 1 (20) 

Also we have used the abbreviations 

AWij  = 2Wij -- (W~ + Wji ) ( i , j  -- 1, 2, h,p) (21) 

The total partition function Z for this model is 

Z = q'V'qU'qU*'i{l + (Zp -- 2)exp [--(E(- -- eT)/kT]}~'p(Tvl-a) 
1 2 P 

N'! 
× exp [--Nv(/~¢-  1)~T/kT]Z Z Z Z - , 

NI" N^' Nt" N~" N~ !N2!N'h! 

N " !  No! 
x ~¢.I!N~!-N~:! × HMNpM![~,4 - N"]! 

× [z/2NoK~-I]~Vv exp (--pvoNo/kT) exp (--Esol/kT) (22) 

where Esol is given by equation (18d). From equation (2) we may calculate 
the free energy of the solution to be 

Gsol = Np(F/I -- 1)ET - -  N p ( f I - -  l )kTln [1 + (zv -- 2)exp {--(~6, - -  ET/kT)}] 

q- Esol -~ pro[N1 q- N2 47 Nh -~ NpfI] 

+ N~ In q~ + U~ In q~ + U~ In 4'~ + Z U v i  In Cpi  
M 

N ' + N "  
+ (N' + N")  In - -  No + N~,()~¢ -- I) 

- -  kT[Y, NpM In ½zM + Npifl In qv 
M 

q- Na In ql + N2 In q2] 

297 

(23) 



M. YAMAMOTO, J. L. WHITE AND D. MACLEAN 

where we have utilized the maximum term for each of the series. The free 
energy of mixing can be obtained in the same manner as in the previous 
section by using equation (13) with the same values for G1, G% and G v but 
using equation (23) for Gsol instead of equation (12). 

In order to utilize equation (23) we must know the total number N' of 
molecules in the monolayer, the compositions of the solvents in each of the 
quasi-phases, and the number of holes in each quasi-phase. The quantity n v 
represents the total number of polymer-monolayer contacts, i.e., the contacts 
between the N v polymer chains and the N' monolayer sites. We may write 

n v - -  (1 - -  4~v)Y~ N~oM[(Z - -  2)M q- 2] (24a) 
and 

N'---- ?~ nj (24b) 
j--1 

where nj is the number of solvent molecules and lattice vacancies with j 
(greater than zero) polymer contacts. The value of nj is 

(z - -  1)! 
nj = (j _ 1)!(z - - j ) [  q~J-a(1 -- d?P)Z-JN' (24c) 

which satisfies equation (24b). Carrying out the summation of equation (24a) 
yields 

np : N'[1 + (z -- 1)6v] = (1 - -  q~v)~., N v M [ ( Z  - -  2)M + 2] (25) 

Equation (25) yields the value of N';  N" is the difference between No and 
( N '  -~ N v M ) .  

The composition of the solvent in the monolayer (and also in the sea) is 
found by determining the maximum term of the N' series in the partition 
function, equation (22), or equivalently by minimizing the free energy G of 
equation.(23). The maximization is to be carried out at constant Nx, N2 and 
N v  so that it consists of mutually interchanging 1 and 2 molecules (or holes) 
between solvent monolayer and sea. Such a procedure yields three equations 
for the pairs (i, j )  of (1, h), (2, h) and (1, 2); however, only two equations are 
independent. The solution is simplified somewhat by using a separation 
constant K; for example, the equation for solvent 1 is given by 

k T l n  (~/q~) = --[1 -}- ( z  - -  1 )q~v](AWlv  + AW2h) 

+ {(1 - ~ ) [ z ' ~ i  + (z"/o")((~] - 0 '4 ; ) ]  - z ~ } ( A w , , ~  + / x w l ~  - zxw2h) 

+ K (26) 
where 

N' 
0' -- N' + N" (27a) 

and 
N t! 

0" N' ÷ N" (27b) 

The equations for solvent 2 and the holes are given by cyclic permutations 
of the subscripts 1, 2, and h. The separation constant K is determined by the 
normalization condition, equation (19). 

298 



S T A T I S T I C A L  T H E R M O D Y N A M I C S  OF S O L U T I O N S  OF P O L Y M E R S  

In addition to these equations, we have to determine the overall concen- 
tration of holes. This is again carried out by the maximum term method, i.e. 
by the condition 

Making use of equation (23), we have 

l~ ( SG ) : --lnqh + ln (1--  ¢p) + ¢~,(1-- l/lfI) 
k r UN-h 

+1n¢2 +In  ~;, ~Nh 

+ In (¢1¢;] ~N[ /¢£¢;'i ~N,; 

I ~E,~ol pro  ( 2 9 )  

+ kT ?Nh, + kT 

with In qh - -  0. The expression for ~E~o~/~Nh is rather complicated 

g Esol 
--- ZWhh - -  A A W 1 2  @ B I A W l h  ~ B 2 A W e h  #Nh 

where 

gN' 
+ [(A -- A') A I4"12 - -  ( B 1  - -  Da) A mlh - -  (B2 -- D2) A W2h] ~Nh 

~U~ 
+ [C2(±W12 -- ±W2h) + (Ch C1) AWlh] ~iNt~ 

@ [CI(A W12 AWlh) + (Ch -- C2) AW'zk] ~N~ (30) 
?Nh 

¢ 

A -- (] - -  ¢~)z"b,, (¢;¢;_' + ¢ ; ¢ ;  - -  2 ¢ ~ ¢ ; )  + z¢~¢:; 

(, , ,  ) A' ( l - -¢p)  z¢~¢~+z"-  0" 4[¢; 

0' 
Bj  = ( t  - -  ¢ ~ ) z "  ~ ,  [(¢~ + ¢ ; ) ( ~ )  - -  ¢ ; )  - -  ¢ ; (¢~  - -  ¢~i)1 

[ o,( 
G - - ( 1 - ¢ ~ )  z '¢) -z"~o. ,  ¢ i -  ¢~ - 2 ¢ ;  

Dj .... (1 -- ¢~)z'(¢; + ¢~)¢~ + z"(¢", + ¢;)¢~ 
Furthermore, from equation (25) we have 

~N' z(z -- 2)¢~ 2 
~Nh = [ 1  - ~ ( z - -  1)¢p]2 
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(31b) 

(j== l, 2) (31c) 

(j -:  1, 2, h) (31 d) 

(j == 1, 2, h) (31e) 
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The values of ON;I3Nh and ON~IONn can be determined by differentiation of  
equation (26) with respect to Nn. This gives three simultaneous equations 

kT¢1. aN; 
¢i¢~' "0'0"(1 -- Cp) ~3Na = (z -- 1)¢p(AWiv + AWa--j,h) 

ON' 0N;q 
+ PJ - -  RI ~ h  -]- U~h]  [AWl2 -- (--1)I(AWlh -- AW2h)] 

OK 
+ No 0Nh ( j  = 1, 2) (33a) 

¢;¢;0 '0"(1 - ¢~) I_[eN~ + aNh! -- ONh] 

kT 
¢ ; 0 " 0  - ¢~) 

(z -- 1)¢~(AWhp -t- AWl2) 

where 

z" _ z (R~-- U) ON' [ON; ON~] 
- P~ + ~ 0 " 0  ¢~) - ~  - u [-U~ + ag, JJ  

0K 
× (A Wa2 -- A Wlh -- A W2h) -- No 0Nh 

Pj = 

(33b) 

z" z'O~ (34a) 
z % ¢ )  + 0"2 [(1 --  ¢ ~ 0 " ) ( 0 ' ¢ ) -  ¢;) - -  0'¢71 + 0"(I --  ¢~) 

Although equation (33) seems at first separable, it is in reality not because of 
the term No(OK/ONh). The three equations must be solved simultaneously 
for ONI'/ONh, ?N2'/ONh and OK/ONh. 

Some simplification of the above analysis can be made if lattice vacancies 
are neglected. The free energy of the solution becomes 

Gsol = Np(lfI -- I )e f  N~(/II -- 1)kTln {1 + (z~ -- 2)exp [--(Ee -- ET/kT)]} 

~- Esol ~- kT IN1 In ¢; -+- U~ In ¢] 

÷ N~ In ¢~ + N~ In ¢~ + Z NpMCpM 

+ (N' + N")  In + N~()Q -- 1) -- kT NpM In z z 
No 

+ Np/l~ In q~+N1 In ql + N2 In q2] (35) 
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z' 1 + 0 "  1 
U -- 0' z" 0 ,~ -  + z 0"(1 -- Cp) (34c) 

z" zq~ (34b) Rj = ~ -- ~,~ (2¢~ -- 0'¢~) + 0"(1 -- ¢~,) 
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with Eso~ (z -- 2)NpMWpp + z(N1Wll -~- N2W22) 

-~- [i -]- (z --  l)q~p](Nl' AWlp -~- N,; AWep) 

[z'~N~ z" [ N-IN~'~ 4- N;N; 
-Jr- (1 --  Cp) L W' -i- 1 N"  

N'N';Nii ] 
N,,2 ]] 4---N,. jAW]2 (36) 

The composi t ion of  the monolayer  (NI') is found by minimizing equation (35) 
with respect to NI' and results in 

In ~ J ¢ i ]  (z - -  2)Np,'/4(l -- Cp) [AWzp AWlp] 
I~,~1¢ fl + N-- L kT -- kT J 

[ --  --  --  1 -- N,, + N,;4, ] )  
+ z'(I Cp)(1 2¢;) ~ z"( l  Cp) ( 2N1 2N' 

[2N~ 2 N 1 N '  2N '2 ) 
+ z"0  - ¢~) [ U "  - U';~ ~ U'"~ ¢ ;  

( - - z  1 --  kT : : 0  (37) 

,.° l 0'9 

.of -- p /~/ ' j  

0"6 

ss  S 

0'3 "'" 

0"2 ~ 

0.1 

I I I I f [ I I 
0"1 0"2 0"3 0'4 0"5 0'6 0'7 0'8 

¢", 
Figure I Ordering effect for natural rubber/benzene-ethyl acetate 

• Bristow's data ~7 (experiment for vulcanizate) 
© Authors' data (calculation for solution) ¢~, = 0.01 
[] Authors' data (calculation for solution) ¢~, -- 0.10 

301 



M. YAMAMOTO, J. L. WHITE AND D. MACLEAN 

Equation (37) can be used to calculate the magnitude of the Tompkins Effect. 
Unfortunately, however, the equation is transcendental, and the series 
expansion about 41' = q~l is slowly convergent. One is then forced to evaluate 
the effect numerically. 

Calculations of the magnitude of the ordering effect have been made 
using equation (37) for the systems natural rubber in benzene-ethyl acetate 
mixtures and in benzene-acetone mixtures for z = l0 and 12 and z' = 6 to 

'° l ] 

-O-  

0.9 

0'8 

0'7 

0 6  

05 

/ 
l 

,d 
/ 

/ No order 

0-3[- d i  

0.2 

0.1 

V I I I I 1 I I I 
0.1 0.2 0.3 0'4 0'5 0 6  0'7 0"8 

Figure 2 Order ing  effect fo r  natura l  rubber /benzene-acetone 
• Br is tow's data 17 (exper iment  for  vulcanizate) 
© Au thors '  data (calculat ion for  solut ion)  ffp = 0"01 
[ ]  Au thors '  data (calculat ion for  so lut ion)  ffp = 0.10 

(z -- 2). The A W were calculated using the particular homomorph method of 
Blanks and Prausnitz e6 without adding the entropy correction term. The 
ordering effect was rather insensitive to the value of the lattice parameters 
within the above ranges. Figures 1 and 2 show a comparison between these 
calculations and calculations based on the experimentally measured ordering 
phenomenon by Bristow 17 on vulcanizates, which is the closest one may 
approach the concentrated solution problem with existing data in the litera- 
ture. The major difference in the theoretical calculations on polymer solu- 
tions, and the experimental data on osmotic equilibrium in vulcanizates in 
mixed solvents is that the difference (q~'l- ~]) does not decrease rapidly 
enough at high concentrations of good solvent. 
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GATHERING EFFECT 2 

Other procedures, perhaps less open to criticism, exist for consideration of 
the gathering effect. One of these is the so-called quasi-chemical approxima- 
tion, as formulated by Guggenheim, Fowler, and Rushbrooke 27 3'~. Guggen- 
helm sl,s'~ has discussed its application to polymer solutions. Fowler and 
Guggenheim30 sz have indicated two distinct methods of formulating the 
quasi-chemical approximation, one related to expressing a chemical equi- 
librium relationship between like and unlike pairs and the other to developing 
an expression for the combinatorial factor (essentially g). Referring first to 
the chemical equilibrium method one may consider the pair equilibria 

(I - -  1) + (P  - -  P ) : :  2(I P) 

(2 -- 2) -+- (P -- P ) Z  2(2 -- P) 

(1 -- 1) + (2 2)Z2(1 2) 

In the above expressions we did not consider the presence of holes; if  we had 
there would be three more equations. For arbitrary equilibria between i 
and j we may write for the number of contacts X~j 

_ X ~  _ exp ( - -AW~j /kT)  (38) 
4Xi~Xjj 

Three (six if holes are considered) equations of the form of equation (38) 
exist. The quantities X~i may be expressed 

)(11 zNt  - -  X12 X l p ( - -  Xlh) (39a) 

) (22-  zN2 X12-  )(ap(-- X2h) (39b) 

Xpp -- (z -- 2)Np/Q - Xlp(--  Xhp) -- Xzp (39c) 

One can see after substitution of equations (39) into equation (38) that one 
must solve three (six if holes are considered) simultaneous quadratic equations 
which would prove rather difficult. When A W;j is zero the solution to equation 
(138) and (39) including holes should lead to the expressions developed in our 
random solution approximation. For positive AW~ the same situation is 
approached for T~- oo. At moderate temperatures, however, the exponential 
on the right hand side of equation (38) is less than unity, and X~-j is appro- 
priately smaller. Indeed the larger A W~j the smaller will be X~j. For a solution 
involving a polymer and two solvents for which Wlp ~ Wp, ~ Wll and 
Wsp ~ Wpv and WI~, it will be seen that 

Xlv (actual) ~ Xlp (random) (40a) 
and 

Xzp (actual) ~ X2v (random) (40b) 
and 

Xpp (actual) > X,pp (random) (40c) 

The quasi-chemical approximation will then predict the Tompkins gathering 
effect. It also indicates as should have been expected that the polymer 
molecules themselves cluster together to a greater extent than in a random 
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solution, the extent of clustering depending upon the quantity of bad solvent. 
Consistent with the above arguments are that W12 is greatly different from 

Wll and W2z and thus (assuming AWl2 > 0) 

X12 (actual) ~ X12 (random) (40d) 

Xll, X22 (actual) >~ Xll, X2z (random) (40e) 

Equations (40) clearly indicate the solvent dividing into two regions, one rich 
in polymer and solvent 1 and the other rich in solvent 2. This largely corre- 
sponds to the model of the previous section. 

It remains to place these remarks in quantitative form in terms of the 
partition function. We may again use equations (6) and (7) as a starting 
point, choosing the maximum terms in the summations and formulating g in 
terms of the number of possible arrangements of contacts as suggested by 
Fowler and Guggenheim. In particular we write 

Z q~V,qY~.N~a~fl = , , % ~, + (z~ -- 2) exp [-- (ec -- eT/kT)]}Np ~ 

× (exp[- - ( )Pl - - l )~T/kT]}  Np 
2 exp {--pvoNo/kT} 

× g'(N1, N2, NpM, Nh, Esol) exp {--Esol/kT} (41) 

Here g' is the number of possible configurations of polymer chains, solvent 
molecules, and holes in the lattice. If the contacts are presumed independent 
and distinguishable 

g' = h × Xll!X22!Xp~!Xhh!(X12!)2(Xlp!)2(X2p!)2(X1h!)2. . " (42a) 
with 

= X l l  ~- X22 -~ X~op -~ Xlth -~- X12 ~-  )(139 -}- X2p ~-  X l h  -}- . . . (42b) 

where the X~j are given by equations (39), and h is a normalization factor 
independent of the X~j, for g' is only an approximate quantity as the pairs 
interfere with one another and summing up equation (42a) over all possible 
configurations does not give the correct answer. The quantity E~ol is given by 

Eso, : X l l W l l  ~-  X22W22 ~-  YppWpp 

+ 2XlpWlp + 2X12W12 -~- 2X2pW2~ (42c) 

The values of X~j are determined by maximization of Z. 

CHEMICAL POTENTIALS AND APPLICATIONS 

The equilibrium characteristics of a polymer solution may be determined 
from its free energy G, especially through the calculation of the partial model 
free energies or chemical potentials m 

/z~ = (43) 
T,/),n 
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Different expressions for t~ are obtained for the two models presented in this 
paper. For the uniform random polymer-solvent mixture, the free energy G 
is given by equation (12). The chemical potential of solvent species 1 is 

= tz ° + kT[(XlpCp -~- X12¢2)(1 -- ¢1) -- X2p¢2¢p [1.1 

+ [ - z ( l  - ¢1)w11 + z¢2W,~2 + (z - 2)¢~W~plCh (44) 
where 

/a0 = Z W l l  - i  pl)o - -  k T  In ql (45) 

The last term in equation (43) represents the contribution of the presence of 
holes upon the chemical potential. The chemical potential of species 2 may 
be obtained by interchanging subscripts. In the same way chemical potential 
of polymer species with degree of polymerization of M is found. 

tzm =- tz°n 4- MkT[(~IXlp @ q ~ 2 X e p ) ( 1  - -  C p )  - -  (~1q~2X12] 

+ M(z  --  2)(--¢h)(1 -- Cp)Wpp --  MZOlOhW11 

4z Mz(o2¢hW22 + k T [ l n  ¢pm --  ( M  --  l) -]- ¢~M ( 1 - - 1 ) ]  

+ M[(z --  2)¢pWpp + Z¢lWlh -7 Z(92W2h]¢h (46) 

where/~o is the chemical potential of a pure polymer species. For a poly- 
ethylene-like polymer, this is 

o (z -- 2 ) m w p p  + (M --  l)eT /ZM 

-- (M -- l )kTln  {1 -- (zp --  2)exp [--(EG -- ET)/kT]} 

+ Mpvo --  kT[ln (zM/2) --  ( m -  1)] -- M k T l n q p  (47) 

The chemical potentials of the second model may also be determined. 
However the situation is trickier because of the apparent two phase nature 
of the system. The values of/Zl and/~z may be directly determined from 
equation (29) by cyclic interchange of the subscripts: h, 1 and 2. The value of 
#M is 

[ - tzM -- a N ~  + k T  In q~pM -- ( M  --  1) + CpMM 1 --  

-t- In \¢~¢[] c~Npi + In \ ¢ ;¢ ; ]  cgNpMj 

where 

#Esol 
~ N p ; ,  - ( z  - 1 ) 0  - ¢~)~iO' Z ¢i ± Wj~ 

j = 1,2,h 

- - ( 1 - - ¢ ~ ) 2 M 0 '  E Z Dj~AWjk 
j<k k~-l,2,h 

~N' 
@ [ ~-a E Elk A l']Qp -~- C1/k Wlh -}- C2 A m2h] ~Nio M 

j<k k = 1,2,j 
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aN; 
~- [C2 A W12 - -  61 A Wlh Av Ch ~ Wlh] c~NpM 

eg~ 
-]- [C1 AWl2 - -  62 AWlh -]- CA AW2h] ONpM 

Here the Cj are given by equation (31) and 

Z! u • Djk : ¢i¢k -[- z"(¢;¢7¢ -k ¢;¢~ -- ¢~¢~) 

f , , ,  0' [ E,,~ = - ( 1  - ¢~) z ¢j¢~ - z U @ ;  + ¢;¢~ 

and by equation (25), we have 

ON' _ [ - -2 )  q - ( z - -  1)0'] 
ONTM M(1 ¢p)2 [(z - i + (z ~ ~ ;  j 

(49) 

(50a) 

(50b) 

(51) 

and the ~3N'y/~3N~M may be determined from equation (26) in the same manner 
as was used to obtain equation (33). These are 

kT~2 ON j_  = - - ( z  - -  1) (1 -- Cp)M(AWI~o -r AW3-j,n) 
$'~"0'0"(1 . j . j  . - -  dp~)) c3Np~t 

+ Qj  - R j  ~--~-pM + U [±W12 - -  ( - - 1 y ( A W i h  - -  ZXW~)] 

OK 
4- No ~ N p i  (j  = 1, 2) (52a) 

and 
kT¢~ aN~ 

¢~¢; ,0 '0"(1 - ¢~)  a U p ~ ,  - -  - - ( z  - -  1)(1 - -  ¢~)M(AWh~ + zXWl~) 

c3N' [ c~N~ c~N~ \ - IAW Jr-[Qh-- (Rh-- U ) ~ M  U[0N~pM Av ~N~pM)][ lh AcAW2h--AW12] 

? K  
+ No ~ (52b) 

where Rj and U are given by equation (34) and 

Qj = - ( 1  - ¢~)M[z'¢' j  + (z"/O")(¢~ - -  0'¢i)] (52c) 

Osmotic pressure measurements using a semi-permeable membrane, which 
is permeable to solvent l (and perhaps solvent 2) but not to the polymer, may 
be utilized to test the expressions for/~1 (and/~2) cited in this section. Fre- 
quently a situation arises when a non-solvent is added to a solution of a 
polymer in a single solvent. Beyond a certain concentration of the poor 
solvent, phase separation will occur. The criterion of physical equilibrium 
between two phases is equality of the chemical potentials for each of the 
species in the two phases, i.e., 

//(MI) = /~(MIII); fi(I, = /t/,?I); //,7) = //,7I, (53) 
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The values/,j  used in this section may be used to compute the relative con- 
centrations in the two phases. 

DISCUSSION AND CONCLUSIONS 

A rather general lattice formulation has been utilized to develop a theory of 
solutions of polydisperse polymers in mixed solvents. The main feature of  
the theory is that it involves presumption of a monolayer of  solvent mixture, 
rich in the good solvent, about the polymer molecules and a sea beyond this 
monolayer which is richer in the poorer solvent. This is in reality a rather 
good and not extreme model, for the polymer chains will not be too many 
lattice sites away at the moderate and high concentration levels of  interest. 
The monolayer concept encompasses the idea of a region of good solvent 
about polymer chains which decays away with increasing distance. An 
attempt was made to carry out a similar development utilizing the quasi- 
chemical approximation of Guggenheim and his colleagues 27 a2. This was 
however found to be intractable compared with the monolayer theory. We 
have tried elsewhere to apply the monolayer idea to dilute solutions 2t where 
~,t least superficially its use is not as justified. However, arguments can be 
made even in this case for its application. 

A second feature of  our analysis is the inclusion of holes in the lattice 
theory. This was suggested to us by various discussions throughout Frenkel's 
'Kinetic Theory of Liquids '~5 especially the Bresler-Frenke[ theory of 
melting (p 106 if). We have previously applied the idea of a lattice con- 
taining macromolecules and holes to the melting of polyethylene z4 where 
it is found that consideration of the volumetric expansion during melting 
was necessary in order to obtain reasonable predictions of the melting 
temperature. The use of  holes in lattice theories of  polymer solutions 
should give this approach new life as it will enable one to consider volume 
changes in mixing, coefficients of  thermal expansion, and effects of  pressure. 
We are in the process of  considering a number of these phenomena at the 
present time. It would be of interest to contrast lattice theories of polymer 
solutions with holes to the cell theories of solutions 33, 34. 
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Thermodynamics of mixtures off 
poly(ethylene oxide) and benzene 

C. BOOTH and C. J. DEVOY* 

Specific volumes and vapour pressures of poly(ethylene oxide)-benzene 
mixtures have been measured at several temperatures. The thermodynamic 
dilution quantities calculated from these data are compared with the theory 
of Flory. Deviations from theory are entropic in origin and are ascribed 

to specific charge-transfer interactions in the mixture. 

CONVENTIONAL theories of solution comprise an entropy of random mixing 
of the components on a rigid lattice and an energy of mixing arising from 
interchange of symmetrical interactions. Such are the regular solution 
theory 1 for small molecules and the Flory-Huggins theory 2 for chain mole- 
cules. The regular solution theory has enjoyed success and is a useful guide 
to the properties of mixtures of compact non-polar molecules. The Flory- 
Huggins theory, while accounting for the gross deviations from ideality 
which result from the chain nature of the polymer molecules, has proved 
comparatively unsuccessful in quantitative applications. 

Recently attention has been drawn to those theories of solution 3-6 which 
take proper account of the liquid nature of the pure components and the 
mixture (rather than treating them as quasi-solids)and particularly 7,8 to 
the importance of these considerations when the components have such 
disparate properties as do polymeric and low molecular weight liquids. 
The application of these theories to polymer solutions has been reviewed 
recently by Patterson 7. It is clear, from existing studies, that it is more 
rewarding to describe the properties of non-polar polymer solutions in terms 
of deviations from these theories than from the Flory-Huggins theory. It is 
some advantage, in terms of the initial information required, to use those 
theories which assume a simple analytical form for the equation of state of 
the liquids. Accordingly in this work we apply the theoretical equations of 
Flory et al 8, which are based upon an equation of state of the van der 
Waals type, to new experimental data for solutions of poly(ethylene oxide) 
in benzene. 

EXPERIMENTAL 

"AnalaR' grade benzene was successively treated with concentrated sulphuric 
acid, washed, dried, fractionally crystallized five times, refluxed over sodium 
wire and finally distilled through a one metre column of Dixon rings, main- 
tained at 79°C, at a reflux ratio of 12: 1. The centre cut had vapour pressures 
within 0-2 % of published values 9, over the temperature range 45-70°C. 

* Present address: Department of Chemistry, University of Essex, Colchester 
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Poly(ethylene oxide) samples were prepared from poly(ethylene glycol) 
6000 (Shell Chemical Company) and Polyox WSR-205 (Union Carbide, 
Chemicals Division). Both were fractionated by adding isooctane to a dilute 
solution (0.5 wt ~ )  of the polymer in benzene at 30°C 1°. The first fractions, 
some 30 w t ~  of the original polymers, were collected; the fraction of 
Polyox WSR-205 was reprecipitated under similar conditions. Fraction 
6000F had viscosity -11 and number-average molecular weights 12 of 6100 and 
5700 respectively. Fraction 205F had a viscosity-average molecular weight 13 
of 8 × 105. We assume, on the basis of previous worklO, 14, that the number- 
average molecular weight of 205F was 6 × 10 ~. 

Vapour pressures were usually measured by means of a differential mano- 
meter similar to those described earlier15,16. Some measurements were made 
by the method of McGlashan and Williamson 17, in which concentrations 
were determined by distilling known weights of solvent onto a known 
weight of polymer rather than by distilling known volumes of solvent. We 
found no systematic differences between the two methods. Construction and 
conditions were such that pressures could be measured to ±0-01 cmHg* and 
weights of benzene transferred to ± 1 mg (±0.5  mg in the case of the direct 
weight method). Precautions were taken to avoid fractionation of benzene 
during transfer; the vapour pressure did not change by more than 0-05~ 
during an experiment. Vapour space corrections were made. Polymer 
samples were exhaustively outgassed; the residual pressure after equilibration 
for two days was never greater than 0.005 cmHg. 

Densities of poly(ethylene glycol) 6000, and its solutions in AnalaR 
benzene, were measured by use of a pycnometer. It was not thought necessary 
to use the purified materials for these measurements. 

R E S U L T S  

Specific volumes of poly(ethylene glycol) 6000 and AnalaR benzene and their 
mixtures, are given in Table 1. The specific volumes of the pure components 
agree well with published values18-21, 26. The quantity Av/vo, where Av is the 
volume change on mixing one gram of mixture and v0 is the corresponding 
unmixed volume, is plotted against weight fraction in Figure 1. The volumes 
are defined by the equations 

A v  ~ Vsp - -  vo 

VO ~ WlVsp ,1  AV W21)sp,2 

where vsp, vsp,x and Vsp,2 are the specific volumes of the mixture and of pure 
liquids 1 and 2 respectively (see Table 5) and wl and w2 are the weight 
fractions of 1 and 2 in the mixture. 

The activity of benzene in the solution can be defined as 

a l  = ( p l / p x  O) e x p  [ - - B / R T ( p l  ° - -  p x ) ]  

where px and prO are the vapour pressures of benzene over the solution and 
over pure benzene respectively and B is the second virial coefficient of 

* 1 c m H g  = 1333 N m -~ 
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Table 1 Weight fraction of benzene (wD and specific volumes of 
solutions of poly(ethylene glycol) 6000 

(70"0°C) (45'8 ~'C) 
wl Specific volume wl Specific vohlme 

(cm ~ g-J / (cm 3 g-l) 

1"0000 1"2127 1.0000 1.1749 
0"9035 1'1817 0"9019 1"1460 
0'7129 1"122l 0"7308 1.0965 
0"6124] 1'0904 0"6186 1.0649 
0"5227i 1'0638 0-5100 1.0353 
0"4208] 1'0346 0-4201 1-0113 
0'3138 1'0028 0"3303 0-9873 
0"2105 0'9759 
0"0000 0'9218 

0 

0 

~ -0-5 

N 
o 

-1'0 

0 

O 
I 1 I I 

0 2  0"/, 0 6  0.8 1.0 
w 1 

Figure 1 Reduced volume change on mixing (Av/vo) against weight 
fraction of benzene (wl) for mixtures with poly(ethylene glycol) 6000 

© at 70.0"C and • at 45'8°C 
Theoretical curves are for X12 = - 4  cal cm 3 (unbroken line) and 

X12 -- --3 cal cm -z (broken line) 

Table 2 Weight fraction (wa) and activity (all of benzene in solutions 
of poly(ethylene oxide) fraction 6000F 

70.0°C 45.8°C 
wi al wl al 

0.0290 0.1091 
0.0926 0.3104 
0.1572 0.4718 
0.2410 0-6321 
0.3188 0.7409 
0.3982 0.8239 
0.4875 0.8906 
0.6032 0-9467 
0.7385 0.9840 

0.3211 0-7348 
0.4005 0-8188 
0.4893 0.8853 
0.6049 0-9438 
0.7389 0.9806 
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benzene vapour  over the appropriate pressure range. We have used values 
of  B recommended by Allen, Everett and  Penny 22 i.e. 

B ~ [70 - -  (13.2 × 107)/T 2] cm ~ mo1-1, 

where T is the absolute temperature.  Values of a l  and wl are given in Tables 
2 and  3. 

In  order to calculate the entropy and  heat of di lut ion we have calculated the 
quant i ty  

In a l  - -  ln(1 - -  w2) - -  (1 - -  1/Xn)W2 t 

X ~ W2 2 

where Xn is the ratio of the number  average molecular  weight of the polymer 
to that  of  the solvent. The parameter  X' has values in the range 0.3-0.4 and 
is a slowly changing funct ion of w2. Smoothed values of x' were used to 
calculate the free energies of di lut ion at the two temperatures,  and  at given 
values of w2, and  from these data entropies and  heats of di lut ion,  listed in 
Table 4, were calculated the usual  way 16. 

Table 3 Weight fraction (wl) and activity (al) of benzene in solutions 
of poly(ethylene oxide) fraction 205F 

70.0°C 50.3°C 
Wl a l  Wl a l  

0.0967 0'3145 
0-1839 0.5232 
0-2479 0.6392 
0.3300 0.7544 
0-4150 0.8387 
0"4740 0.8831 
0-5802 0.9387 
0-7242 0.9797 

0'3314 0-7474 
0.4229 0'8390 
0.4867 0'8865 
0'5839 0"9363 
0.7412 0.9822 

Table 4 Thermodynamic dilution quantities for poly(ethylene oxide) 
and benzene 

Weight fraction Ahl As1 X 
benzene (cal mol -I) (cal deg -1 tool -1) 

6000F at 57.9°C 
0"3 --115 0'325 0"219 
0-4 -- 82"7 0" 140 0"228 
0-5 -- 55-4 0"052 0"243 
0-6 --33-9 0"0126 0"262 

205F at 60-15°C 
0"3 --130 0"285 0-192 
0'4 --93'9 0"106 0"204 
0"5 --63-6 0"026 0'215 
0-6 --40"3 --0-0073 0"223 
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Errors in X' arising from instrumental limitations were estimated to be 
:~:0.003. The scatter of  experimental results, and the results of  replicate 
determinations (not given in Tables 2 and 3) are consistent with this figure. 

THEORY 

The theory of Flory et al<s,2a is based upon a model of molecules which 
consist of  r segments of characteristic (hard core, i.e. 0 K) volume v*, having 
s contact sites per segment, and having 3c external degrees of freedom per 
segment. The intermolecular potential energy has the van der Waals form, 
i.e. E -  - -a /v ,  where a is proportional to the number of contacts, each 
contact contributing intermolecular energy - -~/v .  

The partition function for N1 molecules of a pure component 1 is written 

Z1 = constant[vl*(~l/a --1)3] NtrtO x e x p ( a / v l k T )  

where the constant contains numerical factors, and 9 is the reduced volume 
1)Iv*. 

The corresponding partition function for a mixture of  N1 + Nz ( N )  
molecules is written 

Z -- constant x Zcomb[v*(~l/a - -  l)a] Nrc Y, e xp (a / vkT )  

where v*, r, c and a are suitably averaged quantities for the mixture. The 
averages are as follows 

1)* Vl * 

r r l x t  + r2x2 (x = mol fraction) 

c c1¢1 + c2¢2 (¢ segment fraction) 

a --  a101 + a20,,_ - -  AaOt02 (0 - site fraction) 
and 

¢1 WlVsp,l*/(Wl~sp,i* @-14'2~sp,2") 

where g~p* is the characteristic volume per gram 

01 - - -  SlrlN1/(Slr lN1 q- s2r2N2) 
and 

Aa -- al + a2 --  2ale 

The combinatory factor, Zcomb, is taken as that due to Flory e4 for random 
mixing of the two components. 

Conventional treatment of  the partition function leads to a reduced 
equation of state of the van der Waals type 

(p  + 1/~2)(~ - ~,,/a):_ ;~ 

where the characteristic parameters 

p* = p/fi, v* - :  v/~, T* - -  T / T  
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are related to measurable quantities by the equations 

v* = v/[1 + aT/3(1 + aT)] 3 

T* = T94/3/(v 1/3 - -  1) 

p* = 7'TY 2 

where a is the coefficient of  expansion, (1/v)(t~v/OT)p and 7' is the thermal 
pressure coefficient, @P/~T)v. 

For  the mixture 

V* = el* = V2* 

p* = ¢lpx * + ¢2p2" - -  4'102Xa2 

1/T* = (¢1pl */Tl * + ¢21)2"/7"2")/1)* 

where the energy parameter  X12 = Sl A~7/2v .2, where AV = 2 Aa/srN. 
The following measurable thermodynamic quantities are obtained f rom the 

partition function in the usual way 

--  ~0 
Av/vo = -  ~o 

where ~0 = ~lVl -}- ~2v2 

Ahl :pl ,  Vl,[(1 1) 2f_ aT(~l- ~) X12(l_ =a_ T)022] 
~IP + pl*v J 

ASl = - -R[ ln~ l  ~- (1 - -  1/r2)¢21 

pl*VI* [ ~ . ~ .  ( h  1/a - -  1) ~ r 6 h  - : r )  ~rX120~2] 
R [-*~lin ~ -- i) g~ pl-~ J 

@1 = Ahl --  T A s l  

1 [A/t1 ] 
x = l n ¢ l  - -  (1 - -  1/r2)¢2 

In these equations VI* is the molar characteristic volume of component  1 and 

3(~ 1/3 - -  1) 
13, = - 

T(4  - -  3~ /8 )  

The data required in order to calculate the thermodynamic quantities are 
the molecular weights (number-average molecular weight for a polymer), tile 
specific volumes and the coefficients of expansion and thermal pressure of  the 
two components. The energy parameter  X12 is an adjustable parameter. The 
surface ratio, sz/sl, can be estimated from known molecular parameters. 

COMPARISON OF EXPERIMENT WITH THEORY 

The surface ratio (s2/sO was calculated on the assumption that the benzene 
molecule is a sphere of radius (3vl*/47r)l/3 and poly(ethylene oxide) a cylinder 
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of volume v1* and radius (Vm*/LTr)l/2, where Vm* is the molecular  volume of a 
monomer  unit  in the polymer chain, and  L is the distance per monome r  unit  
in the C direction in the uni t  cell (repeat distance of 19.5 ~ ,1-95 nm, for 7 
monomer  units25). In  this way we find values of s2/sl in the region of 0.80. 

The number  of segments per polymer molecule, given r ,  --  1, is given by 

m2vsp,2 * 
r2 ~//l~';p, 1" 

where M1 and  M2 are the appropriate  molecular  weights. Values of r2 are 
abou t  60 for 6000F and  about  6500 for 205F. 

We have made calculations for the temperatures  70.0, 60.15, 57.9 and 
45-8°C. The values of specific volume, coefficient of expansion and  thermal 
pressure coefficient which we have used are listed in Table 5. The charac- 
teristic parameters  calculated from the data vary slightly with temperature.  
Values for T 57-9°C are listed in Table 6. 

A compar ison of the volume change on mixing parameters  [(~ --  %)/~1)] 
with the experimental  values (AV/Vl)) for poly(ethylene glycol) 6000 serves to 

Table 5 Coefficients of expansion (a) and thermal pressure (y), and specific volumes (c~,) 
Table, 5a Benzene 

T(C)  al(deg 1)e6 71(cal cm -a deg 1)27 vsv,l(cm 3 g--J)'-,, 

70.0 1.346 "~ 10 a 
60"15 1'313 x 10 a 
57-9 1.306 ;: 10 a 
45"8 1"271 X 10 -a 

Tabh" 5b Poly(ethylene oxide) 

T('C) a2(deg-1) * 

0"230 1"2123 
0.245 1"1964 
0"249 1'1930 
0"269 1.1745 

y~(cal cm -a deg 1)? v**,,e(cm a g-a)§ 

70"0 0.753 x 10 -3 0.317 0"9218 
60'15 0"749 × 10 ~ 0'328 0'9144 
57"9 0"748 × 10 -~ 0"330 0-9127 
45"8 0"742 × 10 -~ 0"344 0.9037 

* Estimated from data of  Hoechst Chemicals ~s lor  low molecular weight polyglycols 
t For poly(ethylene glycol) 5000 ~9 
§ Calculated from value at 70"0°C, and values oV ~L 

Table 6 Parameters for benzene and poly(ethylene 
oxide) 6000F at 57.9'C 

Benzene Poly(ethylene oxMe) 

p*(cal cm -a) 146.6 160.5 
esp,(cm 3 g a) 0"8948 0.7532 
T*(K) 4829 6469 

1 61 .5  r 

$2/s1 = 0 " 8 0 2  
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Figure 2 Reduced heat of dilution (Aht/$~ 2) against segment fraction 
of benzene (6t): • with poly(ethylene oxide) 6000F at 57.9°C and 

O with poly(ethylene oxide) 205F at 60.2°C 
Theoretical curves are for 6000F at 57.9°C. A, X12 = --3 cal cm -3 

and B, X12 = --4 cal cm-3 
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Figure 3 Reduced entropy of dilution (Asl/~ ~) against segment 
fraction ofbenzene(q~D: © with poly(ethylene oxide) 6000Fat 57.9°C 

and • with poly(ethylene oxide) 205F at 60'2°C 
Curves are, A the Flory combinatorial entropy for 205F; B the 
theoretical values for 6000F at 57.9°C with Xle = --3 cal cm-a; 
C the theoretical values for 6000F at 57-9°C with X12 = - - 4  
cal cm-Z; D theoretical values for 205F at 60.2°C with XI~ = --4 

cal cm -3 
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Figure 4 Parameter  X against  segment  fraction of  benzene (¢D: • for 
mixtures  with poly(ethylene oxide) 6000F at 57.9°C and ~) ~ for 

mixtures  with poly(ethylene oxide) 205F at 60.2°C 
Theoretical  curves are for 6000F at 57'9°C. A X,2 3 cal cm -3 

and  B, X,~. ~ - -4  cal cm -3 

define the energy parameter X12. Best agreement between experiment and 
theory is found for X12 between --3 and --4 cal cm --3.. The comparison is 
illustrated in Figure 1. 

Calculated values of the reduced entropies and heats of dilution, i.e. 
As]/¢22 and Ahl/¢22 respectively, and of the parameter X are compared with 
experiment in Figures 2-4. The variation of the theoretical quantities with 
temperature is slight; compared with the values at 57-9°C the values of x at 
60.15 °C are about 0.004 higher, and the values of Ahl/cfi22 about 3 cal mo1-1 
lower. The estimated precision of the experimental values is As1/¢22 to ~:0-12 
cal deg -1 mol-1; Ahl/¢2 ~ to ~40  cal tool-l ;  X to ±0-003. 

D I S C U S S I O N  

It is clear, from Figures 2-4, that the theory accounts reasonably well for the 
thermodynamic properties of the benzene-poly(ethylene oxide) system. The 
major discrepancy between theory and experiment is in the entropy of 
dilution, where the experimental value o f A S l / ~ 2 2  is about 0.5 cal deg -1 mol 1 
lower than the theoretical value. This discrepancy corresponds to an entropy 

* 1 cal -- 4-186 J 
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parameter [Xs = A(Asl)/R¢22] of 0.25. The discrepancy between the experi- 
mental and theoretical values of X (of about 0.25) is mainly entropic in 
origin. 

The assumption that Zcomb is given by the expression of Flory 2 leads to the 
combinatory term in the entropy of dilution 

ASlcomb : - -R( ln¢ l  q- (1 -- 1/r2)¢2) 

An alternative approximation for Zcomb a° leads to the expression 

ASlcomb : - -R( ln¢ l  ÷ (1 -- 1/r2)¢2 + Xs¢z 2) 

where Xs = (1 -- 1/r2)e/z + 4(1 -- l/r2)3¢2/3z 

In the concentration range (¢2) 0'3~0'6, this equation yields values of 
Xs ~- 0.25, when the liquid lattice co-ordination number (z) is taken to be 5. 
However, values of Asa for non-polar polymer-liquid systems ~1 are not, in 
general, markedly lower than those predicted by the Flory approximation. 
For  this reason a combination of the higher approximation for Zcomb with the 
equation of state terms etc., although providing a consistent explanation of 
our data, is not tenable in the wider context. 

The large negative value of the energy interaction parameter (Xlz - --4 
cal cm -3) indicates a specific interaction between benzene and poly(ethylene 
oxide) whereas the theory assumes spherically symmetrical force fields about 
each molecule or segment. Agreement between theory and experiment cannot 
be expected if no account is taken of this effect, which will lead to low values 
of the entropy of  dilution. The specific interaction presumably originates in 
charge transfer between the benzene (donor) and ether oxygen (acceptor). If 
we ascribe to each non-complexing unlike contact in the mixture an inter- 
change energy of about 10-20 cal mo1-1 (corresponding to X12-~ + 1 
cal cm -3 for a non-complexing mixture) then we find an interchange energy 
for complex formation somewhat greater than 0.5 kcal mo1-1, a value in 
keeping with those usually assigned to charge transfer interactions in the 
liquid state. 

It is of interest that the energies of dilution at constant volume, calculated 
for a process of mixing at constant partial specific volume from the heats of 
dilution at constant pressure, are almost zero. Such results imply an average 
interchange energy per contact near zero, and this is less realistic than the 
result obtained from the Flory theory. The entropies of dilution at 
constant volume are lower than the Flory 24 entropies of dilution by 
amounts which correspond to an entropy parameter (xs) of about 0.25. 

The differences between the dilution properties of samples 6000F and 205F 
are consistent with the differences in molecular weight. The differences in 
entropy of dilution are explained entirely by the end effect, i.e. by the term 
RCz/rz of the Flory equation. The differences in heat of dilution are probably 
due to hydrogen bonds involving the hydroxyl groups which terminate the 
molecules in both samples. The severance of these bonds, on dilution with 
benzene, will result in a substantial positive contribution to Ahl for the low 
molecular weight sample 6000F, but a negligible contribution to Ah~ for the 
high molecular weight sample 205F. More direct confirmation of hydrogen 
bonding in poly(ethylene glycol)-benzene systems comes from n.m.r, measure- 
ments 39. 
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Thermodynamics of mixtures of 
poly(propylene oxide) and benzene 

C. BOOTH and C. J. DEVOY* 

Vapour pressures of mixtures of poly(propylene oxide) and benzene have 
been measured at temperatures between 47°C and 75°C. No differences are 
detected between the results for polymer samples of differing microstructure. 
The thermodynamic dilution quantities calculated from the results are 
compared with the theory of Flory. The discrepancies between theory and 
experiment are similar to those found for mixtures of poly(ethylene oxide) 
and benzene, and are attributed to the occurrence of specific (charge- 

transfer) bonding in the mixture. 

IN THE preceding paped we have discussed the thermodynamic properties of 
mixtures of poly(ethylene oxide) and benzene. It proved possible to rational- 
ize the solution properties, in a semi-quantitative way, in terms of the Flory 
theoryL Poly(propylene oxide) differs from poly(ethylene oxide) in its 
solution properties being, for example, less soluble in polar solvents (e.g. 
water, methanol) and more soluble in paraffin hydrocarbons. It is of interest 
to compare the solution properties of the two polymers in a common solvent 
to determine, in a particular case, whether the difference is due principally to 
differences in the properties of the polymers (equation of state terms) or to 
differences in the solvent-polymer interaction. 

EXPERIMENTAL 

Benzene was purified by methods described elsewhere 1. In the temperature 
range 40-70°C it had vapour pressures within 0.2 ~ of published values 3. 

High molecular weight poly(propylene oxide), used in the vapour pressure 
measurements, was prepared by means of the zinc diethyl and water catalyst 
system and fractionated, on the basis of crystallizability, by cooling a dilute 
solution of  the polymer in isooctane. Details of this preparation and frac- 
tionation, together with the fractionation data, have been published else- 
where 4. In this work we have used fractions 1 and 5, which have identical 
viscosity-average molecular weights (1.5 × 106). We have reason to assume 5 
that these fractions have identical molecular weight distributions (Mw/Mn 
,~ 3), and we take the number-average molecular weights to be about 
0.5 x 106. The two fractions differ considerably in microstructure. From a 
study 4 of the multiple melting transitions of fraction 1 we have estimated that 
this fraction has a number-average sequence length of isotactic placements 
near 55. Fraction 5 is not crystallizable at room temperature and presumably 
has much shorter isotactic sequence lengths. 

Vapour pressures were measured by means of the differential manometer 
described earlied. 

* Present address: Department of Chemistry, University of Essex, Colchester 
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R E S U L T S  

The activities of benzene ( a l )  in solutions of the poly(propylene oxide) 
fractions at several temperatures are given in Table 1. These values were 
calculated by use of the value of the second virial coefficient (B) of benzene 

Table 1 Weight  fract ion (wt) and  activity (at) of  benzene in solut ions 
o f  poly(propylene oxide) 

14,t at  wl al 

Fract~n 1 (74.7°C) Fract~n 1 (47"2°C) 
0'0884 0"2536 0'3739 0"7532 
0"1902 0"4833 0"4306 0"8112 
0"2570 0"6026 0"5160 0"8814 
0"3160 0"6895 0"6361 0-9463 
0"3691 0"7556 0"6868 0.9649 
0"4609 0"8451 
0"5952 0"9309 
0.6791 0"9633 

Fract~n 1 (69.9°C) Fract~n 5 (74.7°C) 
0.0910 0.2601 0.1143 0.3190 
0.1992 0.4993 0.2075 0.5172 
0.2715 0.6244 0.3639 0'7500 
0.3293 0.7060 0.4685 0'8512 
0.3837 0.7705 0.5800 0.9232 
0.4856 0.8636 0.6573 0.9562 

Fraction 1 (60.2°C) Fract~n 5 (47.2°C) 
0-2101 0.5168 0.1305 0.3494 
0.2947 0-6555 0.2449 0-5741 
0.3568 0-7368 0.4177 0.8006 
0.4122 0-7972 0.5184 0.8839 
0.5014 0-8734 0.6177 0.9389 
0.6230 0-9427 0.6845 0.9652 
0.6848 0.9650 

recommended by Allen et al 6, and the relation 

a l  = Pl dpl exp -RT~ ( p l  0 - -  pl) 

where pl  and p l  ° a r e  the vapour pressures of benzene over, respectively, 
solution and pure solvent. 

Inspection of Table 1 reveals that the activities of benzene are unaffected 
by the nature of the polymer. This is in keeping with what is known of the 
dilute solution properties of fractions of poly(propylene oxide) of this type 7. 
Accordingly we have analysed the data for both fractions together. 

In order to calculate the entropy and heat of dilution we have calculated 
the quantity 

In  a l  - -  In (1 -- w2) -- (1 - -  1/Xn)W2 
X t ~ . . . . . . .  

W2 2 
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Table 2 Thermodynamic dilution quantities for poly(propylene 
oxide) and benzene at 61.0°C 

Weight fraction Ahl As1 
benzene (cal mo1-1) (cal deg -1 mo1-1) X 

0-2 - 144 0.952 0.119 
0-3 - 104 0.505 0.137 
0.4 - 71.3 0.266 0.156 
0.5 -43.3 0.141 0.180 
0.6 - 21.9 0.075 0.208 

where wz is the weight fraction of polymer and Xn the ratio of  the number- 
average molecular weights of  polymer and solvent. This parameter  has 
values in the range 0.15-0-30, and is a slowly changing function of polymer 
concentration. Smoothed values of x' were used to calculate the free energies 
of  dilution at the given temperatures and at several values of wz, and from 
these data entropies and heats of dilution were calculated in the usual way 8. 
Values are quoted in Table 2, and plotted in Figures 1 and 2. 

COMPARISON OF EXPERIMENT WITH THEORY 

The theory of Flory et al 2, has been described briefly in the preceding paper 1. 
In order to calculate the thermodynamic dilution quantities from this 

theory it is necessary to know specific volumes (vsp), coefficients of  expansion 
(a) and thermal pressure coefficients (y) for the two components. Values of 
these quantities are available 9,1° for poly(propylene oxide) of  molecular 
weights near 2000. There is some evidencO ° that a is not much influenced by 
molecular weight, though the nature of the end groups is important.  In 
Table 3 we present our own measurements of the specific volume of poly- 
(propylene glycol) 2000 (Shell Chemical Company,  number-average molecular 

Table 3 Specific volumes of 
poly(propylene glycol) 200~3 

Temperature Specific volume 
(oc) (cm ~ g-l) 

74.7 1.0399 
70.0 1.0359 
60.2 1.0282 
47-2 1 .Ol 79 
20-0 0.9965 

weight 1900), which are in substantial agreement with earlier measurements 9,10. 
The surface ratio, s2/sl~ was calculated on the assumption that the benzene 
molecule is a sphere of radius (3vl*/4rr)~ and that the poly(propylene oxide) 
unit in the chain is a cylinder of  volume vl* and radius (vm*/Lzr) ~', where 
Vm* is the characteristic volume of a monomer unit in the chain, and L is the 
distance per monomer  unit in the C direction in 1he unit cell (repeat distance 
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0-2 04 0-6 0-8 
gl 

Figure 1 Reduced heat of dilution (Ahl/~22) against segment fraction 
of benzene (qh) for poly(propylene oxide) at 61"0°C. Theoretical 

curves are A, X12 = - 2  cal cm a and B, Xj2 -- - 3  cal cm a 

2-0 

1.5 
"7 

E 
5" 

~ 1.0 

<1 

0.5 
0 

I 1 I I I I 
0.1 0'2 0-4 0.6 0-8 

gj  
Figure 2 Reduced entropy of dilution (Asl/ff'~ 2) against segment 
fraction of benzene (qh) for poly(propylene oxide) at 61.0°C. 
Curves are A, the Flory combinatorial entropy; B, X,2 = -- 2 cal 

cm-a; and C, X12 := --3 cal cm -a 

,~7 A, 0"7 nm, for 2 monomer  units11). We have made calculations for the 
temperature  61.0°C. Values of the initial data and  the characteristic para- 
meters are given in Table 4. 

Compar i son  of the calculated and  experimental  heats of di lut ion serves to 
define the energy parameter  X12. Fai r  agreement between theory and  experi- 
ment  is found  for X12 between - -2  and - -3  cal cm-a:  the comparison is 
i l lustrated in Figure 1. Calculated values of  the reduced entropies of di lut ion 
and  of the free energy parameter  x for X12 ---- - - 2  and  - -3  cal cm -a are 
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c o m p a r e d  w i t h  e x p e r i m e n t a l  va lues  in Figures 2 a n d  3. T h e  e s t ima ted  
p rec i s ion  o f  the  e x p e r i m e n t a l  va lues  is --Ahl/~b22 to -~-25 cal  m o l - 1 ;  Asl/~b22 
to  ± 0 . 0 8  cal  deg  -1 m o l - 1 ;  X to  _-I,:0.003. ~ is the  s egmen t  f rac t ion .  

Table 4 Parameters for the calculation of thermodynamic dilution 
quantities at 61.0°C 

Benzene Poly(propylene oxide)t 

a(deg -1) 1.316 x 10 -~12 0-780 x 10=~§ 
y(cal cm -a deg -1) 0.24413 0.239 9 
vsr(cm 8 g-l) 1-197712 1.0288 § 
p*(cal cm -3) 145.9 119.1 
v~p,(cm 3 g-l)  0.8954 0.8424 
T* (K) 4837 6330 
r 1 6030 
s2/sl = 0.742 

t Low molecular weight polymer 
§ From data of Table 3 

1 cal~4"187J 

0-2 

0.1 

-0"1 , , I 
0"1 012 0"/* 0 ~.6 0"8 

Figure 3 Parameter X against segment fraction of benzene (~1) for 
poly(propylene oxide) at 61-0°C. Theoretical curves are A, 

Xlz = --2 cal cm-a and B, Xlz = --3 cal cm-a 
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DISCUSSION 

In general the results for poly(propylene oxide) and benzene are similar to 
those for poly(ethylene oxide) and benzene 1. The theory predicts higher, 
values of Ahl and As1 for poly(propylene oxide) than for poly(ethylene oxide) 
in agreement with experiment, even when the interaction parameter X12 is 
taken to be the same in both cases. This is due to the unusually large molecular 
cohesion in poly(ethylene oxide) 9, as is evident from the high thermal pressure 
coefficient and high density of this polymer; 0.33 cal cm -z deg 1 and 1.095 
g cm -3 respectively 1 at 60°C. Poly(propylene oxide) has more typical 
values of 0.24 cal cm -3 deg 1 and 0.973 g cm -~ for these parameters at 
60 °C. 

The discrepancy between theoretical and experimental values of the entropy 
of  dilution for poly(propylene oxide) and benzene corresponds to an entropy 
parameter [x8 = A(Asl)/R¢22] of about 0.15 for Xlz between - 2  and --3 
cal cm -3. The discrepancy between the theoretical and experimental values of 
X (of 0.1 to 0.2) is mainly entropic in origin. We have suggested, in the case 
of poly(ethylene oxide) and benzene for which we find a similar discrepancy 
(xs = 0-25), that this is due to the formation of a donor-acceptor complex 
between benzene and ether oxygen. The large negative value of )(19_ of 
between --2 and --3 cal cm -3, compared with )(12 near --4 cal cm -3 for high 
molecular weight poly(ethylene oxide) and benzene, is consistent with this 
explanation. It is of interest that the discrepancies between theory and 
experiment, as measured by xs, differ by about a factor of two between the 
poly(propylene oxide) and the poly(ethylene oxide) solutions. We would 
expect that errors introduced through approximations in the theory would be 
unimportant when comparing similar polymers. We conclude that a major 
contribution to the solution properties in these systems arises from specific 
intermolecular interactions which are weaker in the poly(propylene oxide)- 
benzene system than in the poly(ethylene oxide)-benzene system. 
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Heat of fusion of isotactic 
poly(propylene oxide) 

C. BOOTH, C. J. DEVOY* a n d  G.  GEE 

The melting points of mixtures of a crystallizable sample of poly(propylene 
oxide) and benzene have been determined by measuring their vapour pressures 
as a function of temperature. The activities of benzene in mixtures with 
poly(propylene oxide) have been reported earlier for a wide range of tem- 
peratures and compositions. By combining these sets of results the heat of 
fusion of isotactic poly(propylene oxide) is calculated to be 2.0 kcalt (tool of 

repeat units) a. 

IN TttE course of measurements of  the thermodynamic properties of  mixtures 
of  poly(propylene oxide) and benzenO, we have measured the melting points 
of  mixtures of  benzene with the crystallizable fraction of the polymer. These 
measurements enable us to determine the heat and entropy of fusion of 
isotactic poly(propylene oxide). 

With the assumption that the heat of fusion of solute (Ah) is independent 
of  temperature and that the system is in thermodynamic equilibrium, the 
relation between the chemical potential of the solute in the mixture (t~2) and 
the melting point of the mixture (Tin s) is 

/z2 0 - -  /x 2 - Ah(l - -  Tins~Tin) (I) 

where /~z ° and Tm are respectively the chemical potential and the melting 
point of  pure solute. 

The chemical potential of the solute can be written in the Flory-Huggin¢ 
formulation as 

/~2 ° --  Ix2 R Y m S r ( ¢ l  - -  X¢l 2) (2) 

where ¢1 is the volume fraction of solvent, X is the Flory-Huggins para- 
meter, and r is the ratio of  the molar volumes of polymer and solvent. In 
writing equation (2) it is assumed that r is very large. Substitution of equation 
(2) in equation (1) leads to the relation 

1/d?l(1/Tm s - -  1~Tin) = Rr / (1  - -  X4)l) A h  (3) 

If X is independent of  concentration and proportional to T -1, a plot of 
1/d?l(l /Tm s - - 1 ~ T i n )  against ¢}j/Tm s will be linear with intercept R r / A h .  '2 
However, it is known from our earlier investigations I that for poly(propylene 
oxide) and benzene X is concentration dependent and also contains contri- 
butions originating in the entropy of mixing (i.e. not proportional to T 1). 
Here we present, without recourse to theory, an alternative method of 
evaluating Ah. 

* Present address: DePartment 0f Chemistry, University of Essex, Colchester 
t 1 cal - 4.187 J 
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The quantity (tz2 ° --t~2) can be evaluated from measurements of the 
activity of the solvent in the solution (al) by use of the Gibbs-Duhem 
relationship, i.e. through the equation 

nl 

RT [ nl (~ In a l l  dnl /z20 (4) /z2 n~ \ -~-nl  /T ,  p d 0 

where the quantities n are the number of moles of  solvent (l) and solute (2). 
For our purposes this equation is best expressed as 

Wl 

RTM2 I wl ~0 In a l l  dwl (5) 
/~2 0 - - / z 2  - -  M 1  w--2 ~ - ~ W l / T ,  p 

0 

where M and w are respectively molecular weights and weight fractions. The 
activity of  solvent in solutions in which wl approaches zero cannot be 
measured directly because the solute will crystallize. Here we make use of 
determinations of the activity of benzene in solutions covering a wide range 
of temperatures and concentrations, as well as measurements on solutions of 
a non-crystallizable poly(propylene oxide) fraction, to guide our extrapolation 
t o  w1  ~ 0 .  

EXPERIMENTAL AND RESULTS 

Benzene was purified by methods described in a preceding paper a. Poly- 
(propylene oxide) was prepared by means of the zinc diethyl and water 
catalyst system and fractionated, on the basis of crystallizability, by cooling 
a dilute solution of the polymer in isooctane. Details of this preparation and 
fractionation have been published elsewherO. Fractions had number- 
average molecular weights of about 5 × 105. 

Vapour pressures of benzene over mixtures with a crystallizable fraction 1 
and a non-crystallizable fraction 5 were measured by means of a differential 
manometer 8. Pressures were measured to ±0-01 cmHg* and weights of the 
components of the mixtures to ± 1 mg. Vapour space corrections were made. 

Melting points of mixtures of fraction 1 and benzene were determined as 
follows. Mixtures were held for 15 minutes at temperatures some 10°C 
above their melting points, and then crystallized at temperatures some 20°C 
below their melting points. Vapour pressures of benzene over the mixtures 
(pa) were then measured from temperatures 10°C below the melting points at 
increments of 1 °C or less, allowing at least one day for equilibration at each 
temperature. The concentration was maintained at a constant value by 
adjusting the vapour space volume. Vapour pressure ratios (pl/plO), where pl ° 
is the vapour pressure of the pure benzene, are plotted against lemperature 
in Figure 1. These curves are of the form predicted 5 for copolymers and 
differ from the corresponding curves for homopolymers (see for example 
Figure 5) in the persistence of small levels of  crystallinity over a range of 

* 1 cmHg = 1333 N m -2 
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temperatures below the melting point. Consequently melting points were 
defined by the point of  departure of the vapour pressure curves from the 
straight lines established at high temperatures where the mixture is homo- 
geneous. These melting points are listed in Table 1. 

We have studied 4 the melting of fraction I in the absence of solvent, and 

0"80 

0"75 

I I 
a 37.5 40 45 50 

0.55 

b0.5C50 [ I 55 60 65 

C~ 
0 ' 3 0 ~  

0.25[ I / i 
e 60 65 70 75 

Temperature (*C) 

Figure 1 Vapour pressure ratio (131/])10) against temperature for 
mixtures of poly(propylene oxide) fraction 1 and benzene. Weight 
fractions of benzene and crystallization temperatures are (a) 0.3740 

and 30-0°C, (b) 0.2101 and 40.1 °C and (c) 0.0910 and 50-2°C 

detected three melting points. Two of these are dependent upon the crystalliza- 
tion temperature and are ascribed to the melting of erystallites with thick- 
nesses determined by nucleation processes. The third is largely independent 
of  crystallization temperature and is ascribed to the melting of crystallites 
with thickness determined by the sequence lengths of  isotactic placements in 
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the partially isotactic polymer. Analysis 4 of these melting points, in terms of 
Flory's theory 6 of the crystallization of copolymers, leads to the conclusion 
that fraction 1 has an equilibrium melting point of 80°C and a number- 
average sequence length of isotactic placements of 55. In this work we detect 
single melting points for the mixtures, and find no dependence of melting 

Fable 1 Melting points and chemical potentials for mixtures of 
poly(propylene oxide) and benzene 

Weight fraction of Melting point of Chemical potential 
benzene (wl) mixture (Tins, °C) difference 

/z2 ° -- /x2 
lcal (tool of repeat 

units)-q 

0"3740 47"2 169'5 
0"2101 60"2 101"1 
0-0910 69"9 45"7 

point on crystallization temperature. This is as expected since ample time was 
allowed at temperatures immediately below the melting point for recrystalliz- 
ation and crystallite perfecting. 

The activities of benzene (al) in homogeneous mixtures with fraction 1 and 
5 at several temperatures, including those listed in Table 1, have been 
published in the preceding paper 1. The extrapolation of these activities to 
zero weight fraction of solvent is most easily achieved by extrapolating the 
quantity 

x' = [In a l  - -  In wl -- (1 -- 1/Xn)Wz]/w2 ~ (6) 

which is a slowly changing function of solvent concentration, xn is the ratio 
of polymer number-average molecular weight to that of solvent. Plots of x' 
against wl are shown in Figure 2. Curves through the data for fraction 1 at 
69.9, 60-2 and 47.2°C, drawn by taking into account all the data, were 
expressed as polynomials in solvent concentration (Wl), and subsequent 
solution of equations (5) and (6) gave the values of (/~z0 _ tzz) quoted in 
Table 1. 

According to equation (1) a plot of (t~2 ° --/~2) against Tms should be a 
straight line of intercept Tm and slope --Ah/Tm. This plot is shown in Figure 3, 
and yields values of T m =  78'2°C and Ah = 1.9 kcal (mol of repeat units) -1. 
If  we take into account the variation of the heat of fusion with temperature, 
through the revised equation 

T,~ Tm 

t z ° - t~2 + ACv d T - -  Tm s ~T d T =  Ah(Tm) 1 - -  Tm ] (7) 

together with ACv = 7.25 cal deg -1 (mol of repeat units) -1 7 and Tm -- 
78.2°C, we obtain a better value of Ah(Tm) of 2"0 kcal (tool of repeat units) -1. 
We estimate a precision of ~0-1 kcal mo1-1. The corresponding value of the 
entropy of fusion, As(TIn), is 5-7 ~z 0"3 cal deg -1 (mol of repeat units) -1. 
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Figure 2 Parameter X' against weight fraction of solvent ( W 1 )  for 
poly(propylene oxide) and benzene. Points are for fraction 1 at • 
74.7°C, • 69.9°C, • 60.2°C and • 47.2°C, and for fraction 5 (~) 
at 74.7°C and ~ 47'2°C. Curves are those used in the determination 

of (tz2 ° - / z2)  

80 ~ 
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Figure 3 Melting point (T,,+ 8) against (p.2°--p.s) for mixtures of poly 
(propylene oxide) fraction 1 and benzene 
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DISCUSSION 

The only other determination of the heat of fusion of isotactic poly(propylene 
oxide) is that of Beaumont et al 7, which is based upon calorimetric measure- 
ments. They conclude that Ah is not less than 1.8 kcal (mol of repeat units) -1. 
The values quoted in the 'Polymer Handbook 's of 2-0 and 1.3 kcal (mol of 
repeat units) -1 are respectively a guess and a misplaced density. 

Conventional treatment of the data of Table 1, by equation (3), yields a 
value of Ah(Tm) near 1.8 kcal (mol of repeat units) -1. The discrepancy 
between this value and 2.0 kcal mo1-1 reflects the deviation of the poly- 
(propylene oxide)/benzene system from the Flory-Huggins ideal. The 
requirement that the polymer solution approximates a Flory-Huggins 
solution may well be a greater restriction upon the use of the conventional 
methed of determining Ah than is generally realized. 

The value of Tm of 78 °C is higher than values which have been measured, 
by similar metheds of slow heating, for bulk poly(propylene oxide). Most 
investigators s place Tm for fractions of poly(propylene oxide) of high degree 
of crystallinity in the temperature range 73-75°C. The value of the melting 
point found here, by extrapolation of measurements of the melting points of 
polymer-solvent mixtures, is in fair agreement with the equilibrium melting 
point (80°C) calculated 4 from the equilibrium melting-point (82°C) of high 
molecular weight isotactic poly(propylene oxide) and the number-average 
sequence length of isotactic placements (55) of fraction 1. The equilibrium 
melting point is that of crystallites composed of the largest sequence lengths 
in the polymer sample 6. The fact that we obtain a higher melting point by 
extrapolation of the melting points of polymer-solvent mixtures than by 
direct measurements on bulk polymer is consistent with a greater ease of 
fractionation during crystallization and recrystallization in solution than in 
bulk. 
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APPENDIX: 

1 0 - -  

HEAT OF FUSION OF POLY(ETHYLENE OXIDE) 

Measurements of the heat of fusion of low molecular weight poly(ethylene 
oxide) by calorimetryV, 9 have yielded values near 2.0 kcal (mol of repeat 
units) -1. Consequently it is possible to test a new method of determination of 
the heat of fusion of a polymer, such as that used here for poly(propylene 
oxide), by trial experiments with poly(ethylene oxide). In this work we used 
a poly(ethylene glycol) fraction 6000F a which has a narrow molecular weight 
distribution and a number-average molecular weight of 5700. 

The bulk melting point was measured dilatometrically, with a heating rate 
of 1 deg day -1. Plots of dilatometer height against temperature (Figure 4) 

[ I 

A 

f~ 

k s 

5 

HEAT OF FUSION OF ISOTACJIC POLY(PROPYLENE OXIDE) 

I 

55 60 65 70 
Temperature (°C) 

Figure 4 Height of mercury column in dilatometer versus tempera- 
ture for poly(ethylene oxide) 6000F crystallized at ~) 41.0°C and 

• 50.6°C 

show two melting transitions. Subsequent work 1° has shown that these are 
attributable to extended chain crystals (high melting) and once-folded chain 
crystals (low melting). The higher melting temperature was 64.4°C. 

The melting point of a mixture of 6000F and benzene (weight fraction 
benzene = 0.3211) was measured by the vapour pressure method. Plots of 
vapour pressure ratio (pl/pl °) against temperature (Figure 5) show one 
melting transition. This is in keeping with the greater chain mobility and 
ease of recrystallization expected in solution. We assume that the melting 
point of the mixture (45.8°C) is that of extended chain crystals. 

The chemical potential difference (/~20 --/~2) for 6000F in the mixture at 
the melting point was found to be 101-8 cal (tool of repeat units) -1. In this 
calculation we made use of equations (5) and (6) and measurements, already 
reported 3, of activities of benzene in a number of mixtures with 6000F. 
Insertion of this value of/~2 ° -- t~2, together with Tm -= 64"4°C and Tm "~ 
45"8 °C, into equation (l) yields a heat of fusion Ah = 1-85 kcal (tool of repeat 
units) -a. Correction for the temperature dependence of Ah, by use of equation 
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(7) with ACp = 13.0 -- 0.0167T cal deg -1 (mol of repeat units) -1 7, leads to 
a value of Ah = 1.% cal (mol of repeat units) -1. 

This value is in good agreement with that of 2.0 kcal (mol of repeat 
units) -1 found 7,9 by calorimetry for poly(ethylene oxide) of molecular 
weight in the range 2000 to 4000. Close comparison of these values is not 
called for since they apply to lamellar crystals of limited thickness and may 
contain an appreciable contribution from the heat of  formation of the end 
interface. 
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Figure 5 Vapour pressure ratio (pl/pl O) against temperature for 
poly(ethylene oxide) 6000F mixed with benzene; weight fraction 

benzene = 0.3211; crystallization temperature = 30.0°C 
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Kinetics of epoxy cure." (1) 
The system bisphenol-A diglycidyl 

ether/m-phenylene diamine 

M. A. ACITELLI, R. B. PRIME and E. SACHER 

The cure of the system bisphenol-A diglycidyl ether/m-phenylene diamine 
has been monitored by several methods in the range 23-157°C. The methods 
give identical results and show that the same process occurs over the complete 
cure reaction in the temperature range studied: the kinetically indistinguish- 
able network extension by both primary and secondary amines. The maximum 
extent of cure is governed by network rigidity, in not allowing reactants into 
proximity for reaction. The kinetics suggest the reaction itself is diffusion 

controlled. 

INTRODUCTION 

IN ORDER to make opt imum use of epoxies as structural materials, it is im- 
portant to know what the curing process is, to what extent it proceeds, the 
structure of  the cured material and how these are influenced by temperature. 
The curing process, the subject of this paper, has been monitored by several 
techniques, among them d.c. conductivity 1, infra-red absorption 2 (1R), and 
differential scanning calorimetry 3 (DSC), which are the methods used in the 
present study. 

Both. DSC, which measures the rate of heat production, and I R, which 
measures intensity changes in absorption bands, are more sensitive to the 
early stages of the process, where the rate of chemical reaction is highest. The 
d.c. conductivity suffers a small diminution in magnitude prior to the gel 
point because of increased viscosity; the large change subsequent to the gel 
point is due to the inhibition that the growing 3-dimensional network offers 
migrating charge carriers. 

Thus, DSC and IR monitor the chemical reaction, while d.c. conductivity 
monitors the secondary process of  inhibition to charge carrier migration. 
Although DSC and IR are expected to follow the same kinetics, no a priori 
reason exists for the d.c. conductivity to do so; if it did, the data would be 
complementary, covering the complete process. 

The present study, one part  of  an investigation on the curing and physical 
properties of  various epoxide/hardener systems, considers the cure of the 
system bisphenol-A diglycidyl ether/m-phenylene diamine, which is exemp- 
lary of the epoxide/amine system. 

EXPERIMENTAL 

M a t e r i a l s  
Both the bisphenol-A diglycidyl ether (Dow DER 332) and the m-phenylene 

diamine (Aldrich, purissimus grade) were used without further purification, 
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although the diamine was stored at - -20°C to prevent degradation. The 
comonomer  mixture was prepared in the following way: 10 g of epoxide and 
2 g of  diamine (33 ~ excess) were separately dissolved in minimal amounts of  
methylene dichloride, chilled in ice water, mixed and freeze dried, after which 
the mixture was stored at --20°C. In spite of this, some reaction was detect- 
able after two weeks of storage, so a fresh sample was prepared at the 
beginning of each week, and the unused portion was discarded at the end. 

DSC data 
The experiments were carried out on a Perkin-Elmer DSC-I differential 

scanning calorimeter. Sample size was 10-20 mg. The large temperature 
range covered, 23-157°C, necessitated the use of  two isothermal methods to 
accumulate data. In method 1, used between 115 and 157°C, samples were 
heated in the calorimeter as quickly as possible to temperature. Equilibrium 
was established in less than two minutes, after which the rate of  enthalpy 
production at that temperature was followed with time 4, 5. 

Below 100°C, method 1 proved insensitive, so method 2 was employed. 
Samples were cured outside the calorimeter at a given temperature. After 
various times, the residual cure was measured by DSC at a heating rate of  
10°C/min. For both methods, a, the fraction reacted, was calculated as that 
fraction of the total possible enthalpy of reaction. Data were typically evalu- 
ated for ct < 0.7. Above 0.7, diminished rates gave poorer sensitivity, and 
these data were not used. 

IR data 
Infra-red spectra, as a function of time, were obtained on a Perkin-Elmer 

521 grating spectrophotometer.  Constant temperatures in the range 25-75°C 
were obtained by holding half mil* samples between salt flats in a Research 
and Industrial Instruments Company VLT-2 variable temperature unit 
controlled with a TEM-1 automatic temperature controller. The extent of  
reaction, ~, was obtained as that fraction of the change in the optical density 
of  the oxirane ring at 10.95/~m, Figure 1, using baseline techniques; the optical 
density at infinite time was obtained after a postcure at 120°C for several 
hours. As with the DSC experiments, data were typically obtained for 
a < 0.7. 

DC conductivity data 
Cells were specially moulded of DuPont  Teflon FEP 110, having a 10 mil 

gap and containing guarded electrodes; they were allowed to reach thermal 
equilibrium at various constant temperatures in the range 23-88°C before 
being loaded. These constant temperatures were maintained by suspending 
the cells in an air bath warmed by various refluxing liquids. Voltages in the 
range 0-200V were supplied by heavy duty batteries, and currents were 
measured with a Keithley 419 picoammeter, with display on a Leeds and 
Northrup Speedomax W AZAR strip chart recorder. 

Conductivity, ~, was calculated as 

= S /E (1) 

* 1 mil ~ 25.4 t,m 
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where J is the current density flowing under the electric field, E. Behaviour 
was ohmic, in that conductivity-time plots were superimposable at any 
constant temperature over the entire voltage range. A typical log-log plot is 
seen in Figure 2, which indicates little change prior to the gel point. Sub- 
sequent to the gel point, there is a change in the conductivity over several 
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Figure 1 Infra-red absorption of the oxirane group during cure at 50°C 

orders of  magnitude before levelling out. The fraction reacted, a, was 
determined along the linear portion of plots such as Figure 2, subsequent to 
the gel point, using the fraction reacted at some point on the line as obtained 
f rom DSC data and the previously established 1 proportionality between 
d ln~r/dt and da/dt. Data were typically obtained for a > 0.7. 
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Figure 2 A conductivity-time plot during cure at 52°C 
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T r e a t m e n t  o f  data 
W i t h  the e x c e p t i o n  o f  D S C  m e t h o d  l ,  wh ich  gave  b o t h  a( t)  a n d  d a / d t  

direct ly ,  the o the r  m e t h o d s  gave  on ly  a(t) ,  where  t is t ime.  Va lues  o f  dc~/dt 
for  these  la t te r  m e t h o d s  were  o b t a i n e d  numer i ca l l y  on  a c o m p u t e r .  The  
va r ious  da t a  were  then  f i t ted  to  the  e q u a t i o n  6 

da  
d t  - - k ( l  - -  a) n (2) 

where  k is the  overa l l  ra te  cons tan t ,  a n d  n is the  overa l l  r e ac t i on  order .  
The  e q u a t i o n  p rec ludes  an  i n d u c t i o n  t ime  since, at  c~ = 0, da/dt is finite. 

i n  the  D S C  a n d  I R  d a t a  near  r o o m  t e m p e r a t u r e ,  there  a p p e a r e d  to be smal l  
i n d u c t i o n  t imes ;  w h e t h e r  they  were  in fact  i n d u c t i o n  t imes  o r  were  due  to the  
i nhe ren t  difficult ies i n v o l v e d  in o b t a i n i n g  very  smal l  va lues  o f  a is n o t  clear.  
In any  case, in o r d e r  to use e q u a t i o n  (2), a( t )  was e x t r a p o l a t e d  back  to  zero ,  
and  tha t  t ime  was def ined  as t ime  zero.  In the  case  o f  an  u n a m b i g u o u s  
i nduc t ion  t ime,  e q u a t i o n  (2) w o u l d  be r ep l aced  by one  in wh ich  da/dt  = 0 
at  cz 0 5, 6 

Table 1 Rate constants and reaction orders for the cure of bisphenol-A diglycidyl ether/ 
m-phenylene diamine 

Temperature DSC method 1 DSC method 2 IR Conduetit,ity 
(°C) k(s -l) n k(s -1) n k(s-~) n k(s -1 ) n 

23 
25 
35 
5O 
52"5 
56 
60 
72-5 
75 
87-6 

115 
129 
143 
157 

3"0 < 10 ~ 2"3 1"3 × 10 -a 0.47 

3"4 x 10 -4 1"7 

3.8 ~ 10 4 1"3 

2.7 x 10 -a 1-1 
4.6 × 10 -3 1.0 
9.1 × 10 -z 1.0 
1.3 × 10 -2 1.0 

1.8 x 10 ~ 1.1 
3.0 × 10 -5 0.87 
9.6 ~ 10 ~ 0.65 

2.2 :< I0 -~ 0.72 

4.4 x 10 -'~ 0.50 

7-1 :< 10 -'~ 0'69 

1'3 :/, 10 -4 0"50 

5"3 × 10 4 0"79 

"RESULTS 

T h e  D S C ,  I R ,  and  conduc t i v i t y  d a t a  were  ana lysed  a c c o r d i n g  to e q u a t i o n  (2). 
Values  o f  ra te  cons t an t s  a n d  r eac t i on  o rde r s  are  f o u n d  in Table 1. 

A n  A r r h e n i u s  p lo t  o f  the  da ta ,  Figure 3, fits the  e q u a t i o n  

k(s -1) = 2"12 × 104 exp  ( - -12-3  kcal  m o l - 1 / R T )  * (3) 

T h e  po in t s  were  f o u n d  to fit this  l ine wi th  a c o r r e l a t i o n  coeff ic ient  o f  0.964,  

* 1 kcal t o o l  - 1  = 4.1868 kJ mo1-1 

P-X* 
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KINETICS OF EPOXY CURE ( l )  

a high positive correlation, indicating that the various methods all monitor 
the same phenomenon. An F test indicated that equation (3) represented the 
data with a probability of 0.9995. 

DISCUSSION 

On the basis of several model epoxide/amine reactions 7-9, which indicated 
that the ratio of rate constants for primary :secondary amine reaction was 2:1, 
it was suggested 10 that all of  the primary amines react first to extend the 
chains; subsequent to this, secondary amines produced in the first step react 
to form cross-links. However, it can easily be demonstrated that reactions 
whose rate constants differ by a factor of 2 will occur essentially simul- 
taneously, making the above scheme impossible. 

Moreover, the present results indicate that identical kinetics hold over the 
entire reaction, in the temperature range studied. Since the concentrations of 
both primary and secondary amines change continuously during the cure 
process, this means that the rate constants for both primary and secondary 
amine reactions, as well as their temperature dependences, are indistinguish- 
able 5. To illustrate this point more clearly, the Arrhenius plot was submitted 
to a regression analysis using a confidence level of 95 ~ (two standard devia- 
tions). The analysis showed that the pre-exponential in equation (3) was within 
52.2 natural logarithmic units (i.e., between 2.25 × 103 and 2.0 × 10as 1), 

and the activation energy was within ±1.5  kcal mol 1. Rate constants 
differing by a factor of 2 can easily be accommodated within these limits. 
The data suggest that one should consider the overall reaction as network 
extension, whether by primary or secondary amine. This is in general 
agreement with previous results for several other systems 5. 

The correlation of the conductivity data with those from DSC and IR 
indicates that the d.c. charge carriers experience the same energy barrier that 
the curing process does. This means the charge carriers are hindered by the 
process, itself. Since the overall curing process is one of network extension, 
the charge carriers must be too large to fit through the network voids. Thus, 
they must be ions, which may be impurities initially present or amine degra- 
dation products. 

The gel point was determined, as in Figure 2, by the intersection of the 
tangent to the initial portion of the curve with the extension of the linear 
portion. A comparison with the DSC data indicated that the extent of reaction 
at the gel point was temperature independent, occurring in the range 67-70 
of total possible cure; using the heat of reaction of the model system phenyl 
glycidyl ether/n-butylamine 5, the total possible cure was estimated at 100'~',/, 
of  epoxide present, due to the excess amine used in the present case. 

The ultimate cure, the maximum extent of cure at any given temperature, 
was determined, as in Figure 2, as the extent of reaction at the final, abrupt 
levelling off of the conductivity. A comparison with the DSC data indicated 
that this ranged from 74 ~ at 23°C to 90 ~ at 88°C. When the system was 
permitted to cure at any constant temperature below the Tg of the totally 
cured system (130°C), the DSC trace seen on raising the temperature showed 
a glass transition prior to any further reaction. This has previously been seen 
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with an epoxide/anhydride system 4 and means that network extension is 
limited by the rigidity of the network itself. The cure at any temperature 
below 130°C proceeds until the rigidity of  the network prevents reactants 
from coming into proximity and reacting further, as in several other 
systems 4, 5,11 

The fact that the same reaction occurs both prior to the gel point (DSC 
and IR) and subsequent to it (d.c. conductivity) means that the same kinetics 
exist in both viscous liquid and gel. This constancy of kinetics implies that the 
forming network has little effect on the rate. The activation energy for the 
cure of  the present system, 12.3 kcal/mol, equation (3), agrees well with 
previously published values 12, 13. The activation energies of  many epoxide/ 
hardener systems fall generally near this value, exclusive of whether one deals 
with model  systems 5, 14 or with actual polymeric systems 5, 11, 12-15 This 
indicates that here too the structure of  the forming network has little effect 
on the activation energy for reaction of  chain ends on its periphery. Since the 
values are similar to those for the activation energy for the self-diffusion of 
polymers 16, this suggests that the reactions may be diffusion controlled. In 
comparison, the activation energy for network motion (glass transition) of  
several epoxide/anhydride systems 17 lies in the range 51-59 kcal/mol. 

CONCLUSIONS 

The cure kinetics of  the system bisphenol-A diglycidyl ether/m-phenylene 
diamine indicate that only one reaction occurs over the complete cure, in the 
temperature range 23-157°C, i.e. network extension, whether by primary or 
secondary amine. Kinetic data indicate the reaction to be diffusion controlled. 
The final extent of  cure is limited by the rigidity of  the forming network, 
which prevents reactants from coming into proximity to react further. 
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The mechanism of &itiation of cationic 
polymerization of alkyl vinyl ethers by 

molecular iodine 

A. LEDWITH and D. C. SHERRINGTON 

Contrary to widely held beliefs, interaction of molecular iodine with alkyl 
vinyl ethers in methylene dichloride leads initially to equilibrium formation of 
appropriately substituted 1,2-di-iodoethanes. The reactions were studied 
spectrophotometrically at --40°C, to minimize polymerization, and it has 
been shown that with isobutyl vinyl ether (roVE), the appropriate adduct was 
formed rapidly and completely when the mole ratio [rovE] / [Is] ~ 70. Mole- 
cular iodine was shown to be an effectice catalyst for carbon-iodine bond 
heterolysis in 2-iodopropane and hence it is suggested that the important 
primary processes in iodine initiated polymerization of alkyl vinyl ethers 
involve the reactions 

/ O R  
13 + R O C H C - - C H 2  ~ ICH2CH . 

I 

[ 7" ÷ I 2 ~ -  
ICH2CH"I [ICHzCH] 13 

MOLECULAR IODINE was first used as early as 1878 to initiate polymerization 
of alkyl vinyl ethers I but it was not until 1949 that kinetic studies by Eley and 
Richards 2 provided the first real insight into the reaction mechanism. These 
workers showed conclusively that  solvents of  high dielectric constant increased 
the overall rate of polymerization and hence that ions, not free radicals as 
proposed earlier a, were the active intermediates. More detailed investigations 4, 
using diethyl ether as solvent to minimize changes in the dielectric constant 
during polymerization, showed that there existed a definite monomer  
concentration at which the reaction velocity reached a maximum value for a 
given initial concentration of  iodine. To explain this observation, it was 
proposed that several distinct 'complexes'  between alkyl vinyl ethers and 
molecular iodine existed simultaneously, i.e., 

R ICH2 

I I 
I~+--O--R I <___[I + C H - - O R  2 II 

C H - - O R  

A B C 

Complex A could be neglected since all molecules present in solution con- 
tained ethereal oxygen atoms (assumed equivalent in donor character) 
which could coordinate with iodine. Complex B was envisaged as a charge 
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transfer complex formed by overlap of the filled 7r-orbitals of the double 
bond of the alkyl vinyl ether with appropriate vacant orbitals in molecular 
iodine. Complex C was seen as an adduct of the iodonium ion, (I +) from an 
initiation pre-equilibrium, with the double bond of the ether. Iodine in 
complex B was assumed to be inactive as an initiator leading to the following 
mechanistic scheme 
(M - alkyl vinyl ether monomer) 

I2 (free) -I- M ~- complex B 
g,. 

212 (free) ~ I + + I~ (kO 
I + +  M - ~ I M  + (k') 
IM + + M -+ IMp- etc (kv) 
Mn + "-~ Mn (kt) 

Assuming a stationary state of active centres then it could be shown that 
the rate of polymerization, --d[M]/dt, approximates to 

kikp lie] z initial [M] initial 
kt (l q- Kc [M] in i t ia l )  2 

Hence a plot of rate versus [M] initiai should pass through a maximum as had 
been observed experimentally. 

The first detailed ultraviolet(u.v.)/visible absorption spectrophotometric 
studies of these reactions were reported almost simultaneously by Higa- 
shimura et al 5 and by Eley and Seabrooke 6. Both groups of workers attributed 
the broad absorption --~295 nm to the complex B proposed earlier by Eley, 
and in fact the Japanese workers distinguished between a 7r (olefinic electron) 
and an oxygen (n-electron) complex with iodine. Kinetic studies based on the 
disappearance of the u.v. band were shown to be in agreement with earlier 
results obtained by different techniques. 

More recently Eley's group 7 have used infra-red (i.r.) and conductance 
studies to further clarify the nature of polymerizing and initiating inter- 
mediates. Similar rate expressions were obtained, and more evidence for a 
1:1 12/monomer complex was found and its corresponding stability constant 
determined. Rather disturbingly however the theoretically predicted absorp- 
tion maxima of the ether/Iz 7r- and n-complexes showed poor agreement with 
the experimentally observed values. Experimental data for interaction of 
iodine with a wide range of rr- and n-donor molecules is readily available8 
and the above discrepancy between theory and experiment appeared to 
indicate a possible flaw in the band assignments. 

The object of the present work was to reinvestigate the u.v./visible absorp- 
tion spectra of iodine/alkyl vinyl ether systems; employing a low temperature 
technique, so that initiation and complexation phenomena could be in- 
vestigated without the complications of significant polymerization. 

E X P E R I M E N T A L  

Materials 
Methylene dichloride was dried and purified by fractionation from calcium 

hydride. 
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Isobutyl vinyl ether was washed with water (just alkaline to litmus) then 
dried by standing over KOH pellets for 24 hours. It was then fractionally 
distilled from a fresh sample of pellets. 

Methyl isopropenyl ether (ICI Mond Division) was fractionated from 
sodium under a nitrogen atmosphere. 

Methyl vinyl ether was used directly from a gas cylinder (Coleman-Mathe- 
son Company) while the other ethers were simply fractionated from calcium 
hydride using a micro-apparatus. 

2-iodopropane was shaken with mercury to remove molecular iodine 9, 
dried over P205 and fractionated. A middle fraction (b.p. 89.5°C) was 
retained and stored in a dark bottle. No discoloration was observed over a 
period of one month. 

Iodine (Analar grade) was resublimed and stored in a dark glass stoppered 
bottle. 

Apparatus and technique for low temperature spectroscopy 
The main difficulty encountered in recording u.v./visible spectra at low 

temperatures is the misting of  optical cells due to condensation of atmospheric 
moisture, a thin film of water droplets being sufficient to blank out the 
whole u.v. region. To overcome this a cell housing was designed (Figure 1) so 
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Figure 1. Cell housing for low temperature spectrophotometry: 
(1) outer casing; (2) inner housing; (3) third section 

that the cells were in an evacuated environment. The housing consisted of 
three sections all of  which were made of heavy gauge brass sheeting to give 
good thermal conductivity. The outer casing (1) was fitted with four silica 
optical windows seated against rubber O-rings to form vacuum tight seals. 
The exterior surfaces of these windows were at the temperature of the 
spectrophotometer (Unicam SP 800) whilst a spectrum was being run. The 
inner housing (2) had two heavy brass blocks designed to accommodate a 
matched pair of 1 cm optical cells in the paths of  the light beams of the 
spectrophotometer. Housing (2) was held in position inside (1) by a series of 
bolts through top flanges, separated by a Perspex gasket, in order to form a 
seal and minimize heat conduction to the outer casing. The final seal around 
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these flanges was made with Apiezon Q compound. The space between (1) 
and (2) could be evacuated via the tap, and (2) also held the chilled methanol 
used as a coolant. The third section, (3), fitted into (2) by means of a brass 
cone socket arrangement and the top was ground flat so that a vacuum tight 
seal (silicone greased) could be made with a heavy brass plate, similarly 
ground, placed on top. Constructed in this manner the apparatus was 
evacuated completely by a single operation at the tap. 

The cells containing reaction mixtures and solvent reference had dimensions 
carefully chosen to fit neatly into the respective cell compartments. A typical 
reaction mixture was set up by placing a sealed glass phial, containing a 
known volume of alkyl vinyl ether, into the reaction vessel (Figure 2). A 

Reference 
Jcett 

Reoction celt 

Reoc~ion 
S vesset 

~- -~  ~ M o g n e t i c  

~ breoker 

Seated 
gloss 
phial 

Figure 2 Reaction vessel and absorption cells for low temperature 
spectrophotometry 

magnetic breaker was then introduced together with a measured volume of 
iodine/methylene dichloride solution. The vessel was then sealed with a 
greased stopper and the reference cell was made up to contain an equal 
concentration of  alkyl vinyl ether in methylene dichloride. 

After placing reaction vessel and reference cell in position in the spectro- 
photometer, the housing was sealed and evacuated. Chilled methanol was 
poured into the appropriate section and the whole apparatus kept at the 
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required temperature (usually --40°C) for about 1½ hours to ensure thermal 
equilibrium of the reactants. Air was admitted and the reaction vessel 
quickly removed so that the phial containing monomer could be broken. 
The cell faces were then washed with acetone, the vessel rapidly replaced in 
the housing, and the latter immediately sealed and evacuated. Spectra were 
then recorded rapidly over the range 700-250 nm. 

Kinetic measurements 
The iodine catalysed methanolysis of 2-iodopropane was studied kinetically 

by following the rate of appearance of hydriodic acid. Freshly prepared 
solutions containing appropriate concentrations of iodine and 2-iodopropane 
in methanol were allowed to react at 50°C; aliquot portions were periodically 
removed, quenched by additions of sodium thiosulphate solution, and 
titrated against standard methanolic sodium hydroxide solution. Phenol- 
phthalein was used as indicator and carbon dioxide was eliminated by 
bubbling nitrogen throughout the titrations. Uncatalysed methanolysis of 
2-iodopropane was followed in a similar manner except that quenching by 
sodium thiosulphate was not necessary. 

RESULTS 

Low temperature spectrophotometry 
UV/visible absorption spectra of solutions of iodine (I2) and isobutyl vinyl 

ether (roVE) in methylene dichloride were recorded at --40°C with various 
concentrations of I2 and IBVE, (Figure 3). IBVE concentrations in the range 
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Figure 3 Absorption spectra of intermediates formed by reactions 
of isobutyl vinyl ether and iodine in methylene dichloride at --40°C 

A, [IBVE] / [12] > 70; B, [IBVE] / [I2]< ~ 70 

3"6 × 10 -a to 0-4M were examined, the corresponding I2 concentrations 
being limited to the range 2.8 × 10 .4 to 5.8 × 10-aM. A broad assymetric 
absorption, possibly consisting of two bands, was found in the u.v. region 
with 1rnax ~ 280nm for all solutions where the ratio [[BVE]/[I2] was ,~ 70/1 
or larger. Any combination of concentrations below this ratio resulted in the 
formation of tri-iodine ([ff) ions, (characterized by absorption maxima at 353 
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and 288nm in aqueous solution 1°, shifted to 356 and 294nm in methylene 
dichloride) and no absorption in the region of 280nm. When absorption at 
--~ 280nm occurred no band was detectable at ~-~ 500nm, i.e. in the region 
where free Ie absorbs 11,12, while those concentration ratios giving solution 
with Iff bands also produced some absorption at --~ 500nm. The formation 
of [ff was taken as an indication of the formation of propagating polymeric 
species (see Discussion). To check that initiation was a thermal- rather than a 
photochemical-reaction, a spectrum of a solution with concentration ratio 
< 70/1 was run at --40°C with the reactants mixed in the absence of light. 
[:( absorption was found as before showing the reaction to be purely thermal 
in origin. Mixing of reactants at 0°C when the concentration ratio was 
>70/1 again yielded a broad absorption at -~ 280rim with none in the 500nm 
region. On standing, however, I~ was slowly generated and irradiation by 
u.v. light of a reaction mixture giving a 280nm band (at --40°C) also resulted 
in the production of Iff. 

Since whenever absorption at ~ 280nm occurred free 12 could not be 
detected spectroscopically, the concentration of the chromophore producing 
the absorption was assumed to be equal to the initial concentration of Iz. 
A plot of optical density at ~ 280nm against concentration of absorbing 
species (Figure 4) showed a Beer's Law dependence over the short range 
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Figure 4 Beer's Law plot for adduct formation from isobutyl vinyl 
ether and iodine in methylene dichloride 
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studied, giving a molar  extinction coefficient, E = 2 7 8 0 M - l c m  -1. It  follows 
also that  the equilibrium constant  (K) for adduct  formation between iodine 
and isobutyl vinyl ether must  be greater than ~ 103 M -1 at --40°C. 
i.e. 

I2 -~- IBVE ~ (Adduct)  

Other  vinyl ethers studied behave similarly a l though concentrat ion ratios 
required to produce the species giving the u.v. absorpt ions varied slightly 
as did the approximate  absorpt ion maxima. A summary  of  the results 
obtained is shown in Table 1. 

Table 1 Absorption maxima of adducts formed from I2 and ROCH=CH2 in 
methylene dichloride at --40°C 

R- [ROCH = CH2] 104 [I2] hmax (approx) 
(M) (M) (nm) 

CHz- 2.10 4.0 275 
CHzCH2- 0.50 4.6 280 
(CH3)2CH- 1.30 6.9 275 
(CH3)3C- 1 "00 4.2 265 
(CHz)2CHCH2- 0.41 5"6 280 
CICH2CH2- 0.47 4.6 283 
CH2 =C(CH3)OCH3 0.67 4.5 285 

Most  o f  the vinyl ethers gave rise to transient yellow or brown colours 
when first mixed with an iodine solution, but even the most  stable of  these 
(formed by methyl isopropenyl ether) was too short  lived to permit recording 
of  its absorpt ion spectrum. 

The experimental results provide powerful arguments  (see later) for 
concluding that  the various u.v. chromophores ,  formed by reactions of  
iodine with alkyl vinyl ethers, are not  charge transfer spectra but represent 
chemical adducts. Excess (i.e. free) iodine undoubtedly  causes more rapid 
polymerizat ion possibly due to iodine catalysed carbon- iodine  bond  hetero- 
lysis. 

Electrophilic catalysis o f  carbon-halogen bond heterolysis is a c o m m o n  
phenomenon  13 but there does not appear  to be any recorded instance of  the 
use o f  molecular  iodine for this purpose.  Consequently the catalytic activity 

Table 2 Methanolysis of 2-iodopropane* catalysed by 12 at 50°C 

[ (CHa)2CHI ] [12] 105RHI "I" 104k~ ++ 
(M) (M) (M s -t) (M -1 s 1) 

0'200 0"201 1 "34 3'34 
0"200 0.152 1 '17 3"85 
0.200 0"104 0-72 3"47 

* Reaction rates in the absence of I2 were several orders of magnitude less than catalysed 
processes 

t Rm = initial rate of formation of HI 
+* k2 calculated from the rate equation 

d [HI] _ k2 [(CH3)zCHI] × [12] 
dt 
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of iodine was demonstrated by studying the methanolysis of 2-iodopropane. 
Solutions of 2-iodopropane in methanol containing 12 were allowed to react 
at 50°C and the formation of methyl isopropyl ether readily confirmed by 
g.l.c, analysis (Carbowax 400 at 100°C). Rates of methanolysis were 
followed as described in the Experimental section, and the representative 
data shown in Table 2 clearly indicate catalysis by, or participation of, 12 
in the rate determining process. 

DISCUSSION 

Reactions between iodine and alkyl vinyl ethers in methylene dichloride 
at --40°C were found to be extremely rapid and essentially uncomplicated 
by polymerization of the monomers. If the molar ratio [isobutyl vinyl ether]/ 
[I2] was maintained at a value in excess of 70 then all the iodine was immedia- 
tely consumed with formation of a species absorbing in the regio n of 280nm 
(~max = 2780M-lcm-1).  Values of ~max observed in the present work are 
substantially in agreement with those of other groups of workers obtained in 
different solvents and at higher temperatures ~, 6. Transient brown and yellow 
colours however were also observed before the formation of the above species, 
similar to the colours obtained when Iz is dissolved in 'oxygen-containing' 
solventslL The broad u.v. bands (hmax ~ 280nm) have previously been 
assigned 5, 6 to charge transfer transitions but, if this is the case, then ab- 
sorption by the acceptor 02) in the visible region should be observed, as 
found for I2/aromatic charge transfer interactions 8, 14 and analogous inter- 
actions of I2 in such solvents as diethyl ether 8, is. No such residual visible 
absorption was found in solutions giving the 280nm absorption, as noted 
previously by Okamura et a116. Furthermore correlation of hmax values for 
charge transfer spectra in methylene dichloride of I2/mesitylene, tetracyano- 
ethylene (TCNE)/mesitylene, and XCNE/ethyl vinyl ether systems, gives an 
estimated value for that of I2/ethyl vinyl ether of ~315nm.  

Eley et al 7 have also noted a discrepancy between the predicted Amax of 
such complexes and the experimentally observed values. Normally it is 
found 8, 18-20 that a linear relationship exists between values of Amax for 
charge transfer spectra of a series of related donor molecules with a common 
acceptor molecule, and the ionization potentials of the donors. The alkyl 
vinyl ethers used in the present work have significantly different ionization 
potentials yielding appropriate values of Amax for charge transfer spectra 
with TCNE 17. No such correlation is observed, however, for the interactions 
with iodine. 

It seems reasonable to conclude therefore, that the u.v. absorption bands 
formed on mixing alkyl vinyl ethers and molecular iodine are not charge 
transfer spectra, but represent 1,2-di-iodoethanes formed by chemical 
reaction of iodine with the ethylenic bands. 1,2-Di-iodoethanes of the type 
suggested have not previously been reported and would no doubt be highly 
reactive and unstable. However spectroscopic data is available for some 
~,o~_di_iodoalkanes21-23 and for ICHzCH2I in petroleum ether solution ('~m~x 

- 261nm with ~max 1900M lcm-1). These data are very similar to the 
corresponding values now reported for alkyl vinyl ether adducts and in fact 
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the slight shift to longer wavelengths observed would be anticipated on 
account of the alkoxy substituents. It is worth noting however, that the 
transient brown or yellow colours observed on mixing iodine with alkyl 
vinyl ethers in methylene dichloride, probably arise from charge transfer 
transitions of intermediates prior to formation of 1,2-di-iodoethanes. 

The pronounced rate enhancing participation of iodine in methanolysis 
of 2-iodopropane provides clear evidence of electrophilic activity for mole- 
cular iodine and may be represented as follows 

(CHa)2CHI + I2 ~ (CHa)2CH+Iff 
r 

v. fast / CH3OH 
q, 

(CHa)2CHOCHz + HIa 

2-Iodopropane is a comparatively unreactive substrate for heterolytic 
processes and a corresponding secondary alkyl iodide having an alpha- 

OR' 
I 

alkoxy group (e.g. RCH2CHI) would probably be far too reactive to be 
isolated in a pure state. Nevertheless similar species, formed in situ by addition 
of 12 to alkyl vinyl ethers, would be expected to form corresponding ion 
pairs by reaction with molecular iodine, and the anticipated rates of such 
processes would be quite consistent with those observed for initiation of 
alkyl vinyl ether polymerization. Confirmatory evidence of the polar nature 
of iodine-catalysed reactions of highly reactive organic iodides in non-polar 
media has recently been obtained by iodine-131 exchange experiments z4. 

Thus it appears plausible that polymerization of alkyl vinyl ethers by 
molecular iodine might be better represented as follows 

I 

I 
ICHz -- CHOR 

K 
I2 + CH2=CHOR 

I 
I 

ICH2--CH--OR + I2 

I 
I 

ICH2--CH--OR 

k~ + 
~_~ (ICH2CH=OR)I 3 

ki' + 
(tCH2CH OR)I- .._.x 

(ICH2CH=OR)X- + C H ~ C H O R  ~ / [CHz--CH--CH2--CH ~ X- 

) \ OR RO + etc 
(X = I- or I3) 

From which the rate of polymerization (R~) in a non-terminating system 
would be given by the expression; 

R~0 = kp k~ K [Iz]2[CH2=CHOR] + k~k~ K[I2][CH2~CHOR] 
When the initial ratio [monomer]/[I2] is sufficiently small for appreciable 
quantities of free Iz to remain, initiation will occur by iodine participation in 
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carbon-iodine bond heterolysis and, since k(  <<< k~, the rate expression 
would reduce to one similar to those found experimentally 4 7. However if the 
initial ratio [monomer]/[I2] is so large that all the I2 is consumed by addition 
to the monomer double bond, then only a comparatively slow polymerization 
results following unimolecular heterolysis of the iodine adduct. 

Obviously the overall rate of polymerization would appear to pass through 
a maximum value as the mole ratio (monomer)/(12) is progressively increased. 
Experimentally it was found a that for isobutyl vinyl ether, maximum rate of 
polymerization occurred at [IBVE]/[I2] ~ 100 which is in quite good agree- 
ment with observations made in the present work, showing that free iodine 
is reduced to an insignificant amount at mole ratios in excess of ~70.  

The mechanism now proposed for iodine catalysed polymerization of 
alkyl vinyl ethers differs from those originally proposed 4 6, '~ in that pre- 
equilibrium 'complex' formation is replaced by a chemical addition reaction 
and the formation of active cationic sites arises from I2 catalysed bond 
heterolysis, rather than from bimolecular self ionization of molecular iodine. 
Eley, lsack and Rochester 7 have previously noted that, at least for reactions 
in carbon tetrachloride, bimolecular auto-ionization of molecular iodine 
is not consistent with observed reaction kinetics and spectra. The same 
workers also suggested that chemical addition of molecular iodine may be 
a primary reaction process, drawing attention to related mechanisms 
established by Giusti et a126 for iodine-catalysed polymerization of styrene, 
and acenaphthylene. For the latter monomers Giusti et al 26 concluded that 
initiation equilibria involved addition of iodine and subsequent elimination 
of hydriodic acid, i.e. 

I 

I 
RCH--CH2 + Ie ~- RCH--CH2I 

I 
I 

RCH--CH2I  ~- HI Jr R C H - - C H I  

Elimination of HI provides a useful co-catalyst for generation of active 
cationic sites and similar reactions cannot be ruled out in the present case. 
However it is equally possible that active sites in the iodine-catalysed poly- 
merization of styrene and acenaphthylene are generated by iodine-catalysed 
bond heterolysis, as now suggested for alkyl vinyl ether polymerization. 

It should be noted however that these new initiation processes do not 
seriously conflict with previously reported rate equations 4-7, but throw 
considerable doubt on the validity of the spectrophotometric technique for 
evaluating kp in such systems 25. Values of kp obtained by the spectrophoto- 
metric technique 25 are several orders of magnitude less than corresponding 
values obtained by other methods, as noted previously 27. 
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Book Reviews 

Treatise on coatings, Vol. H 

Characterization of coatings: physical techniques, Part 1 

Edited by R. R. MYERS and J. S. LONG 

Marcel Dekker, New York, 1969, 669 pp, £18.90, 539.75 

This volume comprises contributions from fifteen authors in thirteen chapters relating to 
techniques for identifying and characterizing coatings. The book is intended to establish 
the relevance of advanced analytical and specialized instrumental techniques, familiar 
in the high polymer field, to coatings. In this it succeeds admirably, though inevitably the 
different authors vary in the treatment of their subjects; some contributions stand out in 
such matters as detailed accounts of instruments and persuasive handling of material and 
argument. Most authors base their discussion specifically on coatings and not simply high 
polymers in general. The first chapter is something of an exception (A. R. H. Tawn on 
Intrinsic Properties), but it serves as a general introduction, and is concise and useful for 
reference. D. M. Gans has a good account ot definitions of surface area and the ambiguities 
attached thereto and prints a useful table of results for surface areas by different methods. 
Lewis and Forrestal emphasise the significance of film shrinkage during formation and its 
probable effect on adhesion. The two chapters on mechanical properties (Pierce and Evans) 
are particularly well done, especially Evans' account of the distinction between free and 
attached films. Haken's chapter is very detailed and good on instrumentation and analysis. 
Garn deals with differential thermal analysis, particularly analytical and identification 
aspects, but does not mention the (almost universal?) use of OTA for measuring glass 
transition temperatures; he offers the interesting suggestion that DTA might be used to 
measure energies of attachment to a surface. The remaining chapters on microscopy, ra- 
dioactive isotopes (activation analysis and labelled compounds--an excellent introduction), 
spectroscopy (comprehensive) and photoelastic coatings (optical birefringence under 
stress), are of the same high standard. In the chapter on colorimetry, colour physics is 
dealt with adequately, but the remainder of the material (colourants and colour styling) 
seems oddly out of place. 

Allowing for the fact that the book was published in 1969 and that articles have to be 
written well in advance it is a little disappointing that the overwhelming bulk of the refer- 
ences (in some chapters very comprehensive) are for the early 60's and before. 

Apart from the minor blemishes mentioned, the book is an excellent one, and will serve, 
for the technologist and research scientist in the coatings industry, as an authoritative work 
of reference, although at the price quoted, unfortunately, few copies are likely to be bought 
by individuals. 

J. L. PROSSER 

Vinyl polymerization 

Vol. 7, Part H 

Kinetics and mechanisms of polymerization 

Edited by G. E. HAM 

Marcel Dekker, New York, 1969, 416 pp, £10.70, $25.75 

The growth in publications over the past few years has meant that research scientists rely 
increasingly on review articles written by specialists. Such a review may be a comprehensive 
summary of work to date or a progress report on more recent developments. In Part II 
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of ' Vinyl polymerization' both types of article are included in seven chapters which are 
classified according to polymerization process, namely emulsion, stereospecific, anionic, 
cationic and radiation-induced. The reviews on stereospecific (Chapter 4) and anionic 
polymerization (Chapter 5) are confined to particular aspects-the Ziegler-Natta catalyst 
for the polymerization of propylene and polymerizations initiated with organolithium 
compounds respectively. Few references to papers published after 1965 are quoted in 
these two contributions, and because of the time interval between writing and publication 
active workers in stereospecific and anionic polymerization may find little of interest. 
However, the two chapters are a useful starting point for newcomers to these two types of 
polymerization. 

The current status of emulsion polymerization is covered thoroughly in three chapters 
which constitute almost half the book. In Chapter 1 the reader is led through the different 
mechanisms proposed for emulsion polymerization and then shown how these compare with 
extensive experimental data for eleven different monomer systems. It is readily apparent 
that a mechanism applicable to all monomers, initiators, surfactants and reaction conditions 
in emulsion polymerization is not available. Attempts to explain the mechanism of emulsion 
copolymerization (Chapter 2) and of the emulsion polymerization of ethylene at high 
pressures (Chapter 3) are shown to require further theoretical developments. These three 
chapters highlight the thesis in Part I that polymerization behaviour is dependent on mono- 
mer type and structure. This is also brought out in Chapter 6 in a review of cationic poly- 
merization. Emphasis here is placed on how changes in monomer, catalyst, solvent and 
reaction conditions alter considerably the kinetics and mechanism of polymerization. 
Radiation-induced polymerization in the solid state oI a range of monomer systems is 
described in Chapter 7. The reviews of radiation-induced polymerization in the vapour and 
liquid states are less detailed, attention being paid to the dependence of the polymerization 
process (radical, cationic or anionic) on reaction conditions. 

This book is an adequate follow-up to Part I and achieves its objective of the right 
balance between theory and experiment. Part II should be bought by polymer libraries and 
will prove very useful to academic and industrial workers in emulsion polymerization, both 
as an introductory text and as a reference work. Bench workers will find the section on 
experimental methods in Chapter 1 of great value. Volume I is an adequate reference work 
on the radical polymerization of vinyl monomers to which a large proportion of Parts I 
and II is devoted. In view of this bias those involved in polymerization by non-radical 
processes are unlikely to purchase Part II for their personal libraries. 

J. V. DAWKINS 
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The growth in publications over the past few years has meant that research scientists rely 
increasingly on review articles written by specialists. Such a review may be a comprehensive 
summary of work to date or a progress report on more recent developments. In Part II 
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Studies on the copolymerization of 
trioxan with 1,3-dioxolan 

CH. KONSTANTINOV AND V. KABAIVANOV 

We have studied the block copolymerization of trioxan with 1,3-dioxolan 
by means of adiabatic calorimetry. Complexes with (C2Hs):~AI have been 
found to be more active than those with (iso-C4Hg)3A1, and complexes based 
on BFa more active than those from TiCl4. These results can probably be 
explained by the difference in the electron density of the central atom of the 
corresponding gegen-ions. The higher activity of the complexes based on 
(C2Hs)aAI compared with those of (iso-C4Hg):~Al cannot be explained on 
this theory, and it may be due to differences in mobility and to the effect 
of steric factors. The rate of copolymerization decreases in proportion to the 
concentration of 1,3-dioxolan in the monomer mixture, and on the basis of 
this result a kinetic equation is proposed in which the power index of the 

concentration of 1,3-dioxolan should have a negative sign. 

THE COPOLYMERIZATION of trioxan (TO) with 1,3-dioxolan (DO) has been 
extensively studied 1-s. The great interest shown in this copolymerization 
has arisen because of the good thermal stability of the polymer and because 
of some anomalies in the copolymerization process. Moreover, no satisfactory 
explanation has yet been put forward for a number of findings, such as the 
higher rate of consumption of DO in its copolymerization with TO, in 
spite of the fact that the rate of  homopolymerization of TO is higher than 
the corresponding rate for DO. No quantitative study of the effect of  DO 
on the rate of  copolymerization has been carried out. 

We have studied the block copolymerization of TO and DO using adia- 
batic calorimetry. Complexes, based on the organoaluminium compounds 
of the type (C,~Hs)aAI, (iso-C4Hg)aAl and on some halides (BF3, TiCI4), 
were used as catalytic initiators. The catalytic activity of  this type of complex 
in the copolymerization of TO has already been demonstrated ~, and the 
difference in activity of complexes of  this type on the homopolymerization 
of TO has also been studied 7. In our investigation of the catalytic activity of  
different complexes on the copolymerization of TO and DO we have estab- 
lished that the complexes with (C2Hs)aAI are more active than those of 
(iso-C4Hg)aAl, and that the complexes based on BF3 are more active than 
those from TiCl4. The results are in agreement with the data obtained in a 
study of the activity of  these complexes in the homopolymerization of TO 7. 

By varying the amount of  DO in relation to that of TO we have found that 
the rate of reaction decreases in proportion to the concentration of DO in 
the monomer  mixture, that is, DO appears to inhibit the polymerization 
process in some way. On the basis of  these findings a kinetic equation is 
proposed in which the power index of the concentration of DO should 
have a negative sign. 
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METHODS AND MATERIALS 

Pur(fication and preparation of the starting materials 
TO was prepared by vacuum distillation of a 60~', aqueous solution of 

formaldehyde in the presence of sulphuric acid 8. The crude TO was dehy- 
drated by refluxing over metallic sodium, and immediately before use it 
was distilled over potassium-sodium alloy in the presence of anthracene. 
The purity of TO was checked by gas chromatography and the water content 
was determined by the method of K. Fischer. 

DO was prepared by a previously published method :~ and dried and 
checked for purity as for TO. 

The toluene used as a solvent for the initiator components was freed 
from thiophene and unsaturated compounds by the usual methods and 
then dried like TO and DO. 

In all the experiments the water content of  TO, DO and toluene was 
below 0.002')~, w/w. 

BF~.C(CeHs)e, supplied by British Drug Houses (England), was used 
after vacuum distillation. 

(CeHs)sAI, (iso-CaH.0)3Al, supplied by Fluka (Switzerland), and TiCI4, 
supplied by Dr Theodor Schuchardt (FDR) were used without additional 
treatment. 

Equipment and procedure 
The copolymerization was carried out in a glass calorimeter, provided 

with a mechanical stirrer, an inlet for the thermocouple and an inlet for 
the addition of reagents and for purging the system with nitrogen. The 
calorimeter was a cylindrical Dewar vessel with an inner diameter of 34 mm 
and a capacity of  about 100ml. The calorimeter had three jackets for good 
thermal insulation. Liquid paraffin was circulated in the outer jacket at a 
temperature 1-5°C. above that necessary for the reaction. The temperature 
changes during the polymerization process were measured by means of a 
copper--constantan thermocouple, calibrated in advance, and connected to 
a galvanometer (Goertz-Austria) with a sensitivity of 7.11 × l0 'qamp. 

The calorimeter was cleaned before use with chromic acid, hot water and 
flushed with dry nitrogen (99.999?/o purity) after drying at 150'~C. The 
purilied monomers and the solutions of the initiator components were 
equilibrated in advance in a thermostat to a temperature 1.5:"C higher 
than that necessary for the reaction. TO (15ml) was first poured into the 
calorimeter, followed by the required amount of DO. The mixture was 
stirred constantly until it reached thermal equilibrium when the temperature 
changes were within ! 0.01°C/min. At this point the initiator complex, 
prepared and equilibrated in a thermostat in advance, was introduced by 
means of micro-syringe provided with a long needle. The initiator com- 
plexes were prepared by mixing equimolar amounts of the individual com- 
ponents in the form of toluene solutions of concentrations of about 
1.5 ?/,]v/v. They were kept under nitrogen in sealed injection vials. 

Alter a rise of 5~:C the polymerization process was stopped by injecting 
20 ml of  a 3'~i solution of ammonia in methanol. The separated polymer 
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was filtered off, and after extraction with methanol and hot water, dried to 
a constant weight in a vacuum oven at 35°C. By a series of gravimetric 
determinations made in advance the amount of copolymer corresponding 
to a 1 °C rise in the temperature was found. This value was used for checking 
the results obtained by calculation. In the thermochemical calculations 
some previously published data 10 were used, and the thermal capacities of 
TO and DO were determined electrically. In plotting the yield of polymer 
against time the following relationship was considered: 

d(AT) 
V . -  W Q ~ c -  dt (1) 

where V ~- rate of heat release 
W :- rate of polymerization 
c := thermal capacity of the reaction system 

AT ~ temperature difference 
t = time 

Q -- heat of polymerization 

Equation (I) after transformation and integration reduces to 

c AT (2) P = Q  

where P --.. degree of conversion of the monomer mixture. 

RESULTS A N D  D I S C U S S I O N  

Although the polymerization process studied takes place essentially in the 
absence of solvent, the curves for temperature plotted against time showed 
the same well-defined sectors (athermal, endothermal and exothermal) 
which had been observed by Leese and Baumber during the polymerization 
of the TO in solution 1°. This is because the chemical structures of TO and 
DO are very similar and the mechanisms of polymerization of both monomers 
are also similar. 

Initiation of the polymerization process with the complexes used results 
in the formation of the following active centres: 

(I) In the complexes prepared from an organoaluminium compound 
and titanium(IV)chloride: 

+/CH 2 - -O CH2__CH 2 
R2 AI--() ~'H2 R2 AI-- ,(~, / ] 

[XCH~-- 0 / iXc.H2--~ 

RTiCI+ RTiCI+ 

(1) (f) 

(II) In complexes obtained from an organoaluminium compound and 
boron trifluoride. (In the present experiments we used BF3.O(CzHs)z. The 
release of (CzHs)20 in the process of formation of the complex has been 
demonstrated by gas chromatography in one of our earlier papers n): 
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+ICH2--()\ 
R2 AI--() CII 2 

.. (.H 2-- 0 

RBFs 
(H) 

+/CH 2 - -  ('H2 

R2 A1--() : \  
'. CH2--() 

RiiP, 
( I f )  

We have established in our experiments that the complexes I, I' differ 
considerably from the complexes II, 11' in their polymerization activity. 
This difference in activity is clearly demonstrated in Figure 1. The figure 

10 A B 

zo / / ...,." j o  

0 2 4 6 8 10 12 14 16 18 

Time (rain) 

Fl~eure 1 Block copolymerizat ion of  TO and DO at 70 C, TO: DO 
= 95:5 (mol-,°~,~), under the action of  the fol lowing ini t iator 
complexes: 
(A) BFs : (C.,HDaAI 2"-: 10 .t molimoI-TO; 
(B) BF:, - (iso-CIH,)3Al -- 2 × 10 -4 mollmoI-TO; 
(C) TiCI.l-- (C2H.~):IAI -. 20-( 10 i mollmol-TO; 
(D) TiCII ; Hso-C.IH~OsAI - 20:-10 -t mol.;moI-TO 

shows that in order to obtain comparable  results the complexes of  the 
t i tanium(IV)chloride series should be used at substantially higher concen- 
trations than the complexes based on boron trifluoride. Since the cation 
structure of  both types o f  complexes is the same, it follows that the difl'erence 
in activity can only be related to the corresponding gegen-ion. The charge 
density of  the boron a tom in [C2HsBFs]-  is • i 0.629 and that of  t i tanium in 
[C.,H.~TiCI4] • is t 0.521, as calculated from the equation o f  L. Pauling: 

[ I(X~ .-X~,)"] (3) 8 - .  I - e x p  - 4  

where 3 :.= electron density of  the central a tom 

X~, Xt, -~ electronegativity of  the corresponding atoms 

By compar ing the charge densities of  both types of  gegen-ion'~ it can be 
seen that the gegen-ion [C._,HsBF3]- is an acid in relation to the gegen-ion 
[C2H~TiCI4] . Therefore the former will have a smaller effect on splitting 
the polymer chain, as a result of  which the polymerization rate is higher. 
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The higher activity of  the complexes based on (C,,Hs)3AI in comparison 
with that of the (iso-C4Hg)aAI complexes may be due to differences in 
mobility and to the effect of steric factors. Equation (3) cannot be used to 
determine the effect of the type of alkyl group on the charge density of the 
central atom, because in calculating the aluminium-carbon bond this 
relationship does not account for the structure and the type of the hydrocar- 
bon radical. 

In the very first stages of  the polymerization process active centres of  the 
type I '  and II '  will prevail in the system. This is easily explained when the 
higher kinetic activity of  DO in relation to TO in the process of  their copoly- 
merization is taken into account ~. 

An important point of  the kinetics of  the process under study is the effect 
of  the monomers ratio on the polymerization rate. We can find no references 
to the investigation of this problem. Such a study is seriously hampered by 
the difficulty of  preparing the two monomers with the same water content 
in order to eliminate its effect on the polymerization process. Figure 2 shows 

IA ,/B 
o / 

_6 J / 
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"~,4 O 

g 
tO 

0 /x 

j~ .  x~x/X 
I I 
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/ c  
X 

/ 
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/ X  
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I 
20 

Figure 2 Effect of the concentration of DO on the copolymeriza- 
tion of TO and DO at 70°C, concentration of initiator complex 
BFa + (CeHs)3AI -- 5 × 10 -'~ tool/tool-TO; initial concentration of 
DO - (A) 0"0246 mol/mol-TO; (B) 0'0398 mol/moI-TO; (C) 0.0525 

mol/mol-TO 

the results of the investigation of the effect of  the DO to TO ratio on the 
copolymerization. Only the ratios which have a practical importance for 
the synthesis of  the thermostable polymer have been included. The data 
have been used to plot the maximum polymerization rate against the inilial 
concentration of DO in the monomer mixture (Figure 3). The relationship 
obtained for the TO to DO ratios studied by us can be expressed b~ the 
following kinetic equation: 

d e  _ k(C0) (To) 
dt -- (Do) n (4) 
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where 

Ti), D o  

09 

0.7 

E 
0.5 

o 
._J 

0.3 

0-1 

0.1 I I l 
- 1 . 8 0  - 1 . 6 0  -1 . t ,O - 1 2 0  

Log (DO) 

Fil, ure 3 Dependence of the copolymerization rate on the amount 
of DO in the monomer mixture at 7OC and concentration of 

initiator complex BF3 ! (CzHs)3AI - 5 ." 10-:' mol/moI-TO 

P :-- amoun t  of  po lymer  ob ta ined  
Co --  initial concent ra t ion  o f  the in i t ia tor  complex 

k rate cons tan t  
initial concent ra t ions  of  TO and DO 

The a im of  our  s tudy was to de termine  the power  index n, which defines 
the o rde r  of  the react ion in relat ion to the initial concent ra t ion  o f  DO. The 
power  index n was calculated f rom the slope of  the s t raight  line in Figure 3. 
F o r  the range of  DO concent ra t ions  covered by the present  s tudy the value 
for n is approx imate ly  equal  to 2. The meaning of  the negative sign in the 
order  o f  the react ion can be expla ined  by the fact that  DO to some extent  
inhibits the po lymer iza t ion  process.  
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The k&etics of crystallization of 
polyethylene 

A, BOOtlt* and J. N. HAY* 

Crystallization isotherms of polyethylene samples are analysed by modified 
Avrami equations which correct for secondary crystallization. While thc 
isotherms are described more accurately by two processes rather than a 
single process, systematic deviations still exist which cannot be eliminated 
by assuming further complex modes ofcrystallizing. However, best fit values of 
the Avrami exponent, n, when used as an adjustable parameter, varied 
markedly from sample to sample and were significantly different from the 
integer values required by theory for spherulitic crystallization. These values 
were not significantly different to those determined by the analytical pro- 
cedure adopted by Banks et al to suggest that both were identical and that 
the two crystallization processes were consecutive. Both analytical procedures 
cast doubt on the validity of the primary crystallization exhibiting the time 

dependence of the Avrami equation. 

INTRODU(YFION 

ATTt~MPTS tO elucidate the details of  the mechanism of polyethylene cry- 
stallization by analyses of  the isotherms have not been particularly success- 
ful ~ 4. This has generally been attributed to the presence of either an induction 
period or secondary crystallization, by which crystallinity increases log- 
arithmically in time beyond the end of the primary process. It has been 
concluded 5 that difficulties in resolving these two effects alone complicate the 
analysis of  the isotherms and so cast doubts on the interpretation of 
crystallization isotherms in terms of the Avrami equation. 

It would seem more likely that since the morphology of bulk crystallized 
polymer is complex, a two parameter equation cannot adequately describe 
the total crystallization. Attempts have been made to derive more complicated 
expressions based on the known morphology of crystalline polymers  a 
"single crystal' model 6 with non-constant lamellar growth and a spherulitic 
model 7, s in which further crystallization proceeds within the spherulite 
boundary. Since the former deals with the growth of a fixed number of 
single crystals and does not allow for branching, the model cannot be applied 
to spherulitic crystallization, and only the second model is appropriate to 
polyethylene crystallization. 

The present report discusses the success of this modified Avrami expression 
in describing the total crystallization isotherms of polyethylene samples. The 
same degree of rigour has been applied to the application of these equations 
as has been used formerly to the Avrami equations '-', '~ 

E X P E R I M E N T A L  

Mater ia ls  
Samples of  polyethylene (Marlex 60) were kindly supplied by the Phillips 

* Present address: Revertex Co. Ltd, Harlow, Essex, UK 
t To whom all communications should be addressed 
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Petroleum Chemical Company Ltd, and their characteristics as supplied are 
listed in Table 1. Other samples were prepared either by degradation in vacuo 

Table 1 S a m p l e  cha r ac t e r i s t i c s  

Serial Description Inherent viscosity* Molecular weights 
number (dma/g)  M~÷ Mu.~ Mn~ 

( ×  103 ) ( ×  10 z) ( ×  10 .~) 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

A Bulk  0-206 130"0 142"0 19"0 
B Fraction 3 0-083 29.0 41'0 25'2 
C Fraction 2 0.180 85'0 98.9 32.2 
D Fraction 1 0-247 150.0 165.4 78-1 
E A degraded 300°C, ]h 103.7 20.2 
F A degraded 350°C, }h 48.0 8.9 
G Blend 75~E/25 ~D 119.9 25.0 
H Blend 75%D/25~E - 150-8 46.5 

*Measured in dekalin at 1"00 g/dm ~ 
t F r o m  t h e  r e l a t i o n s h i p :  M s  ~ 5 " 1 0  × 1 0 - '  M t  l@'?= 
~g.p.c. measurements - -  o-clichlorobenzene at 130¢C 

or by blending. The samples were further characterized by g.p.c, analysis 
using o-dichlorobenzene at 130°C 1°-11 

Apparatus  and  techniques 
Conventional mercury filled dilatometers 2,a were employed havinga measur- 

ing capillary of  0-60 mm internal diameter and containing 200mg cylinders of 
polymer. Samples were pre-heated at 160cc for 15-30 min prior to re- 
crystallization. No abnormal dependence of the subsequent crystallization 
rate on temperature or duration of the pre-heating was observed. 

R E S U L T S  

Two stage crystallization rate equation 
The dilatometric isotherms were analysed by the rate expression developed 

by Hillier s for a spherulite growth mechanism in which further crystallinity 
(xs,oo) develops within the boundaries of the spherulites, for which the total 
crystallinity at time t is: 

xc, t = Xa,oc [1 -- exp (--  Zltn)] -+ Xs ,~Z2 i {1 --  exp ( - -  ZIOn)} 

× {exp [-- Zz (t -- 0)]}~]0 (1) 

where Xa,~, Z1 and n refer to the final degree of crystallinity, rate constant 
and Avrami exponent of  the primary spherulitic growth, respectively, and 
x,,~ and Z2 the final increased degree of crystallinity and first order rate con- 
stant of  the secondary process, respectively. 

Analyses of  the crystallization isotherms were carried out to determine the 
best fit values of  Xa,~, Xs,~o, Z1 and Zz using n 3.0 and 4.0 by a Newton- 
Raphson iterative procedure which determined these parameters to within 
0-1 ~ .  Estimate of  the fit of  the equation was measured from the percentage 
error in the computed degree of crystallinity from the observed xc,t (~E) .  

366 



K I N I i T I C S  OF C R Y S T A L L I Z A T I O N  OF P O L Y E T I I Y I . I ! N I :  

Using these procedures fits of the crystallization isotherms of less than 
5'~ could only be observed in all the samples after an initial period of 10-15 i~ 
crystallinity. At higher crystallinities the apparent fit varied widely from 
sample to sample in that the best were observed with the isotherms of sample 
D, see Figure 1, and the worse (wide oscillation over the total isotherm from 

O 

g- 

L -3 
ii1 

-6 

["igure 

50 I010 
Crystal l inity 

D e g r e e  o f  fit o f  e q u a t i o n  ( I ) .  S a m p l e  D - - a .  130.2 C; b, 1287 C; e, 127.0 C: 
d,  129.5 C 

• o /  o 10 to --6/,,) with those of F. The variations in 7oE with conversion were 
systematic rather than random in all the isotherms and the few turning points 
suggested that equation (1) was a crude fit of the isotherms. Indeed averaging 
the primary process over the initial portion of the curve and the second term 
in the equation over the tinal stages would alone account for the observed 
variation of °{IE with crystallinity. The accuracy of equation (I) in describing 
the isotherms of the various samples can be gauged from the sums of the 
squares of the residuals, cr, listed in Table 2 along with the primary and 
secondary rate parameters. 

Table 2 R a t e  p a r a m e t e r s  

Sample Temp. Ran¢e Zl  Z.,_ A cr 
( ' C )  ( r a i n  :q ( r a in  - I  ) ralue (10  ':~) 

A 126.3- .128 .8  4 -" 1 0 ~ . 6  \ 10 -9 2 ,: 10 -:~ 7 :, 10 :~ 0 . 8 2 - 0 . 6 6  0 . 3 - 3 . 0  
B 1 2 7 ' 0 - 1 2 9 " 2  6 . 1 0 z - 8  :.: 10 -8 7 "- 10 :3  2 • 10 '-' 0 " 6 8 - 0 " 5 9  3 " 0 - 2 0 ' 0  
C 1 2 7 ' 0 - 1 2 8 " 8  6 • 10 "~--1 :~ 10 -'~ I • 10 2-5  • 10 e 0 " 7 1 - 0 " 6 2  0"7 -8"8  
D 127"0 . .130 '2  I ~" 1 0 1  2 , 10 x 2 • 10- '~-6  • 10 :~ 0"81--0"73 2"0-..3"0 
E 125"6-126"5  2 - 1 0 - ~ ' - 6 -  10 : 2 -  10 :~-4 - 10 :~ 0 ' 5 7 - 0 ' 4 8  10"8-37"3  
F 1 2 0 " 3 - 1 2 1 ' 3  3 - 1 0 - : ' - 2 -  10 f; 3 10-:~-2 • 10 :3  0 ' 4 4 - 0 ' 1 4  10"0-19"0  
G 1 2 6 " 2 - 1 2 7 ' 8  3 10 : ' - 4  . 10 7 2 : 1 0 : ~ - 4  10 :~ 0 ' 6 8 ~ ) ' 5 7  3"5 -16"4  
H 1 2 7 " 5 - 1 2 9 ' 0  0-71 0"67 

The coefficient, A .... (x,,,~/x~.t) for most of the samples except E, F and G 
lay within the range 0.6 - 0.8 and there was no clear dependence on either the 

367 



A. BOOTH AND J. N. ttAY 

molecular weight or the dispersities of the samples, see Table 1. Only the 
highly degraded samples, F, exhibited anomalously low values of A. 

Variations were made to the basic crystallization growth mechanism in 
order to modify equation (1) and try to improve the overall fit of the dilato- 
metric isotherms. These modifications introduced: 

(1) a variable induction period, 7l 

(2) sporadic nucleation--such that the number of nuclei, Nt, increased by a 
first order rate process 

i.e. Art = No [1 -- cxp (-- kt)] 

(3) a correction for initial periods of non-spherical growth--this corrected 
for the crystallinity which developed up to a variable time, r2, at which 
all the growing entities had assumed spherical contours 

i.e. Xa,t = 1 -- exp [-- Z1 (t 3 -- 723)] 

However, only the isotherms of samples A and D could be more accurately 
described by these modified equations but the additional parameters evaluated, 
i.e. 71, 77 and k, had little or no theoretical significance. The equations did 
not substantially improve the fit of the isotherms of the remaining samples and 
the modifications were not considered to be generally applicable (Table 3). 

Model 

Table 3 Degree of fit of modified model 

Sample D (129.53°C) Sample C (128-75~C) 
(x 10 3) (x 10 -~) 

Unmodified 3.97 3.048 
Induction period 1-381 2'845 
Nucleation 1.229 2'851 
Changing geometry 1.407 2'831 
Fractional n values 1.884 0.5777 

N o n - i n t e g e r  value  o f  the  A v r a m i  e x p o n e n t ,  n 
Banks et al z have approached the analysis of polyethylene crystallization 

isotherms in terms of two consecutive stages which could be separated on a 
time scale. 

The primary process obeyed the general Avrami equation, which for 
dilatometry was 

(ht - h~)/(ho - -  hoo) - exp(-- Za t n) (2) 

where ho, ht and ho~ are the initial, at time t, and dilatometric readings at end 
of the primary process. The analysis then consisted of determining the value 
ofh~ which gave a constant value ofn  over the primary process, as determined 
by 

dht {ht --  hoe)In[h0 -- hoo]/[ht -- hoo] }-l (3) 
n = --  t -dt 

This procedure, however, invariably gave fractional values of n which had no 
mechanistic significance within the assumptions used in the derivation of the 
Avrami equation ~e, 13. From the point of view of this approach, it is significant 
that the life time of the secondary process (determined from Z2 of equation 1) 
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was much longer than that of the primary. Indeed, when the contributions 
from each to the total were analysed, then although the processes were 
simultaneous, the effective contribution of the secondary process was not 
significant (less than 10'~ of the total) until 40-60 ''/j¢, crystallinity had de- 
veloped. (see Figure 2). To a first approximation the assumptions inherent 
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F(~,mre 2 Resolmion of primary and secondary processes: (a) 
sample A, 127.3 C; (b) sample D, 129.5 C 

in the analysis adopted by Banks et al e would appear to be justified and their 
conclusions that the n value was non-integer worthy of further consideration. 
Accordingly equation (1) was fitted using n as a variable, adopting an 
iterative procedure varying n in units of  0.10. Error plots were determined 
but these exhibited the same oscillations as before, but showed a minimum 
at a single value ofn.  This improvement in the degree of fit can be seen from 
the sum of the squares of" the residuals, a, which exhibited a minimum at a 
single non-integer value of n, (see Figure 3). These values corresponded 
closely with those determined by the analytical procedure of  Banks et al 
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(see: Table  4). The differences observed in the values of  n lay well within the 
scatter in the analytical procedure of  equation (3) normally observed. 
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Table 4 Fraction exponent values 

Sample n vahte n value 
equation (3) var&tion o f  h 

A 3'55 j: 0.05 3'30 5_ 0-10 
B 2'85 :i 0"05 3"00 = 0'20 
C 2"70 =:: 0"05 2'80 ___' 0"10 
D 3"20 _! 0'05 3'30 4_ 0"I0 

DISCUSSION 

Although large and systematic errors occur in analysing the crystallization 
isotherms with the two stage kinetic equation, it must be accepted that the 
approach  represents a more satisfactory description o f  spherulitic crystalliza- 
tion than that o f  the single Avrami  equation for growth of  spheres. The 
model, however, can only predict the development o f  crystallinity in the 
polyethylene samples with an accuracy of  no more than 3-4 ~ of  the total 
crystallinity. Minor  modifications o f  the model to allow for the presence o f  an 
induction period, for changing nucleation characteristics and for non- 
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spherical growth in the initial regions of spherulite development, have no 
effect on its general fit, although with individual samples it was possible to 
account lor the deviations. 

The isotherms can in general more adequately be described by an Avrami 
equation with fractional exponents for the primary process followed by a 
secondary process: conclusions originally asserted by Banks et al. "z 

Reasons for these fractional values for the exponent must be sought in the 
basic model of  spherulitic crystallization, in the detailed morphology of 
branching and lateral aggregation of the fibrillar sub-units TM 1.5, and also in the 
detailed mechanism of fibril growth and thickening. Spherulites are accepted 
as a form in which multi-component systems containing species of different 
crystallizabilities can crystallize, and where preferential fractionation can 
occur during the course of the conversion. In the case of polydisperse polymers 
this will lead to fractionation by molecular weight, with. the lower molecular 
weight material preferentially rejected and concentrated into interstitial 
regions, but subsequently crystallizing. It would then seem too limiting to 
assume that two rate constants. Zx and Z,), alone could describe the course 
of fibrillar and inter-fibrillar crystallization in polydisperse polymers. It 
may be more realistic to limit the application of the two stage crystallization 
model to monodispersed samples alone. 

CONCLUSIONS 

The assumption of a two stage crystallization rate equation does not remove 
the embarassment of  fractional values of the Avrami exponent, n, at least in 
the case of isotherms of polydisperse polyethylene. 
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Equilibrium ring concentrations and 
the statistical conformations of 

polymer chains." Part 5. Stereoisomeric 
cyc#cs in poly(phenylmethylsiloxane) 

equilibrates 

M. S. BEEVERS and J. A. SEMLYEN 

The molar cyclization equilibrium constants K,. for cyclic phenylmethyl- 
siloxanes, [C~Hs(CH:0SiO]~ (x-:-:3-50), have been measured in the undiluted 
polymer at different temperatures and in solution m toluene. The K~ values for 
[C6H,~(CHz)SiO]~: in the bulk polymer at 383 K are the same, within experi- 
mental error, as those found previously for the corresponding cyclics 
[CH3CH~_(CH.~)SiO]~, and it is concluded that phenyl and ethyl groups have 
similar influences on the statistical conformations of siloxane chains. The 
weight fraction of cyclics in a high molecular weight undiluted phenylmethyl- 
siloxane equilibrate at 383 K is 0'30 and this weight fraction increases to 0.90 
when equilibration is carried out in the presence of 47°~ by volume of 
toluene. The K~ values for the cyclic tetramer and pentamer in the latter 
equilibrate are nearly twice as large as their values in the former, whereas the 
K:~ values fol the large cyclic phenylmethylsiloxanes are the same in both. The 
configurational isomers of the cyclic trimer, tetramer and pentamer were 
separated completely by gas-liquid chromatography. They were found to be 
present in the equilibrates in proportions close to those expected from the 
random cyclization of an atactic polymer. The configurational isomers of 
[G,H 5(CH:0SiO]3 and the isomer of [C6Hr,(CH:0SiO]4 with all its phenyl groups 
in cis positions were the only stereoisomers that were found to be strained 

relative to the open siloxane chains. 

INTRODUCTION 

Rt-CENT EXPERIMFNTAL and theoretical studies have illustrated how a know- 
ledge of  cyclic concentrat ions in polymer equilibrates can provide detailed 
information about  the statistical conformat ions  of  the corresponding chain 
molecules in solutions and in the bulk polymers 1 ~'. In this paper, we report 
the results of  an investigation into the concentrations of  cyclics in undiluted 
and solution equilibrates of  the commercial ly- important  silicone poly- 
(phenylmethylsiloxane), which has the repeat unit C6Hs(CHa)SiO. In previous 
studies of  r ing-chain equilibria in unsymmetrically substituted polysiloxanes, 
cyclics [RR'SiO]x were treated as single compounds  and individual stereoiso- 
mers were not considered separately4, 6. In the poly(phenylmethylsiloxane) 
system, all the configurational isomers of  the cyclic trimer, tetramer and 
pentamer can be separated completely by gas-liquid chromatography.  Hence, 
in addition to measuring the concentrations of  each of  the cyclics [C6Hs(CHa) 
SiO]x in poly(phenylmethylsiloxane) equilibrates, we have been able to 
determine the relative amounts  o f  the stereoisomers o f  the cyclics with 
x - 3 , 4 a n d  5. 
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EXPERIMENTAL 

Equilibrations 
A mixture of cyclic phenylmethylsiloxanes [C6Hs(CH3)SiO]z (x -- 3-5) 

was given to us by the Research Department of Midland Silicones Limited. 
The cyclics were purified by fractional distillation. 10-100g quantities were 
equilibrated in the bulk and in toluene solution using potassium hydroxide. 
Diethylene glycol dimethylether was added as a promoter to all the equilibrates 
except those carried out in the bulk at 438 and 478 K. Gas-liquid chromato- 
graphy and gel permeation chromatography were used to follow the reactions 
and to establish that equilibrium had been attained. The equilibria were 
quenched by the addition of a small quantity of glacial acetic acid. The 
densities of the mixtures were determined separately. 

Analysis of equilibrates 
Toluene was added to the quenched undiluted and concentrated solution 

equilibrates so as to reduce the linear polymer concentration below 10~o by 
weight. The solutions were washed with a solution of sodium hydrogen 
carbonate and then with distilled water. They were dried over anhydrous 
sodium sulphate. Cyclics were separated from linear polymers by several 
fractional precipitations using methanol. The cyclic trimer, tetramer, penta- 
mer and some of the hexamer were distilled from the combined cyclic 
fractions at a pressure of 10-2mmHg using a molecular still. Distillates 
containing these cyclics were analysed by gas-liquid chromatography. Gel 
permeation chromatographic tracings of the cyclic residues showed that they 
consisted almost entirely of cyclics [C6Hs(CH3)SiO]z with x ~ 6. The 
molecular weights of the linear polymer fractions of the equilibrates were 
determined either by viscometric measurements in toluene at 298 K using the 
empirical Mark-Houwink equation reported by Buch, Klimisch and Johan- 
nson 7 or by gel permeation chromatography. The number average molecular 
weights of cyclic fractions were measured by means of a Mechrolab 301A 
vapour pressure osmometer. 

Chromatographic methods 
Cyclics [C6Hs(CHa)SiO]x with x = 3-6 were separated using a Pye 104 

gas-liquid chromatograph fitted with a heated katharometer detector. An 
8ft column was used. It was packed with Embacel, coated with 7 ~  by weight 
of a methyl silicone gum (E30 supplied by W. G. Pye and Co. Ltd.). The 
gas-liquid chromatograph was calibrated for its response both to the cyclics 
with x ~ 3-6 and to individual stereoisomers of the cyclics with x -: 3, 4. 

A gel permeation chromatograph was used to analyse total equilibrates as 
well as cyclic and linear fractions. The instrument was fitted with a Waters 
R4 differential refractometer detector, which was calibrated for its response 
to cyclic and linear phenylmethylsiloxanes. Crosslinked polystyrene gel 
columns were obtained from Waters Associates Limited. Cyclics were 
analysed on a system employing columns with gel of the following average 
porosities: 250, 1000, 3000, 3000, 3000 A. The column system was calibrated 
as elution volume versus molecular weight for phenylmethylsiloxanes using 
calibration plots obtained previously for cyclic and linear dimethylsiloxanes a 
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by employing the universal calibration procedures recommended by Dawkins 
and others 9-~. 

RESULTS A N D  DISCUSSION 

Eff'ect o f  phenyl groups on the conJbrmations o f  siloxane chahTs 
In the presence of catalytic amounts of potassium hydroxide and diethylene 

glycol dimethylether, a thermodynamic equilibrium can be set up between 
cyclic and linear phenylmethylsiloxanes. This equilibrium may be repre- 
sented as follows 

-[-C~Hs(CH3)SiO ]u  ~"-[-C6Hs(CH3)SiO-] u ~ -! [C6H,~(CH3)SiO]x (I) 

Assuming a most probable distribution of chain lengths, the equilibrium 
constants Kz for process (I) are given by 

K~ .... {[CoHs(CH3)SiO]x }/p" (2) 

where p, the extent of reaction of functional groups in the chain fraction, 
can be calculated from the weight average molecular weight of the linear 
polymer by the methods of Flory v'. 

Experimental molar cyclization equilibrium constants measured for an 
undiluted phenylmethylsiloxane equilibrate at 383 K are shown in Figure 1. 
The values of/(3, K,~ and K5 were determined by gas-liquid chromatographic 
analysis of fractions obtained by vacuum distillation. They are believed to be 

o/ accurate to within ~ 10/o. Values for the larger cyclics were derived from gel 
permeation chromatographic tracings alone and they are probably subject to 
somewhat greater uncertainty. For values of x > ca 20, the plot of log Kx 
against log x shown in Figure 1 exhibits the limiting slope of --2.5 predicted 
for unstrained macrocyclics by the Jacobson and Stockmayer ~ theory. 
Evidently, phenylmethylsiloxane chains with more than 40 skeletal bonds are 
of sufficient length and flexibility to obey the Gaussian relationship for the 
density Wz(O) of their end-to-end vectors r in the region r :~- 0. The average 
dimensions of such chains can be estimated by using the following expression 
for the molar cyclization equilibrium constantsm:~ 

Kx -- [3/27r ~," r~ )]3,''-(1/2 NAx) (3) 

where 'ii r" ) is the mean-square end-to-end distance of a chain containing 
x monomeric units and NA is the Avogadro constant. Application of equation 
(3) to the experimental values shown in Figure 1 yields a value of 10.7 tbr the 
ratio ,: r~ o )/lOOI "z of phenylmethylsiloxane chains with 100 skeletal bonds 
(each of length / - 1-64/~) in an undiluted equilibrate at 383 K. This value 
may be compared with the ratio of 7.0 found for dimethylsiloxane chains of 
the same length also in an undiluted equilibrate at 383 K ".s. 

The Kz values shown in Figure I are close to the corresponding values found 
previously for cyclics in an undiluted ethylmethylsiioxane equilibrate at 
383 K4, s. In Table 1, K4 and K5 tbr phenylmethylsiloxanes are compared with 
those for some alkylmethylsiloxanes. The close agreement between the Kx 
values of phenylmethylsiloxanes and ethylmethylsiloxanes shows that phenyl 
and ethyl groups exert similar influences on the statistical conformations of 
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Figure 1 Experimental molar cyclization equilibrium constants Kx 
for cyclics [C6H~(CH3)SiO]z in an undiluted equilibrate at 383 K 

Table 1 K~ values for cyclic tetramers and pentamers in undiluted 
polysiloxane equilibrates at 383K 

Substituent group R K4 for [R(CHz)SiO]4 K~ fi~r [R(CHz)SiOb 
of unit R(CHz)SiO (mol 1-1) (mol 1-1) 

CHz 0.19 0.09 
CH3CH2 0.25 0.16 
Cnl-l.~ 0.25 O. 16 
CH.~CH~CH2 0.37 0.19 

siloxane chains (see ref. 14 for a comparison of the effect of  phenyl and ethyl 
groups on the conformat ions  of - [ -CHzCHR-}-x  chains). 

Effect  o[  dilution on cyclic content o f  phenylmethylsi loxane equilibrates 
If phenylmethylsi loxanes are equilibrated in solution in toluene, the fraction 

of siloxane in the form ofcyclics is found to increase with di lut ion as predicted 
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by the Jacobson and Stockmayer theory. In Figure 2, the total weight fraction 
of cyclics in solution equilibrates of phenylmethylsiloxanes is plotted as a 
function of solvent dilution and compared with results found previously for 
some alkylmethylsiloxanes ~,4. Extrapolation of the plot for phenylmethylsil- 
oxanes to unit weight fraction of cyclics yields an experimental critical 
dilution poind :~ of 52% by volume of siloxane in toluene at 383K. This 
critical dilution point may be compared with the value of ca 70% by volume 
of siloxane in toluene which would have been observed if the molar cyclization 
equilibrium constants for all the cyclic phenylmethylsiloxanes had remained 
constant with dilution. In fact, K~ and K~ each increase by nearly 100% over 
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Figure 2 Weight fraction ot cyclics [R(CHa)SiO]~ in high molecular 
weight (p ~ I) polysiloxane equilibrates at 383 K as a function of 
volume per cent siloxane in toluene (R :-C6Hs,CH.~CH2,CHa) 

and cyclohexanone (R -- CF.~CHo_CHa) 

the dilution range shown in Figure 2. These increases are similar in magnitude 
to those found for the cyclic tetramers and pentamers in the hydrogenmethyl- 
siloxane 4, dimethylsiloxane ~ and ethylmethylsiloxane 4 systems. They can be 
interpreted s in terms of polymer-solution thermodynamics by the methods 
applied by Ivin, Leonardl'~, 16 and others'7,18 to equilibria between other 
monomers and polymers in solution. 

As in the alkylmethylsiloxane systems, the molar cyclization equilibrium 
constants of the larger cyclic phenylmethylsiloxanes do not change appreciably 
with solvent dilution, and the ratio < r~o)/IOOP is found to be 10.4 tbr 
phenylmethylsiloxane chains in a solution equilibrate at 383 K containing less 
than 5 )o by weight of linear polymer. This ratio is in close agreement with the 
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value of 10.7 found for chains in the bulk polymer at the same temperature 
(see above). 

Separation of configurational isomers of cyclic phenylmethylsiloxanes 
Although all cyclic and linear oligomers of unsymmetrically substituted sil- 

oxanes consist of a mixture of configurational isomers x9,2°, very few individual 
stereoisomers have been separated and identified up to the present time. 
However, the configurational isomers of the cyclics [C6Hs(CHa)SiO]a and 
[C6Hs(CHa)SiO]4 have been found to be separablO °,21-')a, and Hickton,Holt, 
Homer and Jarvie 22 were able to characterize all the six stereoisomers. 

Both Moore and Dewhurst 'a and Hickton and his coworkers 22 reported the 
complete resolution of the cyclic trimer isomers by gas-liquid chromatography, 
but only a partial resolution of three of the isomers of the cyclic tetramer. We 
have found that all the isomers of the cyclic tetramer can be resolved com- 
pletely on an 8ft gas-liquid chromatographic column packed with Embacel 
coated with 7 % by weight of a methyl silicone gum, if the column temperature 
is maintained constant at 503K. Furthermore, under these conditions, the 
cyclic pentamer [C6Hs(CHa)SiO]5 can also be resolved into four separate 
components. We have tentatively assigned these to the four stereoisomers of 
the cyclic pentamer by assuming an analogous order ofelution to that observed 
for the cyclic trimer and tetramer isomers (see Figure 3). 
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Figure 3 Gas-liquid chromaloglam of a distillate obtained from lhe cyclic portiorl or an 
undiluted phenylmethylsiloxane equilibrate showing the separation of the configurational 

isom(:.rs or [C,~H~(CH.~)SiO]~ (x 3-5) 

RelatiL, e amounts o f  configurational isomers in phenylmethylsiloxane 
equilibrates 

Equal weights of the two configurational isomers of [C6Hs(CH3)SiO]3, 
which were prepared by methods described in the literature el,'-'~-, were found 
to produce peaks of equal area on the gas-liquid chromatograph within the 
experimental uncertainty of ca J 5~o which arises from the measurement or 
peak areas. Similarly, the katharometer detector was found to respond 
equally to equal weights of the configurational isomers of the cyclic tetramer, 
which were also prepared by published methods 21. Hence identical response 
factors were assumed for the four stereoisomers of the cyclic pentamer. 

The relative amounts of the configurational isomers of cyclic phenyl- 
methylsiloxanes [C6Hs(CH3)SiO]z (x -- 3-5) were determined for undiluted 
and solution equilibrates by gas-liquid chromatography. The results are 
presented in Table 2. The configurational isomers were found to be present in 
proportions close to those predicted to result from the random cyclization of 
an atactic polysiloxane. The corresponding results for stereoisomeric cyclics 
produced by non-equilibrium hydrolysis and pyrolysis reactions are also 
given ill Table 2. 

Enthalpy changes in the Jbrmation o f  small cyclic phenylmethy&iloxanes 
The standard state enthalpy changes AHz ° for process (1) must be zero for 

the very large cyclics. However, ~Ha ° would not be expected to be zero, as the 
corresponding cyclic trimer in the dimethylsiloxane system is known to be 
strained by ca 15 kJ mol 1 (see ref. 24). The strain in [(CH3)2SIO]3 is thought 
to arise largely from bond angle deformations. The bond angles in the cyclic 
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Table 2 Weight fractions of configurational isomers of cyclic phenylmethylsiloxanes 

Stereoisoniers Weight fraction o f  cyclic present as a particular isomer in different 
defined in mixtures (see below) 
Figure 3 (A) (B) (C) (D) (E) 

m p . 

Trimer I 0'25 0.22 0.24 0.26 0.28 
Trimer II 0'75 0.78 0.76 0.74 0-72 

Tetramer 111 0"125 0.08 0'10 0" 16 0" 16 
Tetramer IV 0'500 0-49 0'49 0'49 0.51 
Tetramer V 0'250 0.25 0-23 0.20 0.24 
Tetramer VI 0'125 0.18 0.18 0'16 0.10 

Pentamer VII 0'0625 0.06 0"05 0" 10 0.09 
Pentamer VIII* 0-3125 0.30 / 
Pentamer IX* 0"3125 0-30J 0.62* 0.60* 0-62* 
Pentamer X 0-3125 0.34 0'33 0.30 0"29 

*Temperature programming w a s  used for determining some of  the isomer ratios o f t h e  cyclic pentamer. Under  
these conditions isomers Vl l l  and IX were not completely resolved. 

(A) This is the isomer ratio that would result from the random cyclization of an atactic 
polymer 

(B) Undiluted equilibrate at 383 K 
(C) Solution equilibrate at 383 K containing 4 7 ~  by volume toluene. Linear polymer is 

present at concentration of less than 5 % by weight 
(D) Cyclics prepared by hydrolysing phenylmethyldichlorosilane by the method of Young 

et al "-1 
(E) Cyclics prepared by the pyrolysis of poly(phenylmethylsiloxane). High molecular 

weight polymer was chain stopped by trimethylchlorosilane. The polymer suffered a 
loss in weight of only 0 - 3 ~  after 12 h at 513 K under 0"05mmHg. It decomposed at 
668 K under 3 × 10 -3 mmHg to give a distillate consisting of 37 ~ trimer, 56 ~ tetramer 
and 7 ~  pentamer. The residue represented 2 8 . 6 ~  by weight of the starting material 

tetramer [(CH3)2SiO].~ can adopt their normal values, and this cyclic and 
larger cyclic dimethylsiloxanes are unstrained 2. 

We have measured the enthalpy changes AHz ° for the configurational 
isomers of[C6Hs(CH3)SiO]x (x = 3-5) by determining Kz values at different 
temperatures. All the AHz ° values were assumed to be independent of tem- 
perature over the range 383-478 K and the integrated form of the van't Hoff 
isochore was applied. Plots of log Kz against I/T are shown in Figure 4 and 
AHz o values were obtained from the slopes. The stereoisomers I and II of the 
cyclic trimer have AH30 values of 27 and 22 kJ mol-1 respectively. The cyclic 
tetramer isomer IlI (with AH40 8 kJ mol-1) appears to be slightly strained, 
possibly as the result of steric crowding of the phenyl groups. The remaining 
isomers of the tetramer (plotted together in Figure 4), and all the isomers of the 
cyclic pentamer, were found to be strain free. 
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Equilibrium ring concentrations and 
the statistical conformations of 

polymer chains." 
Part 6. Freezing point of liquid sulphur 

J. A. SEMLYEN 

The freezing point of liquid sulphur is known to be lower than the melting 
point of monoclinic sulphur because of the presence of the molecular species S,¢ 
in the equilibrated melt. In a previous publication, S,~ was identified as a mix- 
ture of large sulphur cyclics S~ with x ::. 8. Here, the concentraticns of these 
cyclics are calculated by the Jacobson-Stockmayer cyclization theory at tem- 
peratures below the critical polymerization temperature, using Gee's analysis 
of ring-chain equilibria in liquid sulphur to estimate the number average 
molecular weights of the sulphur chains. The depressions in the freezing point 
of pure liquid cyclo-octasulphur calculated to result from the presence of 
large sulphur cyclics are in close agreement with published experimental values. 

INTRODUCTION 

NliARLY one hundred years have elapsed since the discovery by Gernez I 
that the freezing point of  liquid sulphur is lower than the melting point of 
monoclinic sulphur, yet a satisfactory explanation of this phenomenon still 
remains to be found. There have been several experimental investigations of  
the freezing point of liquid sulphur 2-5 the most recent being by Wiewiorowski, 
Parthasarathy and Slaten 6. These authors found that liquid sulphur equili- 
brated at 403, 413 and 423 K had freezing points that were lower than the 
melting points of  monoclinic sulphur by 4.9, 5.9 and 7-6 K respectively. 

Aten 7 associated the depression in the freezing point of liquid sulphur with 
the formation of a molecular species S,, which he distinguished from S a 
(cyclo-octasulphur), which is present in liquid sulphur at all temperatures, 
and S/, (polycatenasulphur), which is formed in appreciable concentrations 
only above a critical polymerization temperature of  432 K a rL Aten assumed 
that ST in liquid sulphur has the same formula and constitution as the mole- 
cular species obtained, with cyclo-octasulphur, when quenched samples of" 
liquid sulphur are extracted with carbon disulphide. Furthermore, he identi- 
fied the bright yellow species formed when cyclo-octasulphur is heated with 
sulphur chloridO :~, 14. carbon disulphidO 5 or toluene 1'~ as S,.* 

There have been many suggestions as to the nature of  the molecular 

*The results of more recent work 16-18 suggest that the species formed when Ss is heated with 
S_~CI,_, consists of a mixture of polysulphur chlorides CI-SfCI. 
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species S~ in liquid sulphur. In 1914, Aten 7 proposed a formula $4 for S.. 
Over forty years later, H. Krebs 19 suggested that S T might be a mixture of low 
molecular weight cyclics and J. Schenk 2°,2x tentatively identified S~ as a 
mixture of small, unstable molecules possibly including cyclohexasulphur. 
Following some experimental studies, P. W. Schenk and Thiimmler 2'~,2:3 
proposed that S, consists of octa-atomic diradical chains, and Wiewiorowski 
and Tuoro 24 modified this proposal by postulatingcomplex formation between 
molecules of catena-octasulphur and cyclo-octasulphur. In 1967, K. Krebs 
and Beine 2~ concluded that S, is a mixture of cyclics $6, Ss, $9, S10 and $2z-3~. 
In the most recent publication on the subject, Harris 26 has suggested that the 
major components of S, at 393 K are the cyclics $7 and $9, with smaller 
amounts of $10 and $6 and less than 1 ~ by weight of cyclics with more than 
ten sulphur atoms. 

Most of these proposals as to the nature of S T in liquid sulphur were 
based on the results of experimental investigations of the material obtained 
by extracting quenched sulphur melts with carbon disulphide and cooling to 
low temperatures to precipitate cyclo-octasulphur. Invariably, it was assumed 
that the bright yellow solutions contained a molecular species identical to 
that responsible for the depression in the freezing point of liquid sulphur. 
This questionable assumption has never been verified experimentally. 
Sulphur allotropes and polysulphur molecules are notoriously unstable and 
readily convert to other forms 27, '~s. Thus, if unstable sulphur molecules are 
present in liquid sulphur at equilibrium, some at least would not be expected 
to survive the quenching and leaching processes unchanged. 

Three years ago. the present author 29 proposed that the molecular species 
S T formed in liquid sulphur consists of a mixture of large sulphur cyclics Sx 
with x > 8. This proposal followed a calculation of the cyclic content of 
liquid sulphur at a temperature just above the critical polymerization tem- 
perature, where the average lengths of the sulphur chains are very long. The 
calculation was carried out using the Jacobson and Stockmayer 3° equilibrium 
theory of cyclization, and it was based on an analysis of the conformational 
statistics of sulphur chains '9, 31 using the rotational isomeric state model of 
polycatenasulphur 3z. Liquid sulphur at 433 K was estimated to contain 
cyclics Sx with x > 8 in concentrations of more than 30~  by weight 29. 

The proposal that large sulphur cyclics are present in liquid sulphur at all 
temperatures 29 has received some support from Schmidt and Block's ~ 
observation that the comparatively stable cyclic Sv, can be isolated from 
rapidly quenched samples of liquid sulphur. Schmidt and his coworkers z4-~7 
have synthesized and identified the sulphur cyclics $6, $7, $9, S~0, S12 and S~8 
(see also refs. 38 and 39). The most stable of these cyclics is Sl2, and the 
isolation of other individual large sulphur cyclics from quenched samples of 
liquid sulphur would be expected to be a more difficult task. 

In this paper, the proposal that S, in liquid sulphur consists of cyclics Sz 
with x > 8 is tested by comparing the predicted depression in the freezing 
point of liquid sulphur resulting from their presence, with the experimental 
results of Wiewiorowski, Parthasarathy and SIaten 6. The average lengths of 
sulphur chains at different temperatures are required for this calculation. 
They are estimated by using Gee's 8 ,0 thermodynamic analysis of the 
equilibrium between cyclo-octasulphur and polycatenasulphur. 
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CYCLIC CONTENT OF LIQUID SULPHUR BELOW THE CRITICAL 
POLYMERIZATION TEMPERATURE 

The equilibrium between ring molecules and diradical chains in liquid sulphur 
may be represented as follows 

• S u . ' ~ . S u - ~ .  t S~- ( I )  

so that the molar cyclization equilibrium constants K. for cyclics Sz are 
given by 

[s~] [. s.,,_, .1 
K ,  .... [.S.,i.]- (2) 

Assuming a most probable distribution of chain lengths for the linear 
diradicals 8 

K z -  [Sz]/(I -- I/P) -r (3) 

where p is the average number of sulphur atoms in the chain molecules. 
The molar cyclization equilibrium constants Kz are related to the corres- 

ponding standard state entropy changes AS ° and enthalpy changes AH ° for 
process (1) by 

K, --- exp(AS°/R) exp(-- AH°/RT) (4) 

where R is the gas constant and T is the temperature. 

Mass spectroscopic investigations 40 4'2 of the equilibria between cyclic 
molecules in sulphur vapour have established that cyclics with x < 8 are 
strained, and they have been predicted to be present in liquid sulphur in neg- 
ligible amounts ''9. This prediction is supported by Berkowitz and Chupka's 4~ 
experimental estimate that the concentration of cyclohexasulphur in 
liquid sulphur is only ca 10 -3 that of cyclo-octasulphur. Hence, for present 
purposes, cyclics in liquid sulphur with x -< 8 will be neglected. 

Cyclo-octasulphur is energetically stable relative to open sulphur chains, 
so that AH ° is negative for the forward step of process (1) when x 8. The 
most reliable values for AH 8 o have been obtained from the difference in the heat 
capacity of liquid sulphur just above and just below the critical polymerization 
temperature T~ by the procedure described by Fairbrother, Gee and Met- 
rail m. The most recent studies of the heat capacity of  liquid sulphur as a 
function of temperature by West a4 and by Yoshioka 44 yield values of 
.... 13.4-:-0.8 kJ mol -I and -14 .2  - 1.2 kJ tool -1 respectively ~;'. We shall 
use the average value of .... 13.8 kJ tool -~ for ~t-t ° in the calculations to 
follow, noting that this is close to the value of --13.3 kJ mol -~ derived by 
Tobolsky and Eisenberg r', from estimates of the $8 content and average 
lengths of  sulphur chains above T~, and by Fairbrother, Gee and Merrall m, 
from the heat capacity data of Braune and M611er 46. For cyclics with x > 8, 

, 1 )  the standard state enthalpy changes AH~ are taken to be zero '-'9. 
The entropy changes AS ° have been estimated '-'9 using the Jacobson and 

Stockmayer a° theory together with the rotational isomeric state model of 
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polycatenasulphur3L In this model, every bond in a sulphur chain is con- 
sidered to lie in one of two rotational isomeric states at ~ -- +90  ° and 

= --90 ° (where ~ is the internal rotation angle measured relative to the 
trans ff 0 ° position) and the interdependence of bond rotational states is 
taken into account. Analysis of  the conformational statistics of sulphur chains 
unperturbed by excluded volume effects has shown that for chains.  Sx • with 
eight or more chemical bonds: 

(I) Densities Wz(O) of end-to-end vectors r in the region r = 0 are given 
approximately by the Gaussian expression 

Wz(0) -- (3/2rr ( r 2 } 0) 3/2 

(II) Mean-square end-to-end distances ( r 2 ) o  are approximately pro- 
portional to x. 

Assuming (I) and (II), the Jacobson and Stockmayer a° expression for the 
entropy change of process (!) relative to a standard state in which the ring 
molecules are at unit concentration in mol 1-1 is as follows z9 

exp(AS°/R) = (3/27r ( r~ } 0) 3'2 (I/NAx) (5) 

where NA is Avogadro's  constant. 
Combination of equations (3)-(5) yields the following expression for the 

ratio of the weight fractions of  cyclics with x atoms and eight atoms 

(wz/w~) --- (8alZ/x a'2) exp(--AH°/RT)( l  -- 1/33) x-8 (6) 

Gee 8 has derived an approximate expression for the average number of  
sulphur atoms fi in chains in liquid sulphur below the critical polymerization 
temperature, T 0. I f  cyclics other than cyclo-octasulphur are neglected, the 
equilibrium in the melt may be represented 

• Sv .  ~ .  Sv - s .  + Ss (7) 

and the molar cyclization equilibrium constant K8 for cyclo-octasulphur 

/('8 -- [Ss]/(I -- 1/33) 8 (8) 

Chain molecules are present in negligible amounts when T < TO, so the molar 
concentration of Ss can be taken to be unity; furthermore, 9 is very large at 
T = T o and, using the van' t  Hoff  isochore, Gee s has shown that 

~ 8R/AHO(I/T--  liT, k) (9) 

F R E E Z I N G  POINT DEPRESSION OF L I Q U I D  C Y C L O - O C T A S U L P H U R  

The depressions in the freezing point of pure liquid cyclo-octasulphur 
resulting from the presence of large ring molecules were calculated at different 
temperatures below T o using the formula 

RT~TI 
T a - 7 " / =  --AHy l n x  a (10) 
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where AH!  is the molar  hea t  of  fusion of  S a, T a is the freezing po in t  o f  pure  
S a, Tf is the freezing point  o f  the equi l ibra ted  solut ion and x a is the mole 
fraction of  cyc lo-oc tasu lphur  in the solution.  Values o f  x a were ob ta ined  by 
calcula t ing the concentra t ions  of  large ring molecules Sz (with x - 9 - ~ )  in 
l iquid su lphur  at equi l ibr ium by means of  equat ions  (6) and (9) with ,_XH ° - 
--13.8 kJ mol 1. A value o f A H f  :~ 13.74 kJ tool i obta ined  by WesO ;3 was 

used for the calculat ions,  together  with the value of  T a --  392.0 K repor ted  by 
Wiewiorowski  and his coworkers  6. 

The freezing poin t  depress ions  of  pure liquid cyclo-octasulphur ,  ca lcu la ted  
to result  when liquid su lphur  is equi lbra ted  at  403, 413 and  423 K are 
c o m p a r e d  with the exper imenta l  values 6 in Table  I. Agreement  between 
theory and exper iment  is very sat isfactory.  Below T~ it is believed that  large 
su lphur  cyclics Sx with x > 8 are  e f f ec t i ve ly  the only species responsible  for 
the  depress ions  in the freezing point  of  l iquid sulphur.  

Tabh, I Calculated and experinaental freezing point depressions 

Equilibration Wt. % cyclics At, e. ha. o f  TX Tf(K ) T a - TI(K ) 
temperature with x =, 8 atoms in [cah'. b)" eqn (exp.--ref6) 

T(K) [calc. by eqn. (6),(9)] cyclics (10)] 

393 8"2 13"8 4'6 - 
403 10"6 14.6 5.7 4"9 
413 13"7 15.7 7.1 5"9 
423 18"8 17.6 9.1 7.6 
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The thermodynamic properties of 
liquids, including solutions: Part 2. 

Polymer solutions considered as 
ditonic systems* 

MAURICE L. HUGGINS 

The author's new theory of the thermodynamic properties of solutions is 
outlined. Theoretical equations are presented for applying it to polymer 
solutions. These equations are tested by applying them to poly(propylene 
oxide) -t carbon tetrachloride and rubber - benzene solutions. The results 

are gratifying. 

INTRODUCTION 

THIS PAPER is concerned with a theory of the thermodynamic properties of 
solutions, and especially with applications of  this theory to polymer solutions. 
The theory is based on concepts that I have used for a long time, but the 
quantitative aspects are new. The assumptions and basic equations have 
been presented in previous papers1, 2, with applications to the heats of  mixing 
of a number of  solutions of  low-molecular-weight compounds for which 
precise data are available in the literature. The theoretical curves agree with 
the data within the probable error of  the latter. 

In this paper I briefly review the fundamentals of  the theory, with regard 
to energy and enthalpy parameters, and show how the same fundamentals 
can be applied to volume and entropy properties. I then show some of the 
results recently obtained in applying the theory to polymer solutions. 
Detailed discussion of  these results will be left for future papers. 

FUNDAMENTAL IDEAS AND EQUATIONS 

I use a model in which each molecule has a surface, with the surfaces of 
neighbouring molecules in mutual contact. If  the molecules contain segments 
that are chemically different, I deal separately with the segment surfaces of  
each type and their contacts. For simplicity I first consider only systems 
having two kinds of  segment. 

Considering first the energies associated with the contacts between seg- 
ments, I assume that for each segment type the average contacting segment 
surface area is constant at a given temperature, regardless of  variations in the 
types and numbers of  other segments, also that for each kind of segment- 
segment contact, the average contact energy per unit area of  contact is 

* Presented at the International Symposium on Macromolecular Chemistry, Leiden, 
September 1970, under the title 'Polymer solution thermodynamics' 
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constant at a given temperature, regardless of variations in the types and 
areas of other contacts. In order to minimize the free energy, I assume that 
the relative contact areas for the three types are governed by an equilibrium 
constant. (If there are more than two segment types, additional equilibrium 
constants must be used.) 

These assumptions lead unequivocally to equations that can be tested 
experimentally, for example, by data on heats of mixing. 

With regard to entropies, it is customary to use a Raoult's law type of 
relationship, if the molecular sizes do not differ greatly, or the Flory-Huggins 
relation, which allows for differences in size. Both involve the assumption of 
random mixing of the molecules (and so of the contacts between them). I 
believe that this leads to serious error if the energy per unit area for contacts 
between unlike segments differs much from the average energy per unit area 
for contacts between like segments - i.e., if the equilibrium constant differs 
much from unity. I have developed a theory, to be described in a later paper 3, 
to correct the combinatorial entropy for departures from perfect randomness 
of contact distribution. This theory relates these departures to the magnitude 
of  the equilibrium constant. As will be shown, the theoretical relationship 
appears satisfactory in the one case in which it has been tested: the rubber ,'- 
benzene system. 

Another important contribution to the entropy dependence on concentra- 
tion, when one of the solution components is a flexible polymer molecule, 
results from the change in average randomness of orientation of a segment 
in the polymer chain, relative to the adjacent segments, as the concentration 
(hence the environment of each segment) changes. Both of these two entropy 
effects combine to give xs, the entropy part of the interaction parameter. 

Volumes can usually be treated like energies or enthalpies. Different 
constants must of course be used for the volume contributions of the three 
kinds of contact, but the same equilibrium constant applies. 

For a ditonic system (one having only two types of segments) the areas of 
the three kinds of  contacts (%p %~, o~p) are related to the contacting areas 
of  the two kinds of segments (%, op) and to the equilibrium constant (K) by 
the equations 

% B - - - - 2 F ;  % ~ =  ½ % + F ;  ~ r ~ =  ½~rp+F (I) 
where 

f = (% -:- ~rp)[l -- (1 + K'z~zB)l/Z]/K' (2) 

K ' = 4  -- 1 K = -  "M (3) 
4o¢~opp 

Here z~ and zp are the contacting surface fractions: 

O'X O' j~_ _ 
z~ . . . . . . . .  zp = - (4) 

% + o/j % o/~ 

For  complete randomness of contacts: 

K---- 1 and F--  --%zp/2 (5) 

% and o$ are products of the numbers of ~x and fl segments in the system 
being considered, times the contacting surface areas per segment (og, o~). 
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The molar interaction enthalpy for a ditonic system is related to the 
contact energies per unit area (%~, ep~,, %B) by the equation 

H , =  ~%%~, + ½~rp,~ -- F A ,  (6) 
with 

A~ = 2 % # -  % ~ -  ~ ,  (7) 

A similar relationship, with each ~ replaced by v, applies to the volume. 

APPLICATION TO POLYMER SOLUTIONS 

In my first applications of the theory to polymer solutions, I have made the 
simplifying assumption that each solvent molecule can be considered as 
constituting a single segment (of type a) and that each mer of the polymer 
can be treated as a single segment (of type/3). For many polymer + solvent 
systems this simplification may be unjustifiable. Also, it will often be im- 
possible or inadvisable to use it if the parameters to be used are determined 
from measurements on systems containing only compounds of low molecular 
weight. 

Theory and experiment are to be compared for the following properties, 
each as a function of concentration: 

#E ,  the excess enthalpy or heat of mixing, per mole of mixture. 
V e, the excess volume of mixing, per mole of mixture. 
xh, the enthalpy contribution to the interaction parameter. 
X, the total interaction parameter. 

We shall also use theoretical curves for Xs, the entropy contribution to the 
interaction parameter, to add to the theoretical curves for Xn to obtain 
theoretical curves for the total X. 

The equation for the excess enthalpy, based on the theory outlined above, 
is 

with 
~I ~ = ~nXlZDgK (8) 

% ---- cr ° , AE/2 (9) 

x2 = i - -  x l  = (n rv )¢ l  + ¢2 (10) 

nro-x2 r~/v¢2 
z p =  1 - - z ~ =  I _ ( n r ~ - -  l)x2 = 1 + ( r ~ / v - -  1)4~2 (11) 

0 0 0 0 r,,/v - -  r~/rv rv -= v J r  r~ .--- or J %  (I 2) 

- - 2  
gK = ~ ,  [, - (I + K'z~zp)- 21 (13) 

For  the excess volume: 

~,e = v~x l zpgK (14) 
with 

v ~ .--- a ° o A v / 2  (15) 
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For the enthalpy part of the interaction parameter: 

( l - zo ,, 
Xh = RT¢~ -1 4-7~=zTK, gK/2 ] (16) 

For the segment orientation entropy part of the interaction parameter: 

-k,z, r ] 
Xs,or = r,,¢~[l -- k~,(I "--z~,g-x)] [{I-~-z=z-~K;) i7~ + z~,gK. (17) 

For the combinatorial entropy correction contribution to the interaction 
parameter: 

= - - ~ =  [ ( I - -z~gK] ( Za--2Z ~ ) 
Xs,cc 4¢~ In \ - - ~  - -7  + ! -+  k'--z-~zpg-KI2 - Z=zagK 

( l - -gK]]  
× in l + Z~zpg~/J (18) 

It may be noted that the assumption of volume additivity, implied in 
equation (10) for the relationship between the mole fractions and the volume 
fractions, introduces no significant e r r o r .  _ 

Equations (8), (14), (17), and (18), for H E, V E, Xs,or, and Xs,cc, respectively, 
each involve just three unknown parameters: one ( %  va, k,, or o °) that 
determines the scale and two (r~ and K') which determine the shape of the 
concentration dependence curve. These two are the same for all, so if their 
magnitudes can be determined from one property, e.g., VE, they can be used 
for the others. Equation (16) for Xn involves no parameters other than those 
in equation (8) for H E. If the two parameters r~ and K' are accurately known, 
the scaling parameter required for each property can be determined from a 
single measurement of that property, at any concentration (assuming the 
theory to hold). 

I do not believe that the scaling parameters for /~e, X,.or and xs,cc are 
quantitatively related in any general way, nor do I believe that the number 
of parameters required to account for the concentration dependence of x, for 
example, can be reduced below the number used in these equations - except in 
special cases, as when there is complete randomness of mixing of contact types. 
For this special case: 

K'=  0 K = 1 gK-- 1 (19) 

Equations (8), (14), (16), (17), and (18) then reduce to the following: 

f t E =  %xlzp (20) 

~E -.. vaxlzg (21) 
o 

EAZ ~ 
Xh = )RT-T~ (22) 

--ksz'~ .... (23) 
x 8  = X , , o ,  - r,,~(l - k,z,O 

Xs,ec = 0 (24) 
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Hgure 1 The excess enthalpy of mixing, in calorics per mole of 
solution, vs. volume fraction, for solutions of poly(propylene oxide) 

CCI4 at 5"53~C. Data from Kershaw and Malcolm4. The vertical 
lines show their estimates of total experimental error. The curve is 

theoretical. (1 cal " 4.187 J) 
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Figure 2 Excess volume of mixing, in cmz per mole of solution, vs. 
volume fraction, for solutions of poly(propylene oxide) ] CCh at 
5-53"C. Data from Kershaw and Malcolma. The vertical lines 
indicate their estimates of maximum errors. The curve is theoretical 
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Poly(propylene oxide) ~ carbon tetrachloride 
Kershaw and Malcolm 4 have made precise measurements of  heats and 

volumes of  mixing and of vapour pressures for this system. 
Their heat and volume of  mixing data are in good agreement with the 

theoretical curves (Figures 1 and 2), with K -  1 (hence, random mixing), 
r~ = 0.48, % = --530, and vz = --1.17. 

The Xh curve, using the first three of  these parameters, is shown in Figure 3, 
together with a curve for X, passing through the experimental points for 
volume fractions less than 0.6 and using the same K and r~ parameters. The 

0-6 

0.4, 

0.2 

X 

-O .0 - ~ ~ ~ ~ ~ e  ~ ~n 

°04 

>~-0.6 

-0.8 

" 1 ' 0  I I I I I I I ] i 0 0.2 0.4 0.6 0.8 1.0 Volume fraction, 4~ 
Figure 3 Theoretical curves for the interaction parameter X and its 
components Xn and Xf, for poly(propylene oxide) + CCI4. Experi- 

mental points by Kershaw and Malcolm4 
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Xs curve, also using these parameters and obtained by subtracting xn from X, 
is shown at the top of the graph. For this, ks -- --0.519. 

The disagreement between the experimental points and the theoretical 
curve for X at higher concentrations may be related to a tendency of  the 
polymer molecules to associate at these concentrations, to a concentration 
dependence of the amount  of intramolecular contacting between segments, 
to my tentative assumption that each mer can be treated as a single segment, 
or to other factors. A relatively small change in either of  the theoretical 
curves, x.~ or xn, at the higher concentrations would suffice to give quantitative 
agreement for the x curve over the whole range. 
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Figure 4 Excess enthalpy of  mixing, in calories per mole of  solution, 
for polyisoprene i benzene solutions at 16°C, vs. volume fraction. 
Data by Gee and Orr  s. The curve is theoretical. (I cal 4.187 J) 

Rubber + benzene 
For testing the theory with this system I have used very old data by Gee 

and Treloar 5 and Gee and Orr 6, and new data by Eichinger and Flory v. 
Heat of  mixing data at 16°C by Gee and Orr and volume of mixing data 

at 25°C by Eichinger and Flory both agree (except for one point in the latter 
case) with theoretical curves drawn for r~ - K - 0.74. (See Figures 4 and 5.) 
The scaling parameters are ~ = 2.68 and v 4 .... 0.308. 

The heat of  mixing data used were for solutions of a polyisoprene, not a 
natural rubber. Apparently neither the chemical and structural differences 
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between this and natural rubber nor the 9°C difference in temperature affect 
the parameters greatly. 

The Xn curve, assuming the parameters from the heat of mixing and 
volume of mixing curves, is compared with the data obtained by Gee and 
coworkers by four different techniques in Figure 6. Considering the scattering 
of  the data points, the agreement is not bad. 
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Figure 5 Excess volume of mixing, in cm 3 per mole of solution, for 
rubber + benzene solutions at 25°C, vs. volume fraction. The 
circles are data points by Eichinger and FloryL The vertical lines 
show their estimates of the experimental precision. The curve is 

theoretical 

Using the same r~ and K values, the scaling constants ks and ~0, for the 
Xs,or and Xs,ee curves were adjusted to give reasonable agreement, when both 
are added to the Xh curve, with Eichinger and Flory's x data. (See Figure 7.) 
The curves for x and its components, arrived at in this way, are collected in 
Figure 8. 
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Figure 6 The enthalpy parameter, Xh, plotted vs. volume fraction, 
for rubber + benzene solutions at 25°C. ~'.~O, data by Gee and 
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Figure 7 The interaction parameter, X, vs. volume fraction, for 
rubber t benzene solutions at 25°C. Data by Eichinger and Flory 7. 

The curve is theoretical 

397 



0.5 

f i t .  

0.3 

~ 0.2 
0-I 

× 0 

-0-1 
0 

I I I I I I I I I 

0"2 O'& 0"6 0"8 1"0 
Volume fraction, ~ 

MAURICE L. H U G G I N S  

Figure 8 Theoretical curves for X and its components, for rubber : 
benzene solutions at 25°C 

CONCLUSION 

Considering the assumptions and approximations that have been made, the 
agreement for both systems is indeed satisfying. One must be careful, of  
course, about generalizing until other systems have been studied. This will be 
done. 

The theory appears to afford a means for determining the parameters for 
polymer solutions from data on mixtures of  compounds of low molecular 
weight. This, also, has not been done, but will be done. 
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It is also p lanned  to test the new equat ion,  relat ing the depar tures  f rom 
the classical combina to r i a l  en t ropy  equat ions  to the equi l ibr ium cons tant  of  
this theory,  on var ious  low-molecular  weight systems. 

Arcadia Insti tute f o r  Scientific Research, 
135 Northridge Lane, Woodside, 
California 94062, USA (Received 17 September 1970) 
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Studies of heterocyclic polymers." 
Part 1. The synthesis and structure 

macrocyclic polymers 
of 

R. J. GAYMANS, K. A. HODD and W. A. HOLMES-WALKER 

Pyromellitic tetranitrile and 4,4'-diaminodiphenyl ether have been reacted in 
solution and in the solid state, and the macrocyclic polymer produced by 
each method of reaction has been shown to be structurally identical. Other 
macrocyclic polymers have been prepared by the solid state reactions of a 
number of aromatic diamines and pyromellitic tetranitrile. The diamines were 
selected to provide variations in the size of the macrocycle and in the level of 
strain within the ring. Preliminary studies suggest that these variations have an 
observable effect upon the ease of macrocyclization, but no marked influ- 

ence upon the thermal stability of the polymers. 

INTRODUCTION 

THE PREPARATION, thermal stability and electrical properties of  macrocyclic 
polymers have been reported by Packham and co-workers 1-a and by Manecke 
and co-workers 4. Both Packham '~ and the authors 5 have made detailed 
studies of  the macrocyclic polymer derived from pyromellitic tetranitrile and 
4,4'-diaminodiphenyl ether. 

This paper reports the results of  synthetic studies made in an attempt to 
establish a link between ease of  formation of the macrocycle, ring strain and 
the thermal stability of  the polymer. To this end a number of macrocyclic 
polymers were prepared from pyromellitic tetranitrile and a series of aromatic 
diamines. The diamines were chosen to provide a range of ring sizes and ring 
strains. 

EXPERIMENTAL 

Materials 
Pyromellitic tetranitrile was prepared from pyromellitic tetramide by 

modification 6 of the method of Lawton and McRitchie 7. The product was 
recrystallized three times under dry nitrogen from methyl ethyl ketone, 
m.p. 271-272°C (lit. 263°C) 7. The i.r. absorption spectrum exhibited a 
strong band attributable to C ---- N at 2250 cm -a but none attributable to 
C = O  0720 cm-1). 

4,4'-Diaminodipheny/ ether (Sumitomo) was recrystallized with charcoal 
under dry nitrogen from methyl ethyl ketone, m.p. 193-193.5°C (lit. 192°C). 

4,4'-Diaminodiphenyl methane (British Drug Houses, BDH) was recrystal- 
lized with charcoal under dry nitrogen from methyl ethyl ketone, m.p. 93.0- 
93.5°C (lit. 93°C). 

m-Phenylene diamine (BDH) was recrystallized with charcoal under nitro- 
gen from toluene, m.p. 62-0-62.5°C (lit. 62.8°C). 
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2,4-DiamhTotoluene (BDH) was recrystallized with charcoal under dry 
nitrogen from methyl ethyl ketone, m.p. 99.0-99"5°C (lit. 99°C). 

2,6-Diaminotoluene (BDH) was recrystallized with charcoal under dry 
nitrogen from methyl ethyl ketone, m.p. 104.5-105"0~C (lit. 105~C). 

p-Phenylene diamine (BDH) was recrystallized with charcoal under dry 
nitrogen from toluene, m.p. 140.0-140.5°C (lit. 139-7~C). 

2-Methoxyethanol (Shell) was dried over 5A molecular sieves and then 
fractionally distilled, b.p. 124::C (lit. 124~'C). 

Preparation of macrocyclic polymer 
Solution polymerization. Macrocyclic polymer was prepared after the 

method of Packham and Rackley 1 from pyromellitic tetranitrile (8.9 g, 
0.05 tool) and 4,4'-diaminodiphenyl ether (20.0 g, 0-1 mol) by reaction in 
2-methoxyethanol solution under dry nitrogen, with sodium 2-methoxyeth- 
oxide (0.04 g) for catalyst. The polymer which was obtained in 85 ~ yield was 
extracted with boiling 2-methoxyethanol to remove unreacted monomer, and 
dried in vacuo at 100°C. Table 1 summarizes the analytical data obtained for 
this polymer. 

Table 1 Collected analytical data on macrocyclic polymers 

Macro~:vclic 
polymer 
diamine 

constituent 

4,4'- 
diamino- 
diphenyl 
ether. 

4,4'- 
diamino- 
diphenyl 
methane 

Elemental analyses 

Experimental Theoretical 

C H N C H N 

(a)68.5 4.79 14-7 75.0 3.68 15-4 

(b)72.3 3'61 15.5 75.0 3.68 15.4 

74.8 4.48 15.6 85.3 4.53 15.83 

DTA 
Salient htfi'a-red TGA temp o f  

bands I 0 % wt. degra- 
loss dation 
temp. exotherm 

C N C = 0 inab" inah" 
2250cm 1 1720cm-I ( C )  ( C )  

absent absent 480 250 

absent absent 500 215 

absent absent 525 170 

m-phenylene 65.4 3.02 22-7 73.4 3.3 23.3 absent absent 540 
diamine 

2,4- 69.7 4.15 21.0 74-2 4.12 21.6 absent absent 505 
diamino- 
toluene 

2,6- 72.8 4.31 21.7 74.2 4-12 21.6 absent absent 490 
diamino- 
toluene 

p-phenylene 66.7 3-79 22.5 73-4 3.3 23 -3  absent absent 475 
diaminc 

(al from solution polymerization; (b) from solid state polymerization 

401 

200 

150 

150 

150 



R. J. GAYMANS, K. A. HODD AND W. A. HOLMES-WALKER 

Solid state polymerization. Pyromellitic tetranitrile and 4,4'-diaminodi- 
phenyl ether were mixed in a molar ratio of 1 : 2 and the mixture finely ground 
under dry nitrogen. About 20 g of the ground mixture was weighed accurately 
into a pyrex glass reaction tube. The reaction tube was heated in an alu- 
minium block the temperature of which was raised from ambient to 330°C at 
a rate of 0.5°C/min by means of a Stanton-Redcroft Variable Rate Linear 
Programmer LVP/CAI0. Dry nitrogen was passed through the reaction tube 
during the reaction and the ammonia evolved absorbed in 2 ~o boric acid and 
estimated with 0.1N hydrochloric acid using screened methyl orange as an 
indicator. 

Heating was stopped at 350°C and the polymer allowed to cool under 
nitrogen. The polymer was extracted with boiling dimethylformamide to 
remove unreacted monomers and other low molecular weight species. 

This procedure was repeated for a series of prepalations using a mixture of 
pyromellitic tetranitrile and each of the diamines listed below in turn: 

4,4'-diaminodiphenyl methane 
m-phenylene diamine 
p-phenylene diamine 
2,4-diaminotoluene 
2,6-diaminotoluene 

In each case, during the course of the heating programme the reactants 
were observed to melt and at this point ammonia was evolved rapidly. 
Within about 10°C the mixture resolidified and the reaction continued in 
the solid stale. 

Figure I and Table 2 give the amounts of ammonia evolved during the 
reactions and the yields of insoluble polymer. 

Table 2 The preparation of macrocyclic polymer: the ammonia evolved and 
the yield 

Macrocyclic 
polymer Yield of Moles of ammonia 
diamine insoluble evolved per mole 

constituent polymer (~)  of  polymer 

4,4'-diaminodiphenyl (a) 85 
ether (b) 95 1.52 

4,4'-diaminodiphenyl 95 1.58 
methane 

m-phenylene diamine 95 1.30 
2,4-diaminotoluene 90 1.36 
2,6-diaminotoluene 95 1 "28 

p-phenylene diamine 30 1.10 

(a) from solution polymerization; (b) from solid state polymerization 

Thermogravimetric analysis (TGA) 
Each of the polymers was analysed thermogravimetrically on the Stanton 

Thermobalance TR01 using a 60 mg 100 mesh powder sample and heating in 
air at 4°C/rain. The temperature at which 10~o weight loss was observed is 
reported in Table 1. The results have been corrected for buoyancy variations. 
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Figure 1 The ammonia evolved during the formation of macrocyclic polymer from: A, 4,4'- 
diaminophenyl ether; B, 4,4'-diaminophenyl methane; C, 2,4-diaminotoluene; D, m- 

phenylene diamine; E, 2,6-diaminotoluene; F, p-phenylene diamine 

Differential thermal analysis ( DTA) 
Differential thermal analyses were made with a Stanton LDTA using 100 

mesh powder samples and heating in air at 10°C/min. The temperature re- 
ported in Table 1 for each polymer is the point at which the exotherm 
attributable to the thermo-oxidative breakdown of the polymer 5 begins. 

Infra-red spectra 
All i.r. spectra were obtained using potassium bromide discs in a Hilger 

and Watts lnfragraph. 

Water absorption 
Macrocyclic polymer derived from pyromellitic tetranitrile and 4,4'-di- 

aminodiphenyl ether (5 g, 100 mesh powder) was dried to constant weight. 
The sample was exposed to air at 23 °C and 60 % relative humidity and weighed 
at intervals. The rate of water absorption is depicted in Figure 2, which also 
shows the curve obtained in the same way for the macrocyclic polymer 
prepared from pyromellitic tetranitrile and 4,4'-diaminodiphenyl methane. 
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[Figure 2 The water absorption of macrocyclic polymer from: A, 
4,4'-diaminodiphenyl methane; and B, 4,4'-diaminodiphenyl ether] 

DISCUSSION A N D  RESU L TS 

Macrocyclic polymers are produced by a two stage process involving re- 
action of diamine and tetranitrile (Figure 3). In the first stage the chain 
structure of the polymer is established by a proton transfer process and 
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concomitant cyclization. The second stage involves two condensation 
reactions which produce the macrocyclic structure. 

Packham and Rackley I have reported that the reaction of pyromellitic 
tetranitrile and 4,4'-diaminodiphenyl ether proceeds rapidly through the 
first stage in 2-methoxyethanol solution. Our studies s show that, whilst the 
solution polymerization is effective in the case of 4,4'diaminodiphenyl ether, 
the first stage reaction of pyromellitic tetranitrile and some other aromatic 
diamines in solution is incomplete. In these cases the i.r. spectra of the fully 
extracted polymers exhibit nitrile absorption bands at 2250cm -x. This 
limitation was overcome by preparing the polymers from solid state reaction 
of the monomers. The products of these reactions did not exhibit nitrile 
absorption in the i.r. spectra (Table 1). 

As may be seen from the photographs of the molecular models (Figure 4) all 
the diamines studied can be expected to form polymers involving macrocycles. 

4,4'-Diaminodiphenyl ether (Figure 4a) and 4,4'-diaminodiphenyl methane 
(Figure 4b) yield open macrocycles with little or no ring strain. These macro- 
cycles are large enough to accommodate molecules of water (shown in 
Figures 4a and b) and absorb atmospheric moisture as shown in Figure 2. 

With m-phenylene diamine (Figure 4c) and 2,4-diaminotoluene (Figure 
4d) the amino groups are ideally disposed (at 90 ° one to another) for ring 
formation so that although the macrocycle is reduced in size all the benzene 
rings are coplanar or very nearly so and ring strain is low. The macrocycles in 
these cases are too small to accommodate water molecules and these polymers 
are not hygroscopic. 

In the case of 2,6-diaminotoluene (Figure 4e) whilst the amino groups are 
ideally disposed the presence of the methyl group prevents the formation of 
a planar macrocycle and the ring strain is greater. 

p-Phenylene diamine also forms a highly strained non-planar macrocycle 
(Figure 4f). 

The ease of ring formation, predicted from model structures is borne out 
by the experimental evidence presented for the completeness of macrocycli- 
zation. The macrocyclization step is a two stage process (Figure 3) and at 
each stage ammonia is evolved. Figure I shows that these two stages are 
identifiable from the evolution of ammonia curves, for these curves exhibit 
two distinct parts. The first part relates to an extremely rapid rate of evolution 
of ammonia from the molten monomers and inflects at near to 1 mole of 
ammonia to a slower rate of evolution from the solid phase. It is likely that 
the rate of ammonia evolution subsequent to the knee is related to the strain 
in the macrocycle for the amount of ammonia evolved during the formation 
of each polymer (Table 2) follows the trend predicted from the molecular 
models. Thus the diamines which form the largest macrocycles, e.g. 4,4'di- 
aminodiphenyl ether, react most completely whilst p-phenylene diamine, 
which yields a highly strained macrocycle, reacts most slowly. Meta-substi- 
tuted diamines exhibit an intermediate reactivity. 

The 10 ~o weight loss temperatures for these polymers are all near to 500°C 
in air and the temperatures at which their degradation exotherms start in 
air lie between 150 and 250°C (Table I). These results suggest that the 
thermal stability of macrocyclic polymer is independent of ring size and 
strain. 
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(a) 4,4'-diaminodiphenyl ether 
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(b) 4,4'diaminodiphenyl methane 

(c) m-phenylenediamine (d) 2,4-diaminotoluene 
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(e) 2,6-diaminotoluene (f)p- phenylenediamine 
Fi~,m'c 4 The model s l ructure  of" macrocyclic polymer  derived f rom the a romat ic  diamine 

s h o w n  
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CONCLUSIONS 

The results demonstrate that the solid state preparation of macrocyclic 
polymers is applicable to a number of aromatic diamines and pyromellitic 
tetranitrile and that the reaction is more complete than can be achieved from 
solution polymerization. 

The completeness of  macrocyclization increases in the order anticipated 
from the ring strain, i.e., in order of decreasing ease of  reaction--4,4'-diamino- 
diphenyl ether; 4,4'-diaminodiphenyl methane >m-phenylenediamine;  2,4- 
diaminotoluene; 2, 6-diaminotoluene >p-phenylenediamine. 
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Solid state transitions #7 z&c(II) 
di-n-alkylphosph&ate polymers 

V. GIANCOTTI, A. RIPAMONTI AND P. A. TEMUSSI 

A study has been made of the reversible solid state transitions in a series of 
eleven zinc(ll) di-n-alkylphosphinate polymers, [Zn(R~PO2).d,,, with R from 
C4 to C18, by means of differential scanning calorimetry and x-ray analysis. 
Wide line n.m.r, measurements have been also made for some compounds. 
The existence of two crystal forms, denoted ,~ and/3, has been established for 
the compounds examined. The results indicate that the a---~/3 polymorphic 

transition is associated with disordering of the hydrocarbon side chains. 

THE STRUCTURE of coordination polymers containing three-atom bridging 
phosphinate groups between tetrahedral metal atoms consists of linear 
chains (structure I), as established by x-ray structural investigations 1 :~ 

R R 

( ) / P ~ O  R~ /R  
/_. . . . /0,  p / 0 ~ .  / P  / t  

--M R / "~R M--O ()--M x 

Since in zinc(ll) and cobalt(H)di-n-alkylphosphinates w~ the triple-bridged 
units of the chain backbone (I) have the top triplet of the oxygen atoms 
rotated with respect to the bottom triplet, two enantiomorphous triple- 
bridged units are possible. A random distribution of these two enantio- 
morphous cages has been found in the crystals of  the copolymer 
{Zn[(n-C.tHg)2PO2][(n-C6H13)2POz] }. (ref. 2) and in the crystalline form of 
{Zn[(n-CaHg)2PO2]2}n, stable at room temperature 1. Below room temp- 
erature {Zn[(n-C4Hg)zPOe]`)}, undergoes a solid state transition. 

The existence of two crystal forms, denoted a and/3, has also been esta- 
blished for the di-n-hexyl and di-n-decyl analogues '). Assuming for the a-form 
an ordered backbone structure, in which all the triple-bridged cages have the 
same conformation, the a-+/3 polymorphic transition has been associated with 
the onset of disorder along the inorganic main chains as a result of  loosening 
of contacts between alkyl side groups. 

In order to obtain more complete information on the solid state tran- 
sition in zinc(II) di-n-alkylphosphinate polymers we have studied a series of 
eleven compounds with alkyl groups from Ca to C18, using differential 
scanning calorimetry and x-ray powder diffraction analysis. The transition 
was also followed in the case of the C5 and Cla compounds, by means of wide 
line n.m.r, measurements. 
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EXPERIMENTAL 

All di-n-aikylphosphinic acids were prepared as described by Kosolapoff 4 
and re-crystallized from n-hexane, ethanol and benzene. 

Zn[(n-CsHtt)2PO2]2 was prepared by the method previously described for 
Zn(n-Bu2PO2)2 and Zn[(n-C6Hlz)2PO,,]~ (ref. 5). All the other zinc di-n- 
alkylphosphinates were prepared by the method previously described for 
Zn[(n-CloH~t)2POz],, (ref. 5). Analytical data are listed in Table 1. Thermo- 

Table 1 Analytical data for [Zn(R2PO.,).z],, 

R Found (%) Calculated (%) YieM (%) 
C H Zn C H Zn 

n-C4H.~ 46'29 8-76 16.50 45.77 8.64 15.57 70 
n-C.~Hll 51.04 9.29 13-43 50.47 9.31 13.73 87 
n-CeHlz 55-02 9.76 11.93 54.18 9.85 12.28 60 
n-CsHl7 60-29 10'53 9-96 59.65 10.63 10'14 92 
n-CgHl9 61-72 10.77 9.14 61.73 10.93 9.33 84 
n-C,jH~t 63-54 11.27 8.59 63.50 11.19 8.64 91 
n-C12H2~ 66-55 I 1.87 7.29 66-36 11-60 7.52 77 
n-Cl4H.z9 69'59 11.73 6.58 68.56 11.92 6.64 91 
n-C15Hal 68-88 12.12 6.69 69-49 12.05 6.30 60 
n-C16H.~3 70.31 12-25 5.59 70.31 12.17 5.98 94 
n-Ct8H.~7 71-35 12.45 5.97 71.74 12.37 5.42 73 

grams were obtained using a Perkin-Elmer DSC-I differential scanning 
calorimeter. The temperature scale was calibrated using the melting tem- 
perature of standard compounds 6. A sample of high purity indium was used as 
standard for calculation of the transition energies. Peak areas were measured 
with a planimeter. Sample weights of the order of 3-7mg gave adequate peak 
areas for solid state transitions. Larger samples (10-20mg) were used to 
measure the heat of fusion. A standard scan rate of 16°C/min. was used for 
heating and cooling runs. 

x-ray powder photographs were recorded at different temperatures with a 
fiat camera and Cu-K~ radiation. 

All n.m.r, measurements were made on polycrystalline samples pressed in 
10mm external diameter sample tubes, using a Varian 16 MHz broad-line 
spectrometer equipped with a V-4540 variable temperature accessory, over 
the temperature range 23-120°C. The temperature of the sample was measur- 
ed by calibrating the dial setting temperatures by means of a copper- 
constantan thermocouple, the junction of which was positioned inside the 
sample. The estimated uncertainty of temperature measurement is :t:3°C. 

RESULTS 

The thermograms of zinc(ll) di-n-alkylphosphinates show endothermic 
peaks corresponding to solid state transitions. Some transitions are compo- 
site transitions in which two or more closely spaced peaks are observed in the 
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R = n-C18H37 

R=n_CleH37 
L 

R=n-C~2H25 
~ _ _ _ _ . - - - - - -  

A 

R-n--Cl:zH2s 

t l l I 1 I 1 I I 
290 310 330 350 370 

Temperoture (K) 
Figure 1 Thermograms of zinc (11) di-n-dodecyl- and di-n-octadecylphosphinate polymer: 

A, first heating; B, heating after several thermal cycles 
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thermograms. The peak shape and resolution are influenced by the heating 
rate and sample size, but the value of the transition energies are well within 
estimated experimental error (---_' 10%). The samples, with the exception of 
di-n-dodecyl and di-n-octadecyl derivatives, could be cycled through the 
solid state transitions with the same thermal behaviour. The thermograms of 
di-n-dodecyl and di-n-octadecyl-phosphinates obtained on first heating and 
after several thermal cycles are shown in Figure 1. The transitions were 
reversible although supercooling of transitions was observed for all com- 
pounds. Furthermore once having passed the melting temperature the 
crystalline phase is not rapidly reformed on cooling. 

The temperatures corresponding to the peaks and the transition energies 
for samples scanned only once are given in Table 2 for both increasing and 
decreasing directions of temperature scan. The different entries for a given 
compound correspond to the different peaks observed. The temperatures of 
the onset of the melting according to the endotherms are also given in Table 2 

Table 2 Temperatures and enthalpies of melting and transition for [Zn(R2PO~)2],, 

Heating Cooling 

R Transition AH* Transition AH* M.p.(K) AH 
(K) (K) fusion* 

n-C4H,~ 273~( 

28U 
n-CsHll 334 
n-Cell13 332 
n-CsH17 272 

337 
n-C9HI9 338 
n-CloH21 330~ 

337 

n-Ct2H25 

341 
343 
327 < 

332 
342 

n-C14H29 328 < 
339 
347.) 

n-ClsHsl 341 ~ 

348] 
7-CleHaa 347 

351.f 
n-C1sHar 340 

349~ 
353] 

264] 443 3.3 
1.5 .~ 1.5 

270 
2.8 307 3.0 421 3.5 
3-6 310 3.7 422 3.1 
2.6 249 1.7 418 3.0 
3-5 320 3.7 
3-9 325 3.6 405 3-0 

314" I 408 3.0 
8-2 318~ 7.7 

328,,I 

310"~ 8"3 406 2"6 

8.8 330] 

31M~ 404 2"8 
13"5 323 15'3 

333.) 
316~ 407 2.4 

17.1 16'7 
334] 
324~ 401 3.1 

21-1 337J 22"2 
323] 383 1-6 

24.0 330~./ 21 '9 

336 |  
/ 

339] 

*Units: kcal/formula unit (1 cal = 4.187 J) 

412 



Z I N C ( I I )  D I - n - A L K Y L P H O S P H I N A T E  P O L Y M E R S  

together with the corresponding energies. It must be noted that the small 
endothermic peaks at about 353K and 393K previously reported" for 
{Zn[(n-C~H9),~POz]z }n could not be observed although samples from several 
preparations were used. 

The x-ray powder spectra recorded below and above the absorption of heat 
indicate the existence of two crystal forms, denoted by a and/3 respectively. 
A further crystal form was observed for the compound with R - n - C s H I 7  

below 272K. The spacings and the intensities of x-ray powder spectra of the 
a- and fl-form are listed in Table 3. 

Figures 2 and 3 depict actual wideline nmr spectra of {Zn[(n-CsH 11)2PO,~]z },~ 
and of {Zn[(n-C14H,~9),~POz]z}n respectively. A single broad component 
can be observed in the ambient temperature spectrum of the compound with 

_j 75°C 

f -  

i I I I 
-15 -10 - 5 0 5 10 15 

Gauss 

Figure 2 Typical wideline n.m.r, spectra of {Zn[(n-f_'sHll}.zPO2]2',,, 
below and above the transition temperature. The amplitudes are 

not on the same scale 
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25' C 

S 

I I 1 1 I 
-15 -10 -5 0 5 10 15 

C~uss 
Figure 3 Typical wideline n.m.r, spectra of {Zn[(n-Cx4Hz.q).~PO2]e},~ 
below and above the transition temperature. The amplitudes are 

not on the same scale 

Cs. The order of  magnitude of the linewidth ( ,~ 4 Gauss) indicates that even 
at this temperature considerable molecular motion is present. By raising the 
temperature, further line-narrowing can be observed. The temperature 
dependence of the linewidth and of the peak amplitude (registered in the same 
conditions throughout) gives sigmoid-type curves from which a transition 
temperature of  326K can be measured, as taken at the inflection point of  the 
curves. 

Two components can be observed in the ambient-temperature spectrum of 
the compound ~ith C14. The broader one has a linewidth of about 8 Gauss, 
the sharper one of about 1 Gauss. At higher temperatures the broad com- 
ponent gradually disappears, merging into the sharp line. The disappearence 
is complete between 333K and 343K. The temperature dependence of the 
linewidth and of the peak amplitude of the sharp component allowed the 
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identification of two transition temperatures respectively at 328K and at 
350 K. 

DISCUSSION 

The x-ray fibre photographs of the a-forms of [Zn(R,~POz)2]n with R := 
n-C~Hg, n-C6Hja or n-C10H2l show an identity period of 9-9A (0.99nm) and 
a strong meridional reflection on the second layer'-', 5. The x-ray structural 
investigation of the copolymer {Zn[(n-C,IH9)zPO2][(n-C6H13)2PO2] }n (ret: 2) 
and of the fl-form of {Zn[(n-C4Hg)2PO2]2}n (ref. 1) indicate that these fea- 
tures are characteristic of a chain structure (!) with aligned tetrahedral metal 
atoms bounded by alternate single and triple bridging phosphinate groups. 
A strong reflection at about 4.9,~ (0-49nm), which corresponds to the separa- 
tion between the planes passing through the phosphorus atoms of the chain 
structure (I), is common to the x-ray powder spectra ofdi-n-alkylphosphinates 
examined. This substantiates the previous conclusion that the backbone 
structure is not influenced by the length of the alkyl side groups 2. 

On the basis of the characteristic features of the x-ray fibre photographs of 
the di-n-butyl, di-n-hexyl and di-n-decyl derivatives in the a-form it was 
postulated that the type of chain (1) with aligned zinc atoms is common to the 
polymorphs a and/3 (ref. 2). Thus it is reasonable to generalize and assume 
that the a->/3 polymorphic transition does not imply a variation of  the basic 
backbone structure, It must be noted that, when the hydrocarbon chain 
length increases, the intensity of the reflection at about 4.9A decreases. This 
may be indicative of an ordered packing of the organic side groups in the 
a-form. In fact the Da symmetry of the triple-bridged cage is such that the 
side chains in the extended zig-zag conformation are directed away from the 
planes normal to the chain axis and passing through the phosphorus atoms. 
Therefore, when the length of the alkyl chains increases, a greater number of 
carbon atoms is opposite in phase to the phosphorus atoms with a consequent 
weakness in the reflection at 4.9/~. On the other hand the different trend of 
the intensity of this reflection in the x-ray spectra of the/3-form may indicate 
that the hydrocarbon chains are flexing and twisting above the transition 
temperature. This view receives support from the increase of the transition 
energies with increase in the hydrocarbon chain length. Furthermore super- 
cooling of transitions suggests that the hydrocarbon chains remain in a 
disordered condition for some time. Freezing-in of disorder could also 
explain the differences sometimes observed between the first and subsequent 
thermograms. 

The narrowing of the wideline n.m.r, spectra above the transition tempera- 
ture gives direct support to the view that the hydrocarbon chains undergo 
molecular motions comparable to those of a liquid. A marked supercooling 
of the transitions of compounds with C5 and C14 was observed also with the 
n.m.r, measurements on following the temperature dependence of the 
linewidths from high to low temperatures. As previously suggested z, at the 
transition temperature the loosening of contacts between hydrocarbon 
chains my be responsible for the change of the inorganic main chains from a 
structure with the triple-bridged cages constrained to a definite conformation 
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to a structure with a random distribution of the two enantiomorphous cages. 
The interpretation that a large amount of flexing and twisting motion of 

the side groups takes place above the transition temperature leads one to 
consider the conformation of the hydrocarbon chains as being similar to that 
of the n-alkanes in the liquid state, despite their being fixed at one end. The 
packing of the inorganic main chains then retains the crystalline character of 
the/~-form. Since on the basis of this model the shielding of the interactions 
between the inorganic main chains is a function of the number of carbon 
atoms in the side groups, a regular trend of the heat of fusion might be 
expected in the homologous series of di-n-alkylphosphinates. However the 
steric hindrance of the alkyl groups in a disordered conformation may 
strongly influence the rigidity and the packing of the inorganic main chain. 
in this respect it is interesting to examine in greater detail the variation of the 
x-ray powder spectra of the /3-form with increase in hydrocarbon chain 
length. 

The crystal structures of the copolymer {Zn[(n-C4Hg)2PO2] 
[(n-C6H13)2PO2] }n ref. 2) and of the/3-form of {Zn[(n-C4H9)2PO~]2 }n (ref. 7) 
are characterized by pairs of closely interlocked parallel chains. In fact they 
are packed so that the triple-bridged cages of one chain fall midway between 
those of the other chain. The length of the alkyl groups in the extended 
zig-zag conformation does not influence this type of packing. However the 
bulkiness of the alkyl groups in a disordered conformation increases with 
increase in the number of carbon atoms. Thus above a certain number of 
carbon atoms the side groups may form a uniform shell around the polymeric 
chains, which can be considered cylindrical in shape. This behaviour is sub- 
stantiated by the x-ray spectra. The x-ray diffraction patterns of the/~-form 
of the compounds with alkyl groups from C14 to Cla are very similar and 
show only four reflections. The first three reflections may be easily indexed 
as reflections of the zero layer of a hexagonal lattice and the fourth reflection 
at 4.9/~ is related to the periodic crowding of atoms along the axis of the 
polymeric chains. Furthermore the variation of the spacings corresponding 
to the first three reflections is in agreement with the packing of cylinders 
whose radius increases with increasing number of carbon atoms. 
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ERRATA 

"The  infra-red spect rum and molecular  s tructure o f  poly(cyclohexane  1,4- 
d imethylene  te rephtha la te )" ,  by T. R. Manley and D. A. Wil l iams,  Polymer 
1971, 12, 2-26. 

The capt ions  for figures 1-7 (pages 4, 5, 6) should  read as fol lows:  

Figure 1 Polarized far infra-red spectra of uniaxially oriented (cold drawn) PCHT, - - -  
electric vector perpendicular to stretching direction; . . . . . .  electric vector parallel to 

stretching direction. 

Figure 2 Polarized far infra-red spectra of uniaxially oriented, heat treated PCHT, - -  
electric vector perpendicular to stretching direction; . . . . . .  electric vector parallel to 

stretching direction. 

Figure 3 Effect of drawing and heat treatment on the far infra-red spectrum of amorphous 
P C H T .  ( . . . . . .  amorphous; - -  1-way drawn and heat treated). 

Figure 4 Effect of cold drawing on the far infra-red spectrum of amorphous PCHT. ( -  
amorphous; . . . . . .  1-way drawn). 

Figure 5 Effect of heat treatment on the far infra-red spectrum of uniaxially oriented 
(cold drawn) PCHT. ( . . . . . .  1-way drawn, non-heat treated; - - - -  I-way drawn heat 

treated). 

Figure 6 Far infra-red spectra of non-heat treated, uniaxially oriented and biaxially oriented 
PCHT. ( - -  l-way drawn; . . . . . .  2-way drawn). 

F~gure 7 Effect of heat treatment on the far infra-red spectrum of biaxially oriented (cold 
drawn) PCHT. ( - -  cold drawn; . . . . . .  heat treated). 

We apologize  for the omiss ions  f rom the captiorts which appeared  in the 
article. 

'Low frequency dielectr ic behav iour  o f  po lyamides '  by M. E. Baird,  G. T. 
G o l d s w o r t h y  and C. J. Creasey,  Polymer 1971, 12, 159-175 

The fol lowing correc t ions  should be made  to  this p a p e r :  

In  Table 1 (page 160) the crysta l l in i ty  for Pip-10 po lyamide  should  read 
'med ium-h igh ' .  

Equat ions  (5) and (9) on page 173 should  read :  

I 3 '] ,s ~r ~r~--ol  = 3  " __q._~_~z " 1  (5) 

O" 1 
r . = :  . . . . .  

e 2x/2 0'354~1 (9) 

We apologize  for these errors .  
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Polymerization of methyl methacrylate 
by metallocenes 

KYOJI KAERIYAMA 

Attempts at polymerizing methacrylate using metallocenes are reported. 
Polymerization is successful using ferrocene in a ketone solution, but not in 
benzene or without a solvent. Ketones are effective in the order: methyl 
ethyl ketone<cyclohexanone<cycloheptanone. Carbon tetrachloride has 
an accelerative effect on the polymerization in benzene and methyl ethyl 
ketone solutions, but no effect in cyclohexanone solution. Some binary systems, 
which consist of ferrocene and higher valence compounds such as cobalt 
trisacetylacetonate, are effective redox initiators. Cobaltocene polymerizes 
methyl methacrylate in the presence of carbon tetrachloride; zirconocene 
dichloride induces polymerization of methyl methacrylate in a cyclo- 
hexanone solution; whereas neither nickelocene nor titanocene dichloride 
are effective. Styrene and acrylonitrile were not polymerized by the metallo- 

cenes examined. 

INTRODUCTION 

MANY studies have been made on metallocenes since the discovery of ferro- 
cene (Cp2Fe, where Cp represents the cyclopentadienyl group). Cp2TiC12 has 
been thoroughly studied as a catalyst for vinyl polymerization and, because it 
is soluble in organic solvents, it is used as a component of a modified Ziegler- 
Nat ta  catalyst. A few workers have attempted to use ferrocene as an initiator 
for vinyl-polymerization. Furukawa and Tsuruta 2 reported that Cp2Fe did 
not induce bulk polymerization of methyl methacrylate (MMA) and styrene. 
Kern, Achon-Samblancat and Schulz a also showed that Cp2Fe did not 
initiate polymerization of styrene in a benzene solution, but that a redox 
system, which consisted of  benzoyl peroxide, benzoin and Cp2Fe, had a 
higher activity than benzoyl peroxide. Bamford and Finch 4 reported that 
Cp2Fe, Cp2VC12 and Cp2TiCl2 did not polymerize MMA in bulk, but that they 
were an initiator for MMA in the presence of carbon tetrachloride and carbon 
tetrabromide. Polymerization which proceeds via a radical intermediate is 
described in the present paper. 

EXPERIMENTAL 

Material 
Commercially available metallocenes were used. Ferrocene was sublimed 

onto a cold finger and zirconocene dichloride was recrystallized f rom a 
toluene solution. The other metallocenes were used without further purifica- 
tion. Cobaltocene was obtained as a solution in a hydrocarbon which was 
used in an atmosphere of  nitrogen. Metal acetylacetonates were of  commercial 
origine (Dotite Reagent), and were used without further purification. Mono- 
mers, benzene, cyclohexanone, carbon tetrachloride and pyridine, were 
dried over molecular sieves (3A) and distilled just before use. 
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Procedure 
The polymerizing mixture (10ml) was placed in a glass tube (volume 25ml).  

After the tube had been degassed by repeated freezing, evacuating and 
thawing, it was sealed off. Polymerizat ion was then carried out  in the dark 
with gentle shaking. The polymer  produced was precipitated in methyl 
alcohol containing a small amount  o f  hydroquinone,  collected on a sintered 
filter and dried in vacuo to a constant  weight. 

RESULTS 

Polymerization Of MMA by C p z F e  
Polymerizat ion was carried out  in a variety o f  solvents. The results are 

shown in Table I and Figure 1. The solvent has a great effect on  the polymer-  

Table 1 Effect of solvents on the polymerization by Cp2Fe (MMA, 
3.0ml; Cp2Fe, 50mg; solvent 7-0ml at 60°C for 20h) 

Solvent Conversion (%) 

cyclohexanone 15.5 
pyridine 3"97 
benzene 0 
ethyl alcohol 0 
caproic aldehyde 16-9 
ethyl acetate 4.26 
cycloheptanone 45-7 
acetic anhydride 3.42 
benzene + acetic acid* 9.12 
MMA 0.71 
cyclohexanone? 0 
cyclohexanone+ + 0 

*6"0ml benzene + l '0ml acetic acid 
tl00mg of DPPH was added 
~. 100mg of benzoquinone was added 

IO 

++ 
f, ~_ 5 

0 --'X -'--8-'-x X'----'~'-~- X i 
0 2 4 6 

Polymerizetion time (h) 

Figure 1 Effect of solvents on polymerization of MMA by CpzFe. 
Cpo.Fe = 50rag; MMA = 3"0ml; solvent = 7'0ml; 60°C. q-, cyclo- 

hexanone; ©, methyl ethyl ketone; A, MMA; ×, benzene 
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ization and conversion was found to be high with ketones, cyclanones being 
particularly good. The effectiveness of ketones increases in the following 
order: methyl ethyl ketone <cyclohexanone < cycloheptanone. The same order 
was also observed in polymerization by manganese trisacetylacetonate 5. 
The absorption spectra of the chelate in cyclohexanone and benzene were 
identical. Coordination of the carbonyl group to the metal of the chelate in an 
activated state is probably important, however, since the order of effectiveness 
of ketones is the same as the order observed for the shift in the O--D stretch- 
ing vibration of monodeuterated methanol in solutions of the ketones. The 
interpretation can also be true in the case of Cp2Fe. Although absorption 
spectra of Cp2Fe in cyclohexanone were identical with those in benzene, the 
carbonyl group of cyclanones coordinates to the central metal atom of Cp2Fe 
in an activated state which leads to the generation of initiating radical. 

Dutt and Palit 8 have stated that a combination of ketone and zinc chloride 
in a 1:1 molar ratio is an initiator of polymerization and that the initiating 
power is more pronounced with the higher members of the series. The be- 
haviour of the ZnCl2-ketone system is similar to that of the Cp2Fe-ketone 
system, but ZnC12 differs from Cp2Fe in that the complex of ZnCI2 with a 
carbonyl compound can be isolated and characterized. 

The base pyridine, which has a large effect on the polymerization by man- 
ganese trisacetylacetonate, shows a small effect with Cp2Fe. Acetic acid has 
an appreciable effect. Although Cp2Fe is stable, a small amount of CpzFe 
may be decomposed by the acid to form an initiating radical- probably 
cyclopentadienyl radical. It is noticeable that polymerization is not induced 
either in a benzene solution or in the absence of solvent. N,N-Diphenyl-N- 
picryl hydrazyl and benzoquinone inhibit the polymerization, which must 
therefore, proceed via a radical intermediate. 

Carbon tetrachloride is known to have a large effect on polymerization by 
metallic compounds. In many cases, trichloromethyl radical is assumed to be 
an initiating radical. Bamford and Finch 4 have reported that CC14 accelerates 
bulk polymerization of MMA by Cp2Fe. Table 2 shows the result of poly- 
merization in a benzene solution. The carbon tetrachloride-Cp2Fe system 
initiates the polymerization of MMA. The addition of a small amount of 
cyclohexanone increases the effect of carbon tetrachloride. 

Table 2 Effect of CC14 on polymerization by Cp2Fe (50mg Cp2Fe at 60°C for 20h) 

MMA CCh Benzene Cyclohexanone Conversion 
(ml) (ml) (rot) (ml) (%) 

3'0 - -  7"0 0 
3"0 0"7 6.3 5"08 
5"0 - -  5'0 0'5 5"17 
5"0 0"5 5'0 6"62 
5"0 0'5 5"0 0"5 18"7 
4'0 0"03 6"0 0'59 
4"0 0"1 5'9 1"18 
4'0 0"3 5.7 13'3 
4'0 0"8 5.2 13'6 
4-0 1"4 4-6 2'24 
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Figure 2 shows the effect of CC14 in ketone solutions. It has no effect on 
polymerization in cyclohexanone solution; the time--conversion curves for 
polymerization in the presence and absence of CC14 coincide. The result is 
quite different from that obtained for a benzene solution. Addition of carbon 
tetrachloride to the methyl ethyl ketone solution, on the other hand, produces 
a marked acceleration in the polymerization by Cp2Fe. The behaviour of 
CC14 can be interpreted in terms of strong nucleophilicity of cyclohexanone. 
The O - - D  stretching vibration of a solution of CH3OD in cyclohexanone is 
shifted by 99cm -1 to a lower wave number compared with a solution in carbon 

IO 

A /  

= + 

,3 
02 

O 
o 

~x ~x 

G i i 
O 2 4 6 

Polyrnerizotion time (h} 

Figure 2 Effect of CC14 on polymerization of MMA by Cp2Fe. Cp2Fe 
--50rag; MMA = 3.0ml; 60°C. + ,  cyclohexanone; O, cyclo- 
hexanone (6.3ml) + CC14 (0.Tml); x ,  methyl ethyl ketone; ~ ,  

methyl ethyl ketone (6.3m]) ÷ CCI4(0.?ml) 

tetrachloride 7. In the presence of a large amount of such a strong nucleophile 
as cyclohexanone, the weak nucleophile, carbon tetrachloride, cannot interact 
with Cp2Fe in an activated state. This is the reason why CC14 has no effect on 
polymerization in a cyclohexanone solution. 

MMA is polymerized by binary systems, which are composed of Cp2Fe 
and other compounds with a higher valence. Some of them are effective 
additives for ferrocene. Some results are shown in Table 3. Aromatic nitro- 
compounds, which are known as rr-acceptors, have no activity for poly- 
merization in benzene, although some of them form complexes with Cp2Fe as 
shown by a colour change of solutions. Aromatic nitro-compounds have been 
shown to retard polymerization of styrene s, but to have little effect on MMA 9. 
Pyromellitic anhydride has no appreciable effect in a dimethyl sulphoxide 
solution. Although ceric ammonium nitrate initiates the polymerization, 
ceric sulphate does not produce poly(MMA). It is clear that both of them 
oxidize Cp2Fe, because the blue colour of ferricinium cation appears on the 
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Table 3 Polymerization by Cp2Fe and additives (MMA, 3-0ml; additive, 50rag; benzene, 
7"0ml at 60°C for 3-0h) 

Cp2Fe Additive Conversion 
(rag) (%) 

50 - -  0 
- -  Coacac3* 1"42 
50 Coacac3 2'70 
- -  TiOacac2 1-93 
50 TiOacac2 3-11 
- -  CAN? 0 
50 CAN? 3'15 
- -  Feacac3 0 
50 Feacac3 1.25 

*acac = aeety laeetonyl  l igand 
tCeric  a m m o n i u m  nitrate (131 mg) 

surface o f  the solid salts. I t  mus t  be impor t an t  for  addi t ives  to  l iberate  an  
in i t ia t ing radical  on  reduct ion.  M o l y b d e n u m  (VI) dioxy-bisacetylacetonate 
does  no t  po lymer ize  MMA even in the presence o f  Cp2Fe. 

Polymerization by various metallocenes 
Table 4 shows the resul ts  o f  po lymer iz ing  t, iMA using metal locenes  o ther  

than  Cp2Fe. Ti tanocene  dichlor ide,  which is used as one componen t  o f  a 

Table 4 Polymerization of MMA by metaUocenes other than Cp~Fe (MMA, 3-0m at 
60°C for 20h) 

Metallocene Solvent Additive Conversion 
type wt (mg) type vol (ml) type vol (ml) (~ )  

Cp2TiCI2 50 C6H6 7"0 3' 13 
Cp2TiC12 50 C6H6 6"5 CC14 0"5 3"11 
Cp2TiCI2 50 C6H100 7"0 3'50 
Cp2TiCI~ 50 C6H6 6"5 pyridine 0.5 2.40 
Cp2Co 28 C6H6" 7-0 0 
Cp2Co 28 C6H6" 6"5 CC14 0'5 39"8 
Cp2Co 28 CBH100 5"0 C6H6" 2"0 0 
Cp~Ni 50 C6H6 7"0 0 
Cp2Ni 50 C6H6 6"3 CC14 0'7 0 
Cp2Ni 50 C6HloO 7"0 0 
Cp2ZrCI2 50 C6H6 7.0 1 "73 
Cp~ZrC12 50 C6H6 6.3 CC14 0"7 0.20 
Cp~ZrCI~ 50 C6HloO 7'0 13'1 
Cp2ZrC12 50 C6H6 6"5 pyridine 0.5 1.95 

C6H6 = benzene; CeI-Ix00 = cyclohexanone 
*Containing a small amount o f  hydrocarbon 

modif ied  Z ieg le r -Na t t a  catalyst ,  shows litt le act ivi ty in the  po lymer iza t ion  o f  
MMA. Coba l tocene  does  no t  induce po lymer iza t ion  in cyc lohexanone  and  
benzene solut ions,  bu t  i t  does  ini t iate  the  po lymer i za t ion  o f  MMA in the 
presence o f  c a rbon  te t rachlor ide .  Coba l tocene  is more  active than  Cp2Fe. 
The  high act ivi ty  o f  Cp2Co is expla ined in te rms o f  the 18 e lec t ron rule, as 
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described later. Nickelocene produces no polymer at all. Furukawa and 
Tsuruta 2 showed that Cp.~Ni inhibited polymerization of MMA and styrene. 
Zirconocene dichloride does not induce polymerization of MMA in a benzene 
solution and in the presence of carbon tetrachloride, but it initiates poly- 
merization Of MMA in a cyclohexanone solution. Zirconocene dichloride has an 
interesting effect on cationic polymerization. 

Binary mixtures, which consisted of equimolar mixtures of Cp2Fe and 
CpzTiClz or Cp2ZrCI2, were examined for polymerizing MMA in cyclohexanone 
and benzene solutions and styrene in a benzene solution. Conversions of  
monomers by binary mixtures are lower than those by a single metallocene. 

Attempts were made to polymerize styrene using various metallocenes but 
conversion of styrene was found to be much lower than that of MMA. Because 
styrene polymerization is not terminated by Cp2Fe as described later, the 

Table 

Metalloeene 
type wt (rag) 

5 Polymerization of styrene (5"0 ml styrene at 60°C for 20h) 

Solvent Additive Conversion 
type vol (ml) type vol (ml) (~) 

Cp2Fe 50 Cd-ta 5"0 0.37 
Cp2Fe 50 C6Hl00 5.0 1.59 
Cp2Fe 50 C6H6 4.5 CC14 0-5 0.26 
Cp2ZrCI2 50 C6H6 5.0 0 
Cp2ZrCI~ 50 C6HloO 5.0 0"16 
Cp2ZrCI2 50 C6H6 4'5 pyridine 0.5 1.89 
Cp2TiC12 50 C~H6 5.0 0.53 
CpzTiCl,z 50 C6HloO 5.0 0.94 
Cp2TiCI2 50 C6H6 4.5 pyridine 0.5 3'05 
Cp2Co 20 C6H6" 4"5 0 
Cp2Co 20 C6HloO 3"0 C6H~* 1 "5 0 

C6H6 = benzene; C6HloO = cyclohexanone 
*Containing a small amount of hydrocarbon 

initiation reaction does not take place. Styrene is not polymerized by either 
the CpzFe/cyclohexanone or CpzZrC12/cyclohexanone systems, which do 
polymerize MMA. Styrene is also not polymerized by Cp2Fe/carbon-tetrachlor- 
ide. Some systems, which contain carbon tetrachloride as a component, 
polymerize MMA, but do not initiate polymerization of styrene. The carbon- 
tetrachloride/acetamide system 10, for example, polymerizes MMA and methyl 
acrylate to conversions of  32.8% and 61.2%, respectively. Conversion of 
styrene is 3.5% under the same conditions. Pyridine has a small effect on 
Cp2TiClz and CpzZrCl2. 

Polymerization of acrylonitrile is not induced by Cp2Fe/cyclohexanone or 
Cp2ZrC12/cyclohexanone and Cp2Fe/CC14 systems. Titanocene dichloride has 
a very low activity for acrylonitrile in cyclohexanone. The inactivity of  
metallocenes for acrylonitrile is unexpected, because, like MMA, acrylonitrile 
is polymerized by metal-containing initiators. Manganese trisacetylaceton- 
ate, in the presence of a suitable electron donor, polymerizes acrylonitrile 
bettm than it polymerizes MMA 11. The manganese-trisacetylacetonate/  
cyclohexanone system s and the zinc-chloride/dihydrocivetone system 6 
polymerize acrylonitrile as well as MMA. 
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D I S C U S S I O N  

Cp2Fe and Cp2Co initiate the polymerization of MMA in the presence of 
carbon tetrachloride. This can be interpreted as follows: 

CC14 + Cp2Me Cp2Me + C1- + "CC13 

• CCI 3 

H CH 3 H CH~ 
X / X / 

+ / C : C \  CI~C--C--C~ 

H CO H CO 
/ / 

O O 
\ \ 
CH 3 CH 3 

Cp2Me reacts with carbon tetrachloride to produce trichloromethyl radical, 
which in turn initiates polymerization of MMA. Bamford and Finch 4 have also 
suggested the same reactions. 

The ferrocene/carbon-tetrachloride system polymerizes MMA, but does not 
induce polymerization of styrene and acrylonitrile. Because carbon tetra- 
chloride is a chain transfer agent for styrene and acrylonitrile as well as for 
MMA, the trichloromethyl radical can be assumed to initiate the poly- 
merization of  MMA and also styrene and acrylonitrile, if the radical is 
actually produced. This means that the initiation reaction does not consist of 
two separate reactions as in the above equations, but that it is a one step 
reaction involving Cp2Fe, carbon tetrachloride and the monomer. 

High reactivity of cobaltocene in the presence of carbon tetrachloride can 
also be explained by the above equations. The cobaltocium cation (Cpz- 
Co + ) produced fits the 18 electron rule and is stable. This promotes the 
initiation reaction. The following reaction has been studied t3, 14. 

2 Co + CC14 Co + C1 

Both products have been isolated. In the presence of MMA, trichloromethyl 
radical reacts with the monomer instead of CpzCo. 

In the case of metal acetylacetonate, the central metal ion is reduced to 
liberate the acetylacetonyl radical, which in turn initiates polymerization. 
Cobalt trisacetylacetonate, for example, produce an initiating radical as in 
the following reaction scheme: 

CH 3 CH3 / / 
O--~C {)--~C 

/ X x 
acac2C o _CH CH • X 0 / /  acac 2C° + / 

- -  O - - C  

XCH3 XCtt3 
428 



POLYMERIZATION OF MMA BY METALLOCENES 

It is reasonable to suppose that the reductant Cp2Fe accelerates the reaction. 
Additives to Cp2Fe must have an appropriate oxidizing power, and must not 
react with Cp2Fe too quickly. Furukawa and Tsuruta 2 have shown that the 
Cp2Fe/benzoyl-peroxide system gives lower conversions than benzoyl 
peroxide alone, because the peroxide reacts with Cp2Fe too quickly to supply 
radicals for initiation of polymerization. Ceric ammonium nitrite is a very 
strong oxidant, but because it does not dissolve in benzene and reaction takes 
place only on the surface of the solid salt, it can be an effective additive. The 
inner part of the complex salt remains yellow during reaction, although the 
blue ferricinium cation forms on the surface. 

In a previous paper, it was shown that the ceric ion terminates poly- 
merization of styrene in a benzene solution, but not in the presence of 
cyclohexanonO 2. Ferroce~e does not polymerize either MMA or styrene in 
benzene. To see whether Cp2Fe terminates polymerization, its effect on 
polymerization by azo-bisisobutyronitrile has been studied. The results 
given in Table 6 show no effect. Obviously Cp2Fe does not terminate the 

Table 6 Effect of Cp2Fe on the polymerization by azo-/Hsisobutyronitrile (AIBN) (styrene' 
5.0 ml; MMA, 3"0 ml; monomer + solvent, I0 ml at 60'~C. 

Monomer Soh'ent AIBN CpzFe Polym. time Conversion 
(mg) (rag) (h) (%) 

styrene C6H6 37"8 50 5"0 17"0 
styrene C6H6 37.8 --  5.0 16.9 
styrene C6H100 41.3 50 5.0 20.2 
styrene C6H100 41.3 - -  5.0 20"2 
MMA C6H6 35"0 50 3"0 38'9 
MMA C6H6 35.0 - -  3.0 39.1 

C6H6 : benzene; C6HaoO : cyclohexanone 

polymerization of MMA and styrene, which implies that Cp2Fe does not 
initiate the polymerization of MMA in benzene, and styrene in benzene and 
cyclohexanone, and that the CpzFe/CCI4 system does not induce polymeriza- 
tion of styrene. 

In the case of polymerization in a ketone solution, coordination of the 
carbonyl group to the central metal is important, but at present the reaction 
is not fully understood. 

ACKNOWLEDGEMENT 

The author is grateful to Dr M. Suzuki, Dr A. Okada and Mr Y. Shimura 
for his interest and encouragement during this work. 

Research Institute for Polymers and Textiles, 
Sawatari, Kanagawaku, 
Yokohama, Japan 

429 

(Received 21 July 1970) 
(Revised 13 April 1971) 



KYOJI KAERIYAMA 

REFERENCES 

1 For example: 
Breslow, D. S. and Newburg, N. R. J. ,4mer. Chem. Soc. 1959, 81, 81 
Olive, G. H. and Olive, S. Makromol. Chem. 1969, 121, 70 
Reichert, K. H. and Berthold, J. Makromol. Chem. 1969, 124, 103 

2 Furukawa, J. and Tsuruta, T. Kogyo Kagaku Zasshi 1957, 60, 802 
3 Kern, W. Achon-Samblancat, M.-A. and Schulz, R. C. Monatsh. 1957, 88, 763 
4 Bamford, C. H. and Finch, C. A. Z. Naturforsch 1962, 176, 500 
5 Kaeriyama, K. Bull. Chem. Soc. Japan 1970, 43, 1511 
6 Dutt, P. K. and Palit, S. R. J. Polym. Sci. (A- l )  1970, 8, 15 
7 Tamres, M. and Searles, S. J. Amer. Chem. Soc. 1959, 81, 2100 
8 Price, C. C. and Durham, P. A. J. Amer. Chem. Soc. 1943, 65, 757 
9 Kice, K. J. J. J. Amer. Chem. Soc. 1954, 76, 6274 

10 Kaeriyama, K. Bull. Chem. Soc. Japan 1969, 42, 3602 
11 Bamford, C. H. and Ferrar, A. N. Chem. Comm. 1970, p 315 
12 Kaeriyama, K. Polymer, Lond. 1969, 10, 11 
13 Katz, S. Weiher, J. F. and Voigt, A. F. J. Amer. Chem. Soc. 1958, 80, 6459 
14 Green, N. L. H. Pratt, L. and Wilkinson, G. J. Chem. Soc. 1959, p 3753 

430 



The electroinitiated polymerization 
of styrene." Part 1 

B. M. T1DSWELL and A. G. DOUGHTY* 

Electrolysis of a solution of styrene and sodium borofluoride in sulpholane 
gives rise to low molecular weight polystyrene at the anode. The polymeriz- 
ation occurs by a cationic mechanism initiated by electrolytically produced 
boron trifluoride co-catalysed by either hydrogen fluoride and/or water. 
Kinetics in a single compartment cell and a divided compartment cell show 
differences. Acceleration occurs in the anode compartment of the divided cell 
with current efficiencies higher than those observed in the single cell. This is 
ascribed to the presence of an electrolytic termination reaction occurring 

in the single cell. 

THE PASSAGE of an electric current through a conducting solution containing 
an electrolyte and monomer  in order to produce polymer has been the 
subject of  several papers over the last few years most of  which have been 
reviewed extensively 1-4. From this work it is obvious that transient species 
generated at the electrodes initiate polymerization which may be ionic or 
radical in character or possibly a mixture of both. 

The aim of the present study was to use an electrolyte capable of  producing 
differen~ species which were able to initiate polymerization by either cationic 
or anionic mechanisms depending on the supporting solvent. For this 
purpose sodium borofluoride was used, which by virtue of  the BF 4 ions 
discharged at the anode could possibly give rise to cationic polymerization. 
Funt and Gray 5 have postulated that discharge of the BF 4 ion during the 
electrolysis of  tetrabutyl ammonium borofluoride initiates cationic poly- 
merization as a result of  the formation of BFa. On the other hand, Na + ions 
discharged at the cathode could give rise to anionic polymerization by direct 
or indirect electron transfer through the formation of a radical anion 4. 

This paper describes the cationic polymerization of styrene whilst Part  2 
will describe anionic polymerization. 

EXPERIMENTAL 

The solvents used were N,N-dimethyl formamide, DMF, (British Drug 
Houses Ltd), N,N-dimethyl acetamide, DMA, (BDH Ltd), dimethyl sulphox- 
ide, DMSO, (Koch-Light L t d ) a n d  sulpholane, tetrahydrothiophene-l , l-  
dioxide (Koch-Light Ltd). Sulpholane was stirred over sodium hydroxide 
pellets until no colour developed with concentrated sulphuric acid. Otherwise 
all solvents were then purified by refluxing over calcium hydride for six 
hours under an atmosphere of  argon. Benzene (10~o volume), previously 
rigorously dried, was used to azeotrope residual moisture. The remaining 

* Present address ISR Ltd. Southampton, UK 
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benzene was then distilled off under argon at atmospheric pressure, and a 
middle fraction of solvent collected under argon at reduced pressure. 

The electrolyte, sodium borofluoride (Hopkin and Williams Ltd), was 
recrystallized from distilled water, filtered and dried under vacuum at 200°C. 

Argon was purified according to the method described by Funt 6. 
Monomers -s ty rene  (BDH Ltd), acrylonitrile (BDH L td )an d  2-chloro- 

ethylvinylether (Koch Light Ltd) were purified according to standard 
techniques 7. 

Apparatus and techniques 
Electrolysis was carried out at constant temperature and under an inert 

atmosphere by bubbling purified argon through the reaction mixture using 
both single and divided cells. In the latter the anode and cathode compart- 
ments were separated by a sintered glass filter as described previously 8. 
The electrodes in all cases were platinum foil (area 1 cm2), and a constant 
current (1-50 mA) was supplied from a type 1D 50/500 constant current 
unit (Sandmar Electronic Products Ltd, Manchester). In all cases the initial 
concentration of NaBF4 was 0.05 M. Because of gaseous products evolved 
at the electrodes dilatometric techniques could not be used and, instead, the 
polymers produced were precipitated into ice cold methanol, filtered, washed 
and dried under vacuum to constant weight. 

Molecular weights were determined using a Mechrotab vapour pressure 
osmometer at 37°C with benzene as solvent. 

RESULTS A N D  D I S C U S S I O N  

Preliminary experiments showed that, in the divided cell, polymerization of 
styrene occurs in the cathode compartment when using DMA and to a lesser 
extent when using D~SO and DMF. On the other hand, with sulpholane as 
solvent, polymerization occurs almost entirely in the anode compartment. 
Pre-electrolysis prior to addition of monomer does not alter the position 
except for a slight increase in yield in the anode compartment when using 
sulpholane. 

In view of the different paths of polymerization in DMA and sulpholane 
copolymerization studies were carried out in these solvents in an attempt 
to elucidate the general mechanism of polymerization and the results analysed 
according to the method of Finemann and Ross 9. 

Comparison, where possible, was made with literature values (Table 1). 
From this it is reasonable to assume that in sulpholane the reaction proceeds 
via a cationic mechanism, whilst in DMA the reaction is anionic. 

The remainder of this paper will be entirely concerned with the poly- 
merization of styrene in sulpholane. 

The use of discriminant additives to substantiate the cationic mechanism 
leaves much to be desired, p-Benzoquinone has little effect on the system 
initially suggesting the absence of a free radical component. The use of 
diphenyl dipicryl hydrazyl (DPPH) produces some very interesting results. 
Electrolysis in the presence of styrene and DPPH gives rise to a decrease in 
yield, the magnitude of which depends on the concentration of DPPH, but 
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no inhibition period is observed. Electrolysis in the absence of monomer 
shows a decoloration of the DPPH which may be followed quantitatively as 
a decrease in the 528 m~ absorption peak with time. These results suggest 
radical activity between possibly BF4. or F. radicals with the DPPH. 

M o n o m e r s i  
s ty rene  ( M O  
2 - c h l o r o e t h y l v i n y l e t h e r  (M~) 
E lec t ro lys i s  10 m A  
at  30°C in s u l p h o l a n e  

rl  - -  0"9 
r2 --  35 

C a t a l y s t  : B F 3 ( C 2 H D z O  
25°C in p y r i d i n e  

r t  ~- 0.11 
r2 --  24 

( B r o w n  a n d  Peppe r )  I° 

Table 1 C o p o l y m e r i z a t i o n  s tud ies  

M o n o m e r s :  
styrene (M1) 
acrylonitrile (MD 
Electrolysis 40 mA 
at 25°C in N,N-dimethyl acetamide 

rl 0"4 
r2 = 14.2 

Catalyst: n-butyl lithium, 
12°C in iso-octane 
r l -  0-2 
r2 = 14 

( Z u t t y  a n d  W e l c h )  'a 

However, if BF8 gas is bubbled into sulpholane a definite 1 : 1 complex is 
produced in the form of a white crystalline solid which is relatively hydro- 
scopic and unstable. A solution of this complex in sulpholane, giving a 
concentration of BFs similar to that obtained on electrolysis, produces a 
similar decoloration of the DPPH which cannot be related to free radical 
reactivity. In fact BFs (C2H5)20 complex in 1,2-dichloroethane behaves 
similarly, suggesting that DPPH must be used with care when used as a dis- 
criminator for cationic mechanisms. All the systems mentioned were exa- 
mined by e.s.r., the spectra in all cases showed complete quenching of the 
radical signal of  the DPPH. 

From these results it is apparent that a complex system develops during 
electrolysis as detailed in Figure 1. Elemental analysis of  the polymer pro- 
duced allows certain alternatives to be eliminated. No boron or fluorine is 
found in combination with the polymer, eliminating the possible initiation by 
BF4 • and F. radicals. However, mass spectroscopic studies of  the solvent 
following electrolysis indicate a parent peak at M/e -- 138 which corresponds 
to a monofluorinated sulpholane. 

Qualitative tests using turmeric a2 carried out on the anolyte, in the absence 
of monomer,  following electrolysis showed the presence of BF~. Both calcium 
chloride gelation la and the decoloration of zirconium alizinarate complex 14 
indicate the presence of HF. 

Analysis of  the reaction mixture using the Karl Fisher technique indicated 
the presence of up to 2mmol/1 moisture which could result in the formation 
of the BFs(H20)2 complex. Addition of further moisture in the range 1-50 
mmol/1 causes a progressive decrease in the initial rate of  polymerization. 
Application of vacuum techniques similar to those developed by Funt 6, 
in an attempt to eliminate moisture also causes a decrease in the initial rate 
of  polymerization. Similar results were obtained by Clark is in the poly- 
merization of styrene using BFa(H20)2 complex as catalyst but in this case 
the polymerization was completely arrested on drying. In the present work 
HF produced during the reaction may also be acting as co-catalyst. 
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Anode 1 BF~ - e- 

monomer + H20 
polymer 

and/or HF 

BF3/sulpholane 
complex 

monomer 

polymer 

monomer 
L BF2. ~ polymer 

BF 3 + F" 

,% 

H' + O / / ~ O  i O I F' F F' 

HF ~ F  

O 
Figure 1 Possible reaction scheme as a result of the 

anodic discharge of the borofluoride ion. 

It  is interesting to note that electrolysis in the absence of monomer  followed 
by subsequent addition of the anolyte to styrene initiates the polymerization 
several weeks after the electrolysis was performed suggesting the production 
of BFa or a complex of BFa. Table 2 illustrates the similarity of  the poly- 

Table 2 Polystyrene formed by various methods in sulpholane at 30°C 

Method DPn Conversion (%) 

Electrolysis for 1 hour at 30 mA in 
divided cell (anode) together with 
2M styrene/NaBFa/sulpholane 24 
Electrolysis for 1 hour at 30 mA 
NaBF4/sulpholane, Anolyte added to 
2M styrene in sulpholane 26 
BFa/sulpholane complex (0.2102 g) 
added to 2M styrene in sulpholane, 
(50 ml) 29 

88'1 

77.4 

67.3 

merization by three methods: electrolysis in the presence of styrene, electro- 
lysis in the absence of monomer  followed by subsequent addition of the 
anolyte to monomer,  and finally polymerization using the BFz/sulpholane 
complex dissolved in sulpholane. 

These results demonstrate that  on electrolysis of  a sulpholane/NaBF4/ 
styrene solution, the styrene polymerizes cationically as a result of  the for- 
mation of  BFa, the reaction being catalysed by H~O and/or HF. 

Figure 2 shows conversion/time curves obtained at several currents using 
a single cell. Values of  the initial slopes of  these curves, expressed as initial 
rate plotted against current, show a linear relationship with a slope of unity 
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indicating a first order dependence on current (Figure 3). At the lower 
currents slight inhibition is evident which may be due to the electrolysis of 
impurities. Figure 4, illustrates conversion/time curves over a ten fold range 
of monomer concentration whilst maintaining the current constant at 10 mA. 

E 

'~ -10 

® g 
0mA ~ 

~" s g 
o lOmA ( j  
Q. 

"6 
-q 
.~_ 
>-  

0 = 0 
0 1 2 3 4 5 

T ime  (h) 

Figure 2 The formation of polystyrene with time at various currents 
for 2M styrene in sulpholane/NaBF4 in the single cell 

Slight upward curvature of the plots is evident at the higher concentrations 
indicating possible slight acceleration of the reaction. The initial slopes of 
these curves again expressed as initial rates plotted against the square of the 
monomer concentration give a linear relationship as shown in Figure 5, 
indicating a second order dependence on monomer concentration. Kinetic 
analysis of data obtained from protracted electrolysis to higher conversions 
substantiated this hypothesis. 

When using the divided cell with systems otherwise identical to those used 
previously much higher conversions are observed together with considerable 
acceleration at all currents increasing with increasing current (Figure 6). 
However, taking the initial slopes of these curves as being representative of a 
steady state condition, when plotted against current give a linear first order 
relationship (Figure 3). Again when the monomel concentration is varied, 
at a constant current, acceleration occurs and increases with increasing 
monomer concentration (Figure 7). The initial slopes of these curves are 
proportional to the square of the monomer concentration as in the case of 
the single cell (Figure 5). 

In the case of the divided cell post-polymerization effects are observed, 
polymerization continuing after cessation of electrolysis. The magnitude of 
the effect depending not only on the quantity of current passed but on the 
rate of electrolysis. The effect is greater, for example, after passing 30 mA for 
one hour than l0 mA for 3 hours (Figure 8). 

From these results it would appear that in the anode compartment of the 
divided cell there is a continuous production of active catalyst which gives 
rise to an acceleration of the rate of polymerization and which is capable of 
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some further initiation after electrolysis has ceased. On the other hand, in 
the single cell, destruction of a similar catalyst is brought about by the 
presence in the same compartment of either the cathode or cathodically 
produced products. 

Divided ceil. (anode] 

- o ~  I I I 

10 mA 

0 B 16 2/+ 

r.styrene] 2 (mo[ t-1 )2 

Figure 5 Dependence  of  initial rate of  e lectropolymerizat ion of  
styrene on the  square  o f  the  initial m o n o m e r  concent ra t ion  in 

su lpho lane /NaBF4 

The degree of polymerization of the polymers produced at low conversions 
is relatively low even over a tenfold change in monomer concentration: 

single cell 

anode compartment 
divided cell 

0.5-5.0 M styrene, DPn -- 13-9 

0.5-5.0 M styrene, DPn = 20-25 

It would appear therefore that considerable chain transfer to monomer is 
taking place as is indicated by the presence, in the i.r. spectra of the polymer, 
of the weak absorption band at 965 cm -1 which has been assigned to an out 
of plane deformation of a trans double bond at the end of a polymer chain 16. 
Application of  the Mayo equation 17 to results shows a linear relationship 
between 1/DPn and I/(monomer) in the case of the divided cell from which 
values of km/kp = 0"034 and kt/kp = 0.0175 are obtained (kin, k~, kt being 
the rate constants for transfer to monomer, propagation and spontaneous 
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termination, respectively). These are similar to other values reported for 
styrene, za 

In the case of the single cell the variation of molecular weight with mono- 
mer concentration is difficult to interpret. This may be due to the presence of 
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Figure 6 The formation of polystyrene with time at various currents 
for 2M styrene in sulpholane/NaBF4 at the anode of the divided cell 

important termination mechanisms other than transfer to monomer. Figure 9 
shows how, after prolonged electrolysis, the percentage conversion is quite 
love in the case of the single cell whilst in the divided cell the conversion 
calculated for the half cell is quite high, and approaches 100 ~o at the higher 
monomer concentrations. 

From a knowledge of the yield of polymer and the number of  Faradays 
passed the current efficiency (CE), the number of moles of monomer poly- 
merized per Faraday, can be calculated. Again in the case of the single cell 
the efficiency is low whilst in the case of the divided cell the efficiency ap- 
proaches the theoretical, especially at higher monomer concentration. 

By dividing the current efficiency by the average degree of polymerization 
of the polymer the number of molecules of polymer produced per electrical 
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Table 3 Electropolymerization of styrene sulpholane/NaBF4 

Styrene YieM Conversion Current Molecules 
(mol) (g) (%) efficiency polymer/ 

(tool/Farad) electrical 
event 

J 

Single cell (7h, 50 mA, DPn ~ 12) 
0'5 0"0531 1.02 0-04 0.003 
1 '0 0.4441 4"3 0"3 0.03 
2.0 2"4535 11 '8 1.8 0.1 
3-0 9.6443 30.9 7-1 0.6 
4'0 18'1608 43"6 13.4 1.1 
5.0 25.7524 49.5 18.9 1 '6 

J 

Divided cell (anode compartment) (lh, 30 mA, DPn = 25) 
0"5 1.3002 49"9 11 "0 0"4 
1"0 3"4566 66"4 29.7 1"2 
2"0 9.1731 88"1 78"7 3'2 
3'0 14"2106 91"0 121 "9 4.9 
4'0 19"3545 93'0 166"1 6"6 
5.0 25.4001 97.3 218-1 8'7 

event is obtained. As can be seen in Table 3, in the case of  the divided cell 
at the highest concentration some eight polymer molecules are produced for 
each individual electrical event indicating considerable chain transfer. At 
the lowest concentration, there appears to be no transfer, the initiation is 
apparently quite efficient, approaching 50 ~o. In the case of the single cell, at 
the lowest concentration, the value is extremely low increasing to 1.58 at the 
highest concentration. In view of the low value at the low concentration it 
would appear that at the highest concentration there could be some chain 
transfers taking place. 

The lower yield, current efficiencies and molecular weights of the polymers 
produced in the single cell may be due to the presence of additional termina- 
tion steps which are absent in the divided cell. The presence of the cathode in 
the single cell could either remove growing carbonium ions by electrolysis 
or produce negatively charged species capable of  reaction with the propa-  
gating carbonium ions. In the former case proton expulsion from the chain 
may occur: ÷ 

~-CH2--CoH~ + e - ~ , C H ~ C H C o H 5  + H- 

In the latter case reaction of cathodically discharged sodium with the 
sulpholane may lead to products capable of  chain termination. Analysis for 
sulphur in the polymer indicates that at the most  only one sulphur a tom per 
12 polymer chains is available. 

It  is apparent f rom these results that  some type of electrolytic termination 
process is active in the single cell. Thus DPn may be expressed as: 

DPn = R~/(Rm + Rt + Re) (1) 

where .R~, Rm, Rt  and Re are the rates of  propagation, transfer to monomer,  
spontaneous termination and electrolyte termination, respectively; 
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Figure 9 Variation in current efficiency and percentage conversion 
with initial monomer concentration in sulpholane/NaBF4 

where Rp = kp[Mn +] .  [M] (2) 

Rm = k m [ M n + ] .  [M] (3) 

Rt = kt[Mn +] (4) 

Re = k e [ M n + ] .  [1] (5) 

where [M] ~ concentrat ion o f  monomer  
[I] = current expressed as Faraday  per litre 

1 km kt ke[I] 
thus DPn -- kp + kp[M--~] + kp[M] 

Thus a linear relationship should exist between 1/DPn and [I] f rom the slope 
o f  which ke/kp may be evaluated. In order to substantiate this the total 
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amount of polymer produced, during electrolysis, of 2M styrene solutions 
at 30°C and at various currents, was isolated and the value of 1/D'Pn plotted 
against [I] (Figure 10). In the single cell 1/DPn can be seen to increase with 
increasing current giving a value of ke/k~ of 130 × 10 -2 indicating consider- 
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Figure 10 Effect of current on molecular weight of polystyrene 
formed during the electrolysis of sulpholane/NaBF4 

! 

able electrolytic termination. In the case of the divided cell 1/DPn is indepen- 
dent of current indicating the apparent absence of electrolytic termination 
in this case as expected. 

It would appear from this evidence that polymerization is catalysed by 
anodically generated boron trifluoride and co-catalysed by either water or 
hydrogen fluoride (Figure 1) and that the concentration of the active catalyst 
is proportional to the quantity of current passed. 
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If  one assumes  tha t  s teady state condi t ions  apply  dur ing  the init ial  stages 
o f  po lymer iza t ion  then,  for  the single cell, the rate equa t ion  may  be wri t ten 
as 

k~k~[ M]2[ I ] (7) 
Rp = kt ÷ kin[M] q- he[I] 

whilst  in the divided cell at  the  anode  under  similar  condi t ions :  

kpk~ [ M ]2[I ] 

Rp -- kt -~- km[M] 

The main  difference being tha t  in the single cell there is a considerable  
e lectrolyt ic  t e rmina t ion  step which limits the molecular  weight and  the 
percentage  conversions.  I t  is difficult to  unders tand  the reason why separa t ion  
of  the two electrodes by a single glass filter is sufficient to  cause such a 
considerable  effect and fur ther  work  is in progress  in an a t t empt  to explain 
this phenomena .  
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Cationic polymerization of indene 

A. D. ECKARD, A. LEDWITH and D. C. SHERRINGTON 

Cationic polymerization of indene in methylene dichloride was effected by 
two stable carbonium ion salt initiators, tropylium hexachloroantimonate and 
xanthylium perchlorate, the former being more efficient. Very high conversions 
of monomer to polyindene were obtained with catalyst concentrations ,~10 -2 
M. Molecular weights were approximately 10 000 and it is concluded that 
whilst initiation is fairly rapid and complete, active centres are lost by creation 
of more stable cationic species from polyindene chains. Mechanisms 
are proposed to account for the formation, during polymerization, of 

characteristically coloured species. 

INTRODUCTION 

INDENE WAS first shown to be a polymerizable olefin in 18901. Polymeri- 
zations were achieved using various catalysts such as sulphuric acid, heat, 
antimony pentachloride and stannic chloride z, although the polymers pro- 
duced in all early work were of low molecular weight only. Typical samples 
consisted of oligomeric species containing up to ten or twelve indene residues, 
and in some cases separate fractions, each with a sharp melting point, were 
obtainedL No details of  mechanism were established although a stepwise 
process involving the 'wandering of a hydrogen atom' was envisaged. 

Much more recently the susceptibility of indene to attack, particularly 
from cationic reagents, has been recognised 3, and polymerization of indene 
and its derivatives 4 has been studied by more sophisticated means 5. The list 
of Lewis acids used as initiators has been extended to include boron tri- 
fluoride and titanium tetrachloride. Low temperature experiments using these 
two catalysts 6,7 with and without co-catalysts such as water and hydrogen 
chloride have produced high polymers with intrinsic viscosities (benzene 
solvent) of  up to 2 corresponding to a molecular weight s of ,~2 × 10 +6. 

A growing number of stable carbonium ion salts have been shown to be 
very efficient initiators of cationic polymerization of certain electron-rich 
olefins and, unlike more conventional catalysts, allow for complete characteri- 
zation of  the initiating speciesL In principle such salts should readily function 
as initiators of the polymerization of indene 1° and it was with this in mind 
that the present work was undertaken. The salts investigated were tropylium 
hexachloroantimonate (I) and xanthylium perchlorate (IF) both of which have 
previously been shown to be very reactive towards alkyl vinyl ethers and 
N-vinylcarbazoleg, u,  olefins which are similar to indene in their reactivity 
towards electrophiles. 

SbCI~ 

I II 

ClO~ 
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EXPERIMENTAL 

Indene (Hopk in  and  Wil l iams)  was purif ied according to the m e t h o d  of  
RusselPL The pure  l iquid was p laced  in a flask fitted with a greaseless Teflon 
tap  and  degassed on the vacuum line. The flask was opened  in an a tmosphere  
of  dry  ni t rogen and all po lymer iza t ions  were subsequent ly  carr ied  out  under  
these condi t ions.  The methylene d ichlor ide  used was dr ied  by refluxing over 
calc ium hydr ide  and purif ied by f ract ionat ion.  T ropy l ium hexachloroant i -  
monate  (I) and  xan thy l ium perchlora te  (II) were p repa red  and purif ied as 
descr ibed previously 1°,11. 

A t t empt s  to handle  indene quant i ta t ively  on the vacuum line fai led 
because o f  its high boil ing poin t  (182°C/760 mmHg)  and  so all react ions were 
car r ied  out  under  dry  nitrogen.  Polymer iza t ions  were achieved by in t roduc ing  
known amount s  of  catalyst  so lu t ion  into samples  of  indene also in methylene  
dichloride.  A spring loaded  syringe (Becton, Dickinson  and  Company)  was 
used to effect rap id  add i t ion  and  efficient mixing. React ions  were s topped  and 
polymers  prec ip i ta ted  by addi t ion  of  excess methanol .  

Polymerization off indene by tropylium hexachloroantimonate 
(CTHv+SbCI6  - )  

Prel iminary exper iments  (Table 1) showed tha t  for initial catalyst  concen- 
t ra t ions ,  [C]o > 10 -'~ M convers ion to 1 0 0 ~  po lymer  was a lmost  instanta-  

Table 1 Polymerization of indene in methylene dichloride at 22°C by tropylium hexa- 
chloroantimonate 

[C]0 [M]0 Polymer Duration of 
(M) (M) yieM (%) polymerization 

(rain) 

2.3 x 10 '~ 1.60 2.5 ~ l  
2.3 × 10 4 0-78 30.0 15 
2.2 ,~< 10 -3 0-78 44.7 ~1 
2.3 x 10 -3 0.78 33.2 ~1 
2.3 × 10 _3 0-78 97.0 15 
1.9 × 10 --~ 0.78 96.0 HI 

Colour of 
reaction mixture 

yellow 
yellow--red 

yellow 
yellow 

yellow--red 
yellow-+red 

[C]o [M]o Polymer yield Duration of polymerization 
(M) (M) (~)  (min) 

- ,,-z A ,  A"~ ~-';0 ~ 0"78 - -  - 15"9 - 10 - 
4'2 × 10 -4 0"78 15"3 20 
4"2 x 10 4 0"78 19"0 60 
1"1 x 10 -3 0"78 57"9 10 
1'1 ~ 10 3 0"78 59"2 30 
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Table 2 Conversion/time data for polymerization of indene in methylene dichloride 
by tropylium hexachloroantimonate at 22~C 

neous. Po lymer  yields in a given t ime were found  to fall with decreasing [C]0. 
F r o m  these results  it seemed that  a kinetic s tudy based on convers ion/ t ime 
da ta  was feasible using [C]0 values ~ 5  × 10 -4 M and  po lymer iza t ion  t imes 
up to 1 hour .  Table 2 shows the da ta  obtained.  



A. D. ECKARD, A. LEDWITH AND D. C. SHERRINGTON 

Since the yield for a given [C]o and [M]0 did not increase appreciably with 
time it seemed that tropylium ion initiated polymerization fairly rapidly but 
some dominant termination reaction quickly ensued. Termination may be due 
to trace impurities, but in view of the purification techniques employed and 
the extent of active centre destruction it is more likely to be inherent in the 
polyindene molecules themselves. This view was supported to some extent by 
experiments (see later) in which stable cationic species were produced in 
terminated polyindene chains. Intrinsic viscosities and corresponding experi- 
mental molecular weights 8 for three polymers prepared using [C]0 values 
such that high conversion was obtained are shown in Table 3. 

Table 3 Molecular weights of polyindenes prepared by tropylium hexachloroantimonate 
catalysis in methylene dichloride at 22°C 

[C]o [M]o % yieM [ ' q ]  Experimental Theoretical 
(M) (M) molecular wt. molecular wt. 

3"8 x 10 -3 0"78 96'0 0-135 1'9 × 104 2'4 x 104 
7'0 x 10 -3 0-71 96.2 0'119 1.5 x 104 1'2 × 104 
2.2 x 10 -9 0'78 91.6 0.0886 9.0 x 103 4'1 x 103 

As expected, molecular weights decreased with increase in [C]o but unexpec- 
tedly close agreement emerged between the experimental values and the 
theoretical values calculated from the ratio [M]o/[C]o. Superficially this 
could be interpreted as a lack of monomer transfer in the system, but this is 
very unlikely for a cationic polymerization. Catalyst, and active centres, are 
consumed by competing side reactions (see below) and il is highly likely that 
the observed molecular weights result from a fortuitous combination of these 
processes. 

Visible spectra of  polymerization solutions 
Invariably polymerizations were accompanied by characteristic colours. 

Normally a yellow solution was formed initially and, if sufficient catalyst was 
present, reaction mixtures gradually became cherry red and finally after some 
hours a darker red with evidence of some fluorescence. Visible spectra were 
recorded on a Unicam SP 800 spectrophotometer in order to try and interpret 
the colour changes. 

Mixing tropylium hexachloroantimonate and indene solutions in methylene 
dichloride at ,~,--20°C gave a yellow solution, and a spectrum run before 
the solution warmed up showed a broad band (A in Figure 1) hmax ,~435 nm, 
merging into the intense u.v. aromatic absorption of indene. Addition of 
methanol to this solution destroyed the colour and yielded no polymer. This 
broad band was thought therefore to be due to a charge transfer (c.t.) 
phenomenon. When a similar solution was allowed to warm up to room 
temperature the broad c.t. band was replaced by a sharper band (B), hmax 
440 nm, the solution remaining yellow in colour. If left to react for 24 hours 
such a solution gradually became colourless. Addition of methanol any time 
after the collapse of the c.t. band resulted in loss of colour and precipitation 
of varying amounts of polymer. It is difficult to specify the exact nature of 
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l Visible absorption spectra of polymerizing solutions 
(solvent methylene dichloride) at 25 °C 

A Indene (1'60 M) and tropylium hexachloroantimonate (2.3 y, 
10 -4 M) immediately after mixing 

B Same solution as A after 5 min 
C lndene (0.78 M) and tropylium bexachloroantimonate (1.9 × 

10 -2 M) after 1 hour 
D Same solution as C after 4 hours 
E Polyindene plus BF3. Et20 

the chromophore responsible for the 440 nm band but in view of its similarity 
with the c.t. band and the failure to produce a similar absorption from ter- 
minated polyindene alone (see later), it seems reasonable to assume that the 
chromophore in question is one arising from a combination of tropylium and 
indene moieties. 

When the concentration of tropylium ions was in excess of the minimum 
required to produce polymer at room temperature, the 435 nm band was 
quickly replaced by the 440 nm absorption as before. However an additional 
band (C), ?,max 525 nm, appeared and the solution gradually became cherry 
red in colour. This band after ~ 1  hour became the dominant feature of the 
visible spectrum. When left for some hours such a solution became darker 
red in colour and slightly fluorescent. A visible spectrum (D) at this time 
showed the 440 nm band once again to be more intense than the 525 nm 
absorption (now shifted slightly to higher wavelengths). As before some poly- 
mer could be precipitated by addition of methanol any time after the collapse 
of the initial c.t. band. 

From these observations it appeared that the 525 nm absorption occurred 
only when both polyindene and excess tropylium ions were present, and was 
ascribable to a post-polymerization reaction. To test if polyindene units, or a 
tropylium ion derivative, or a combination of both was responsible for this 
absorption, a sample of preformed polyindene was dissolved in methylene 
dichloride and a BFa/CH~C12 solution added. The mixture became red in 
colour and the visible spectrum consisted of only one peak (E), ,~max ~520  
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nm. Similar red colours with polyindenes have been observed before 7 and it 
is clear that these result from 'acid' catalysed oxidation processes involving 
polyindene. 

Formation of cationic species absorbing around 440 nm (e.g. B in Figure 1) 
is commonly encountered in cationic polymerizations of styrene 13 and is 
usually ascribed to oxidative cyclization reactions leading to substituted 
indane-like carbonium ions. It is not surprising therefore that similar 
chromophores should be observed during cationic polymerization of indene. 
However the final colours developed (D) clearly result from reactions 
involving both tropylium ion and indane units in the polymeric molecules, 
and a possible reaction scheme is indicated below (SbC16- counter-ions are 
omitted for clarity, R + = C7H7 ÷ or a growing polyindene cation): 

CTH+ + ~  

H H 
CTH'r ~ P" 

+ R ÷ 

H H 

H H H H 

- -  - -  ? 1  

H H 

Possible structure Jbr chromophore D 

Aryl substituted tropylium ions t4 are known to absorb in the range 400-500 
nm supporting the proposed mechanism, but the precise nature of the red 
chromophore formed by the action of Lewis acids on polyindene remains 
unknown. 
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Reactivity and copolymer formation 
Although indene is clearly a relatively reactive olefin towards cationic 

centres these results show conclusively that its overall reaction with tropylium 
ion is inefficient because of accompanying side reactions. This is not true of 
other active monomers such as N-vinylcarbazole (NVC) which give 100~o 
conversion to polymer almost instantaneously with [C]0 values down to 
10 -5 M. It is not surprising therefore to find that attempts to form simple 
copolymers of these two monomers failed, presumably because of the large 
differences in reactivity of their corresponding cations. The copolymers 
which have been reported previously 15 were prepared under very different 
and more drastic conditions, using radiation techniques, and possibly 
involving free radical growth mechanisms. In the present work with [C]0 
~-~10 -a M only a homopolymer of NVC was formed. Increasing [C]0 to 
~ 1 0  -2 M in an attempt to polymerize indene as well resulted only in the 
formation of crosslinked poly-N-vinylcarbazole in a manner similar to that 
observed previously when using high catalyst concentrations in methylene 
dichloride. Yields showed that some indene was indeed consumed but 
attempts to detect its residues in the product failed, probably because such 
units were incorporated deep in the crosslinked network ofpoly (NVC) chains. 

Polymerization of indene by xanthylium perchlorate 
Again working under dry nitrogen a parallel study to tropylium ion 

initiation was carried out using xanthylium perchlorate (II). Initiation with 
xanthylium cation is slower than with tropylium ion and hence all reactions 
were allowed to proceed for approximately four hours before work up. 
Results obtained are shown in Table 4. 

Table 4 Polymerizat ion of indene in methylene dichloride 
by xan thy l ium perchlorate  at 22°C 

[C]0 [M]0 Yield 
(M) (M) (%) 

1-3 x 10 -4 0.48 ~ 8  
3"0 x 10 4 0.48 34.5 
4"6 × 10 -4 0.48 10 
5.4 N 10 .4 0.16 ~ 1 0  
1-4 X 10 -3 0.78 50.5 
1.9 × I0 2 5.7 69.0 
3.8 × 10 2 5.7 80.0 

Even with catalyst concentrations up to 10 .2 M yields were invariably less 
than 100 ~ and the xanthylium cation must therefore be regarded as a much 
less efficient initiator than tropylium ion, in agreement with results found 
with other active olefins. Molecular weights were also found to be lower 
showing that transfer and other side reactions predominate. In a lypical 
polymerization, after addition of catalyst solution to monomer solution, the 
yellow-orange colour characteristic of the initiator was rapidly replaced by a 
red colour, similar to that found with tropylium ion. Precipitation of polymer 
by addition of methanol was often accompanied by traces of a red compound. 
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Indeed at elevated temperatures using ethylene dichloride as solvent and very 
high [C]0 values such that catalyst and monomer were present in almost 
equimolar quantities, it was possible to isolate only red products of low 
molecular weight, and no polymer. For example when 3.372 g of xanthylium 
perchlorate and 1.6 ml of indene were refluxed together for 30 minutes in 
ethylene dichloride and dry ether added to the cooled solution, a red-brown 
product was formed. This was collected, redissolved in acetonitrile, and 
reprecipitated by addition of ether. Analysis: found, C, 74.22; H, 4.31 ~ ;  
calculated for compound (HI); C, 72.7; H, 4-88~. 

CIO~ 
/ 

H 

I I I  

An i.r. spectrum confirmed the product to be a perchlorate derivative and 
a visible spectrum showed two sharp bands, ~max 432 nm and 488 nm. 
The latter had a prominent shoulder at 520 nm probably arising from the 
same chromophore as described earlier. The two sharp bands are typical of 
xanthylium cations and were almost certainly characteristic of species such 
as III, although is very unlikely that the product isolated was a single pure 
compound. More probably III was contaminated with traces of polyindene 
oligomers and corresponding 1:1 and 1:3 xanthylium:indene adducts. 
Indeed other preparations yielded products having similar spectra, but gave 
analytical data which varied as anticipated on this basis. Formation of III, 
and possibly unsaturated analogues, may occur readily following successive 
hydride abstraction processes similar to those described earlier for the 
tropylium ion adducts. 

C O N C L U S I O N S  

Both carbonium ion salts employed initiate the polymerization of indene, 
tropylium ion being more efficient than xanthylium ion. A polymer yield of 
-~60~o within ten minutes of the addition of catalyst (10-a M tropylium 
hexachloroantimonate) compares favourably with results of all previously 
reported polymerizations. As found by other workers 16 relatively high cata- 
lyst concentrations (in this work ~10 -z M) are required to produce 100 K 
conversion. The initiation process itself seems to be efficient and rapid, 
however, it appears that as soon as polyindene chains are formed active 
centres are lost by the generation of stable positive charges on the polyindene 
backbone. The spectrophotometric evidence appears to confirm both, of these 
observations. In view of this inherent side reaction it seems unlikely that 
indene will ever prove to be a useful monomer in the elucidation of detailed 
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reac t ion  mechanism and  the de te rmina t ion  of  absolute  reactivi ty in cat ionic 
p ropaga t ion .  

The exper iments  with xan thy l ium ion however do give some insight into the 
ini t ia t ion mechanism.  The isola t ion of  var ious  red complexes shows clearly 
that  the process  involved is the add i t ion  of  the p r imary  stable ca rbon ium ion 
to an indene molecule.  By analogy the same mechan i sm can be envisaged as 
opera t ing  in the case o f  t ropy l ium ion ini t iat ion,  the add i t ion  going via the 
charge t ransfer  complex  detected in the  spec t ropho tomet r i c  investigation. 

Donnan Laboratories, 
University o f  Liverpool, UK (Received 11 December 1971) 
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Amylose in aqueous solution-- 
a viscometric study* 

W. BANKS, C. T. GREENWOOD, D. J. HOURSTON and A. R. PROCTER 

A detailed investigation of the viscometric behaviour of amylose in aqueous 
solution has been made. The effect of pH, and of different alkalis and salts 
on the molecular conformation of the polysaccharide has been studied. It has 
been found that the limiting viscosity number [~] of amylose is constant up to 
pH 11 and thereafter increases rapidly, rising to a maximum in 0.15 M alkali. 
In the case of the inorganic alkalis, [-~] subsequently decreases with increasing 
pH, but in tetramethylammonium hydroxide, a further slow increase in [~] 
occurs. In the presence of salts, this behaviour is completely modified, and a 
minimum in [~q] is then found at pH 12. It is shown that the nature of the anion 
of the supporting salt greatly influences the conformation of the polysaccha- 
ride in both neutral and alkaline solution. The changes in [~] are related to 
changes in the shape of the dissolved macromolecule, and tlae manner in which 

the structure of the solvent water influences these changes is discussed. 

THE MODEL of the helical macromolecule in solution is now widely accepted 
in the protein and nucleic acid fields. However, it is often overlooked that 
the concept was first applied to explain the amylose-iodine interaction 1,2, 
and that the first experimental verification of the existence of the helix was 
also for this system 3. Whilst it is accepted that amylose in the solid state 
may exist in a helical conformation, the shape taken up by the molecule in 
solution has been the subject of  some dispute. 

Rao and Foster 4 reported that when the pH of an aqueous amylose solu- 
tion was altered, the limiting viscosity number [V ] went through a minimum 
at p H  12. These authors suggested that this behaviour could be due to a 
helix to coil transformation, the former existing in neutral aqueous solution, 
and the latter at pH 12. Our own hydrodynamic measurements ~-7 are at 
variance with this model and show that the helical content of  amylose in 
neutral solution is negligibly small. In view of this discrepancy, we report 
here detailed investigations of the viscometric behaviour of  amylose in neutral 
and alkaline solution. 

EXPERIMENTAL 

The amylose samples used in this work were isolated from a number of 
s tarches--potato,  rye, wheat, barley and tapioca. All of  these samples were 
shown, by differential potentiometric iodine titration s and enzymic assay 9, 
to be free f rom the branched component,  amylopectin. The behaviour 
reported herein was found to be independent of  the source of the amylose 
samples. 

* This is Part 59 in the series 'Physicochemical Studies on Starches'; Part 58 has been 
submitted to Carbohydrate Research. 
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In most instances, the amylose was used as the butan-l-ol complex, but 
control experiments were also carried out using solid amylose. 

Amylopectin was isolated from waxy maize starch as previously described 1° 
as the freeze-dried solid. 

All viscosity measurements were carried out at 25°C, using modified Ubbe- 
lohde viscometers, having a negligible kinetic energy correction, and an 
average shear rate of 1200 s-1. We have shown 11 that the limiting viscosity 
number [7] of amylose is independent of the shear rate, at least up to this 
value. 

In many experiments, the limiting viscosity number of amylose was mea- 
sured for the various solvent systems. However, we found that essentially 
the same result was obtained from determinations of the viscosity number 
(~sv/c), whilst progressively changing the solvent medium. To determine the 
viscosity-number/pH profile, it was necessary only to add the desired aliquots 
of alkali to an aqueous solution of amylose in the viscometer. Four con- 
centrated alkali solutions (10 -2 M; 10 -1 M; 1 M; and 5 M) were used for 
this purpose. When investigating the effect of various salts on this profile, 
the amylose was dissolved in a 0.25 M aqueous solution of the salt, and the 
various alkali solutions wele also 0.25 M with respect to the salt. In this 
procedure, the conditions were such that all measurements were performed 
whilst changing the volume of the solution from l0 m! to 15 ml. 

Reagent grade chemicals were used in the preparation of solutions. 
The concentrations of the amylose solutions were determined by either 

(1) hydrolysis to glucose in 1.5 N sulphuric acid at 100°C for 2 h, and esti- 
mation of the reducing power using the alkaline ferricyanide technique az, 
or (2) hydrolysis by means of amyloglucosidase, and estimation of the 
glucose using the coupled enzyme system glucose oxidase/peroxidase 13. 

RESULTS 

(1). The degradation o f  amylose in alkali 
It is known that in alkaline solution, polysaccharides may undergo two 

types of degradative reaction 14, (a) a 'zipping' process from the reducing 
end-group, with the liberation of isosaccharinic acids, and (b) a random 
hydrolytic scission of glycosidic bonds. The latter process is of more concern 
in viscosity measurements, because the random cleavage of one bond per 
molecule will reduce the molecular weight of the polysaccharide by a factor 
of two. For linear polymers, [7/] varies, in the extreme, as M~ or M, hence 
degradation to a very limited extent (0.1 °/o) will cause a 40--100~ variation 
in [~/] when the initial degree of  polymerization is I000. Whistler and John- 
son 14 suggested that this type of degradation can be avoided with alkaline 
solutions of amylose, by rigorously excluding oxygen from the system. 
Wolff et a115 found only very slight decreases in the relative viscosity on 
storing alkaline amylose solutions at 0°C for periods of up to 24 h, and that 
this degradation was independent of whether the atmosphere did, or did 
not, contain oxygen. Bottle et a116 reported pronounced degradation of amy- 
lose in 0-5 M alkali at 100°C, but confirmed that it could be virtually 
eliminated by means of an inert atmosphere. 
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Figure 1 shows a graph of the number of bonds broken (N) per original 
molecule of amylose at 25°C for three concentrations of alkali, N being 
defined by 

N =  (DPo/DP~) -- 1 

where DPo and DPt are the average degrees of polymerization at times 0 
and t, respectively. For this experiment, the amylose solutions were stored 
at 25°C for the requisite period, cooled to 0°C and complexed with butan-l-ol. 

2-0 

t-0 

0 
0 

A 

× × 

C 

o o o 

I 
I0 20  30 4 0  50 60 70  80  

Time (h)  

Figure 1 N, the number of bonds broken/original amylose molecule as a function of time 
at 25°C in (A) 1.0 M KOH, (B) 0"15 M KOH, and (C) 0"01 M KOH 

The complex was removed, dissolved in 0.1...55 M KOH, and [7] measured 
immediately. This was then converted into DPn, using the relation of Banks 
and Greenwood 17. 

It is obvious that the number of bonds broken increases with increasing 
concentration of alkali. However, the rate of hydrolytic scission is in all 
cases so low that any of these solvents can be employed routinely for the 
viscometric characterization of amylose. 

On repeating the above experiments in the presence of an inert atmosphere 
(nitrogen), the rate of degradation was found to be considerably reduced. 
Similarly, at lower temperatures (1 °C), the degradative reaction was much 
slower---even in the presence of oxygen, only 0.05-0-08 bonds (depending on 
the concentration of the alkali) were broken in 50 h. Thus, our standard 
technique of dissolving amylose in alkali at low temperature prior to carrying 
out measurements at 25°C should lead to no serious error as a result of 
degradation. Consequently, the viscosity phenomena to be examined in 
detail in the following sections cannot result from degradative effects. 
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(2) The variation o f  [~] with alkali contentration 

(a) In KOH solution. Figure 2 shows a graph (solid line) of [7 ] for amylose 
in solutions of various concentrations of  alkali (KOH). In changing from 
neutral to alkaline solution, the [7] is constant until the pH reaches about 
11, when there is a rapid increase until a maximum is reached, corresponding 
to 0.15 M KOH, after which [7 ] decreases. 
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Figure 2 [~], the limiting viscosity number of amylose, as a function 
of pH in KOH (solid line), and KOH + KCI (broken line, redrawn 

from results of Rao and Foster 4) 

Also shown in Figure 2 are the results obtained by Rao and Foster 4 for 
[7] as a function of pH (broken line). The form of the curve is completely 
different from that obtained in the present work, having a minimum rather 
than a maximum. However, these workers dissolved the amylose in 0.5 M 
KOH, and obtained the required pH by the addition of acid (1 N HCI). 
Thus, in addition to alkali they had present a variable amount of KCI, and 
therefore because the ionic strength was varying continuously their results 
are not directly comparable with those recorded in Figure 2. 

(b) In other alkalis. Figure 3 shows a graph of 7sP/C for amylose as a 
function of pH for various alkalis. This procedure of measuring 7sp/C rather 
than [7 ] is very much more rapid, but yields comparable results, as may be 
seen from a comparison of the graph for KOH in Figure 3 with that in 
Figure 2. For the inorganic alkalis, each pH value was obtained in a com- 
parable manner, and hence at a given pH the concentration of amylose is 
identical in all cases. The tetramethylammonium hydroxide (TMAH), however, 
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was supplied in the form of a 25 ~o aqueous solution, therefore in order to  
achieve the higher pH values it was necessary to add a greater amount  of  
liquid to the viscometer. As a consequence, the latter points for TMAH are 
not strictly comparable with those for the inorganic alkalis since they refer 
to a lower concentration of amylose; but the difference is small. 
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Figure 3 nso/c, the viscosity number of amylose, as a function of 
pH in LiOH (×), NaOH (÷), KOH (©) and TMAH (@) 

From Figure 3, it can be seen that the three inorganic alkalis behave simi- 
larly in that they give an apparent maximum in molecular extension, cor- 
responding to an alkali concentration of approximately 0.15 M. However, 
the curves differ in detail--those for LiOH and NaOH are virtually identical 
but that for KOH shows a lower maximum. The graph for TMAH is the same 
as that for KOH, within experimental error, up to pH 13, but instead of 
subsequently decreasing, it appears to reach a limiting value. 

The results in section (1) indicate that alkaline degradation of the amylose 
does not play any part in the viscometric measurements shown in Figures 2 
and 3. This conclusion was further substantiated by measuring [~7 ] in 0.15 M 
K OH (found, [~7 ] = 455 ml/g), complexing the polysaccharide with butan-1- 
ol, and determining [~/] in 1 M KOH (found, [~7] = 425 ml/g), repeating 
the complexing, and measuring [7] in 0.15 M KOH (found, [7] = 455 ml/g). 

(3). The variation of [~] with pH in the presence of salt 
We have noted already the profound difference between the present results 

for the behaviour of amylose in alkali, and those reported by Rao and 
Foster 4, and we have ascribed the difference to the varying ionic strength in 
the solutions used by these authors. To confirm this assumption, we measured 
[7 ] as a function of KC1 concentration for various molarities of alkali. 
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The results are shown in Figure 4 and  it can be seen that  in neutral  solution, 
[7 ] is independent  of the KC1 concentra t ion,  in alkaline solut ion the addi t ion  
of KC1 leads to a decrease in [~], and in 1.5 × 10 -1 M, 10 2 M, and  10 3 M 
KOH,  the addi t ion  of KCI causes [~7 ] to decrease to a value lower than that  
observed in neut ra l  KC1 solution. This last phenomenon  is, however, depen- 
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J i I J I iAmylq se i .... 
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M o l a r i t y  of KCI 

Figure 4 H, the limiting viscosity number of amylase, as a function 
of the concentration of KCI in (A) 1-0 M KOH, (B) 0-15 M KOH, 
(C) 0.01 M KOH, (D) water, and (E) 0.001 M KOH. The arrows 

indicate that precipitation of the named component occurred 
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Figure 5 ~sp/c, the viscosity number of amylase as a function of 
salt concentrations in 0-01 M KOH + KCI (©), 0"01 M KOH 

÷ KI (O), water ÷ KCI (I-I), and water ÷ KI (m) 
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dent on the nature of the salt added, as shown in Figure 5, where aliquots of 
concentrated solutions of KC1 and KI, and these salts in 0.01 M KOH, have 
been added successively to amylose in water, and amylose in 0.01 M KOH, 
respectively. 

In the case of amylose in water, the addition of KC1 solution causes a 
slight decrease in ~Tsp/C, due to the dilution effect, whereas that of KI solution 
leads to an increase in ~Tsv/C. In alkali, the addition of either salt causes a 
rapid diminution of ~Tsv/C, but with KI, the value never falls below that 
observed for amylose in water, as it does in the case of KC1. In view of the 
profound differences observed with these two salts, the effect of varying the 
cation and anion was investigated in more detail. 

This effect was achieved by dissolving the amylose in a series of lithium, 
sodium and potassium salts (0.25 M) and varying the pH, whilst maintaining 
the salt concentration constant. In each case, the alkali added has a cation in 
common with the salt present. The resultant graphs are shown in Figure 6 for 
lithium, sodium and potassium salts, respectively. 

The graphs for the various salts are similar in form. It can be seen that 
(i) in each case, there is a minimum in ~Tsp/C of amylose at pH 12; (ii) in 
neutral solution, ~Tsp/c is greater in LiI, LiBr, NaI and KI than it is in water; 
(iii) in those salts which increase ~sp/c at neutral pH, the minimum at pH 12 
is little different from the value in water, allowing for the dilution effect; 
(iv) in neutral solution, the presence of 0.25 M LiC1, NaF, NaCI, KF or KC1 
does not effect ~sp/C of amylose, whilst at pH 12, these salts cause ~sp/C to 
fall to values markedly lower than that observed in neutral solution; and 
I.v) as the alkalinity is increased to values greater than pH 12, Vsp/C increases 
in all cases, and moreover, at this high pH, ~sp/C does not appear to be greatly 
affected by the nature of the anion. 

D I S C U S S I O N  

We are concerned with two complex phenomena--the physical structures 
of the amylose solute and the water solvent--and the interrelation between 
them. 

As stated earlier, our interpretation of hydrodynamic measurements is 
that in neutral, aqueous KC1 solution, amylose is a random coil, effectively 
at its 0-temperatureS, ~. In solvents such as formamide, dimethylsulphoxide 
and 0.15 M KOH, this random coil undergoes solvent expansion 17, but 
maintains the same basic backbone structure, i.e. long-range interactions 
increase, but the short-range forces do not change. This model effectively 
precludes the so-called 'interrupted helix' advanced by Hol16 et al is, and by 
Rao and Foster 4, in which the molecule is composed of long helical segments 
with short intermediate regions of random coil, the latter conferring on the 
macromolecule the flexibility necessary for it to conform to the Gaussian 
model. We have recently presented evidence 19 to show that the addition of 
complexing agents such as butan-l-ol or iodine to an aqueous solution of 
amylose causes profound decrease in ~Tsp/c. This viscosity decrease is, in 
fact, to be expected, on the basis of theoretical calculations quoted by Brant 
and Min 2°, when a molecule changes from a coiled to a helical conformation. 
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Amylose  in neut ra l  aqueous  so lu t ion  might  be expected to  be helical  for the 
macromolecu le  is highly stereospecific,  and  in poo r  solvents such po lymers  
tend to  assume the con fo rma t ion  o f  their  crystal l ine state. In  this case, a 
hel ical  s t ruc ture  might  be expected,  therefore,  because  water  is a the rmo-  
dynamica l ly  ideal  solvent  for  amylose.  Tha t  this con fo rma t ion  is not  a dop t e d  
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Figure 6 ~sp/c, the viscosity number of amylose, as a function of 
pH in (a) LiOH + 0.25 M lithium salts, (b) NaOH ÷ 0.25 M 
sodium salts, and (c) KOH + 0-25 M potassium salts. The anions 

are F -  ( I ) ,  e l -  (×), Br- (I-I), and I -  (©) 
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is due, we believe, to the properties of the core of the molecule when it 
takes up a helical form. 

With the glucose units in the C1 conformation m, the amylose helix has all 
the hydroxyl groups on its external surface; the internal surface of the 
cavity is lined with CH-groups, and glycosidic oxygen atoms. We suggest 
that water cannot maintain its usual structure within the helix, and that to 
avoid a situation which is energetically unfavourable, amylose retains a 
random conformation. Support for this view has recently been supplied by 
Rees 22 in a study relating the optical rotation of small sugars to their absolute 
conformation. His calculations show that on dissolving cyclohexa-amylose 
in water, the molecule adopts a strained conformation which is relaxed on 
the addition of a complexing agent to occupy the central cavity. One can 
readily imagine a similar phenomenon occurring in amylose, but in this 
case the increased flexibility of the linear molecule relative to the cyclic 
dextrin enables the polysaccharide to avoid the helical form. 

The second complex phenomenon with which we must deal is that of the 
structure of water. Current thinking ~3 appears to favour the mixture models, 
in which there may be water molecules involved in 4, 3, 2, 1, or 0 hydrogen 
bonds 24. Hydrogen bonding is thought to be a co-operative process 25 so 
that once two molecules associate in this fashion, the formation of large 
hydrogen-bonded clusters which are in dynamic equilibrium with mono- 
meric water, is favoured. The equilibrium of this flickering cluster can be 
upset by the addition of solutes, some of which destroy the cluster (structure 
breakers), whilst others stabilize the clusters (structure makers). We suggest 
that the observed viscometric behaviour of amylose can be explained on the 
basis of alterations in the conformation of the polysaccharide as a result of 
the changes in the structure of its environment, water. 

(1) In neutral solution 
The interaction between amylose and water is most probably due to 

hydration of the - O H  groups of the polysaccharide with free water molecules. 
Goring 26 has suggested that polysaccharides may be regarded as structure 
breakers, because the nature of the repeat unit is such as to exclude it from 
water clusters. If  salts are added to the amylose solution, they will compete 
with the polysaccharide for the available water. As Figure 4 shows, amylose 
must be regarded as having a higher affinity for water than does KCI, 
because b/] remains constant over the entire solubility range of the salt. 
Figures 5 and 6 show that, at a molarity of  0.25, none of the salts investigated 
is able to lower the ~sp/C of amylose relative to the value observed in water. 
However, as noted above, some salts are able to increase the value of ~Tsp/C 
relative to that in water, i.e. the salt medium is a better solvent for amylose 
than is water. This is particularly true when the iodide ion is present; ~sp/C in 
LiI, NaI  and KI is about 150ml/g, the value for water being 124ml/g. 
We suggest that the explanation for this behaviour is that the iodide ion, 
because of its size, has the smallest charge/unit surface area of anions exa- 
mined, and hence ha~ the least effect in orienting the water molecules in its 
immediate vicinity. As a result, the - O H  groups of the amylose can enter 
the hydration shell of the iodide ion, so that the solution behaviour of an 
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amylose-iodide complex is effectively being examined. The Br-  ion is capable 
of the same type of behaviour, but to a smaller degree (see Figure 6a). The 
charge/unit surface area is greater in this case, hence the degree of orientation 
required of the - O H  group if it is to enter the hydration shell is obviously 
greater. The - O H  group is attached to a rather bulky unit (the glucose 
residue) and therefore will find some difficulty in accommodating itself if 
a pronounced alignment is preferred. As the interaction between the anion 
and water molecules becomes more pronounced the necessary alignment 
becomes more difficult for the - O H  groups of the amylose. Thus one would 
expect that small anions such as F -  and C1- would be unable to share their 
hydration shells with the - O H  groups of amylose and would therefore not 
swell the polysaccharide molecule. This behaviour is observed (see Figures 
6a, 6b and 6c). 

We have stated earlier our belief that the nature of the helical cavity of 
amylose precludes its existence in water. Erlander 27 has shown that the 
presence of salts reduces the solubility of benzene in water, i.e. the solvent 
is less able to tolerate hydrophobic groups. Therefore, there is no reason 
to suppose that a helix should exist in any of the above salt solutions for no 
stabilizing influence has been introduced. 

(2) In alkaline solution 
The basic similarity of the curves in Figure 3 shows that in alkaline solution 

the main contribution to the observed behaviour is made by the O H -  ion 
with superimposed minor differences which are attributable to the cation. 

Although the dependence of [~7] of amylaceous polysaccharides on the 
concentration of alkali has long been known 28, the present work was the 
first detailed study* of the viscometric behaviour of amylose in alkali. 
It has long been recognised that, as the pH is increased amylose will act as 
a weak acid by virtue of its - O H  groups ionizing 32. Reeves ~3 postulated that 
the ionization was accompanied by a change in the conformation of the 
constituent anhydroglucose monomer units. Holl6 et a134 whilst rejecting 
the possibility of  dissociation of the hydroxyl groups of amylose did suggest 
that conformational changes occurred within the glucose ring as a result 
of the interaction with O H -  ions. Calculations by Burchard 35 have shown that 
the dimensions of the amylose molecule are grossly dependent on the confor- 
mation of the individual glucose units, hence this could provide an explanation 
for the change in [7] or i~Tsp/c with pH. However, n.m.r, studies 36,87 have 
failed to detect any change in the conformation of the glucose residues with 
change in alkali concentration. The change in hydrodynamic volume of 
amylose with pH cannot therefore be due to conformational changes in 
the monomer units. 

The most probable explanation for the increase in viscosity with pH is 
coulombic repulsion88---the alkali induces charges on the polysaccharide by 
ionizing the hydroxyl groups 39, and these charges are mutually repulsive. 

* This work has been presented at a number of conferences~, 3°, and discussed briefly 
earlier 8x 
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The tendency of the charged groups to maintain a maximum separation from 
each other will deny the macromolecule its more compact conformations, 
and hence [7] or ~Tsp/C will increase. 

It is to be expected that as the concentration of gegen ion is increased, a 
masking effect will occur, and the polyelectrolyte structure will tend to 
collapse. In the case of amylose, this effect becomes important at an alkali 
concentration of 0.15 M (at which a maximum in viscosity is observed). 

The above explanation satisfies the general shape of the graphs of ~sp/C as 
a function of pH for the various alkalis (Figure 3). It is now necessary to 
explain why the effect of KOH differs from that of LiOH and NaOH. As 
noted above, we are dealing with a reaction of the type 

ROH ~- RO-  + H + 

The R O -  anion will be able to form salts with the cation. However, assuming 
that the solubility of R O - A  +, where A + is Li ÷, Na + or K +, is in the same 
order as the corresponding hydroxides, the viscosity would be expected to 
decrease in the order K + > Na + > Li +, i.e. the lowest viscosity at a given 
concentration of alkali should occur in LiOH, which has the lowest solubility. 
Also, since the solubilities (molar) of LiOH :NaOH :KOH are approximately 
in the ratio of 1:3:4, NaOH and KOH should lead to similar viscosity 
behaviour of the amylose. This, in fact, is not the case. 

Since the variations in behaviour cannot be due to the formation of  a 
polyelectrolyte salt, it is highly likely that the explanation is to be found in the 
changing nature of the solvent with increasing alkali concentration. Figure 7 
shows the graph of a viscosity function of the solvent related to the pH of the 
medium. Variations in flow time first become apparent at pH 11-12; both 
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Figure 7 Solvent flow times as a function of  pH for L i OH  ( × ) ,  
N a O H  (-F,-) and K O H  ( © )  

LiOH and NaOH are much more effective in increasing the viscosity of water 
than is KOH. On the basis of the general rule that 'like dissolves like', it is 
not surprising that the viscosity of  the amylose polyelectrolyte should be 
greater in a solvent medium which has more pronounced polyelectrolyte 
character of its own. 

The behaviour of amylose in TMAH, in which there is a fairly rapid increase 
in viscosity between 10 -4 and 0.15 M TMAH with a subsequent slow increase 
suggests that the cation masking effect is not so pronounced in this solvent 
i.e. the positive charges are not localized to the same extent as with the 
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inorganic alkalis at the site of the induced charge on amylose. This is probably 
due to the nature of the c a t i o n -  the tetramethylammonium ion should be 
capable of hydrophobic bonding. 

(3) Alkaline solution in the presence o f  salt 
As noted above, in the presence of salt, a minimum in the viscosity is 

observed at pH 12. The salts may be divided into two groups, (a) those which 
reduce the viscosity to that observed in water, and (b) those which reduce it 
to appreciably lower values. The latter present a particularly perplexing 
problem. 

The phenomenon was first reported by Rao and Foster a and explained by 
them as a result of a helix to random coil conversion. Later, it was shown 29-31 
that this behaviour did not arise as the result of the alkali per se, but rather 
as a consequence of the adventitious presence of KCI. Erlander and Purvinas 4° 
confirmed that supporting electrolyte was necessary for the decrease in 
viscosity to occur, but only slightly modified the explanation of Rao and 
Foster by suggesting that the O H -  ions served two functions, namely to 
break the hydrogen bonds between the C2-C'3 hydroxyl groups 41 (which are 
supposed to stabilize the helix), so causing the molecule to contract, and 
as ionizing hydroxyl groups with subsequent molecular expansion due to 
coulombic repulsion. The latter cannot occur in the presence of supporting 
electrolyte, hence we observe only the change due to the destruction of 
hydrogen bonding and the subsequent disappearance of the helical structure. 
However, this explanation is based on the assumptions that amylose in 
water is in the helical state, that helicity results from hydrogen bondings, 
and that the dimension of the random coil are less than those of the helix. 
We have provided strong experimental evidence 6,19,42,43 to show that all 
three assumptions are wrong. 

The addition of complexing agents such as iodine or butan-l-ol to amylose 
in water leads to a decrease in viscosity 19; a similar effect is achieved on adding 
butan-1-ol to amylose in alkali. We therefore conclude that when the viscosity 
of amylose falls significantly below that observed for water, the polysaccha- 
ride has adopted a helical conformation. Therefore, at pH 12 in the presence 
of LiC1, NaF, NaC1, KF  and KC1, the macromolecule favours the helical 
state. The minimum value of ~Tsp/c varies somewhat depending on the nature 
of the salt, showing that different degrees of helicity must be present. 

The stabilization of the helix is, we believe, due to ionic bonding. Doppert  
and Staverman ~9 have shown that the pK value for the ionization of the 
hydroxyl groups is 12.7. Thus at pH 12, approximately one anhydroglucose 
unit in every five or six is ionized, i.e. one monomer unit per helical turn. 
We suggest that the ionic bonding takes the form 

O - . . .  Na + . . . .  O - . . . .  Na + . . . .  O - . . .  Na + 
/ / / 

R R R 

thus tending to stabilize a regular structure. (The groups R are in the 
same macromolecule and adjacent in space when amylose is helical). As 
already indicated, the conformation of  minimum energy for amylose is the 
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helix, and the reason that it does not assume this state in water is that the 
hollow core cannot be accepted into the solvent structure. This type of ionic 
bonding would obviously provide an additional stabilizing force for the 
helix. Also, the structure of the solvent is different in this region from that 
found in w a t e r -  the flickering clusters must now accommodate the nega- 
tively charged hydroxyl groups. The latter have a fairly small crystal radius, 
and hence there is a high degree of orientation of water molecules at their 
surfaces. This, of course, is equally true of other small anions such as F-, 
but in the case of OH- there is the additional factor that the negative charge 
is practically unlocalized within the primary hydration sphere. Thus 
it is possible that the changing nature of the solvent also contributes to the 
stabilization of the helix. 

There are differences in the minimum values of ~sp/c, depending on the 
nature of the supporting electrolyte. For a series of salts having as a common 
anion CI-, the minimum values of ~?sp/C are found to be in the order Li + > 
Na + > K +. One would expect the postulated co-operative ionic bonding to 
be reduced if there is a pronounced tendency for the cation to be localized. 
We have already suggested that the most stable salt would be expected to be 
ROLi (on the basis of the solubility of the hydroxide series), then RONa and 
finally ROK, with quite small differences between the last two. This, in fact, 
is the order observed experimentally. 

The nature of the anion also considerably influences the conformation of 
the amylose. For a series of sodium salts, the minimum value of Vsp/C is 
observed with NaF. This supports our view that the structure of the solvent 
is also important in stabilizing the helix--the F-  ion with its strongly oriented 
monolayer of hydration (A-region) will exert little effect on the structure 
of the solvent, whereas the larger anions, which have only B-regions (or 
negatively hydrated water), will tend to destroy solvent structure. Thus one 
may account qualitatively for the decrease in the viscosity of amylose to 
values lower than that observed in water. 

The effect of those salts which do not decrease the viscosity of amylose to 
values lower than that in water will now be considered, i.e. LiBr, LiI, NaI and 
KI. Whilst all these salts give minimal viscosities at pH 12, the absolute 
values show some variation, e.g. from 134 ml/g for LiI to about 115 ml/g 
for LiBr, NaI, and KI; the initial value of Vsv/C for this amylose in water is 
124 ml/g, but carrying out a dilution analogous to that required in obtaining 
pH 12 yields a value of 116 ml/g. We have suggested earlier that I-  (or Br-) 
might share its hydration shell with the hydroxyl groups of amylose. This, 
however, will not be possible once the polymer starts to ionize--the ionized 
OH- groups on the polysaccharide will repel the negatively charged I-  ions. 
Hence the viscosity of the amylose falls in the presence of the salt and the 
hydroxyl ion at pH 12. In the case of LiI, the formation of ROLi rather than 
RO- Li + sufficiently reduces the negative charge on the polymer for the 
I-  ion to again act as a 'solvent'. The net charge on the polymer in the case of 
NaI and KI is sufficiently large to prevent this type of solvation, hence the 
viscosity falls to the value observed for water. The other effect of the I-  
ion is to alter the structure of the solvent by virtue of its mono-molecular 
B-region. This change in solvent structure again forces the amylose to adopt 
a non-helical character. 
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As the pH is increased beyond 12, the nature of the supporting electrolyte 
plays progressively less part in determining ~lsp/e. Thus, the important fac- 
tor is the concentration of alkali. Whilst ~Tsv/C increases consistently in the 
region of pH 12-14, it is always less than the corresponding value in the 
absence of salt. Moreover, increasing the concentration of salt decreases 
~sp/c. In this region of increasing viscosity, the nature of both the amylose 
and the solvent is changing, both becoming more polyelectrolyte in character. 
These changes are such as to favour the extended conformation rather than 
the helix. 

Our view of amylose in aqueous solution as a non-helical polymer is 
confirmed by the work of Maywald et a144 and of Dintzis and Tobin 4~. The 
former carried out a viscosity study of amylose, amylopectin and glycogen in 
aqueous solution, over a wide temperature range, and could find no evi- 
dertce of a helix-coil transition, which might be expected if the polymer were 
helical in water at room temperature. These workers also confirmed the form 
of the viscosity-pH graphs in the absence and presence of supporting electro- 
lyte. However, for pH 12 in the presence of KCI they suggest only that the 
polysaccharide has undergone molecular aggregation. Dintzis and Tobin 4~ 
measured the optical rotation of amylose in water, over a wide temperature 
range, and also failed to detect any helix-coil transformation. 

The concept of the dissolved amylose macromolecule presented in this 
work is capable, we believe, of explaining its solution behaviour in a variety 
of solvents. 
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Polymer cha& extension produced by 
imping&g jets and its effect on 

polyethylene solution 

F. C. FRANK, A. KELLER and M. R. MACKLEY 

Longitudinal velocity gradients in a flowing system have a powerful, mole- 
cular weight dependent orienting influence on macromolecules. A system 
of impinging jets has been constructed for the in situ observation of this 
phenomenon in two simple, analysable flow patterns, corresponding to 
uniaxial extension and compression. The system studied was polyethylene 
in a solution of xylene. Up to a limiting temperature (108-112°C dependent 
on the molecular weight) fibrous crystallization was observed in a predictable 
manner. Above this temperature strong transient birefringence was seen in the 
regions of extensional flow which disappeared when the flow ceased, the phen- 
omenon persisting up to 200°C the highest temperature examined. There is 
a sharp lower concentration limit for this effect indicative of a cooperation 
between molecules. Implications of these observations for chain extension, 
crystallization, technical flow processes and for molecular entanglements in 

solution are indicated. 

THE IMPORTANCE of purely extensional flow for the achievement of  large 
extensions of polymer chains has been pointed out by ZiabickP, Peterlin 2, 
Pennings 3 and Frank 4. The extension achieved with a strain rate ~ (t) is 
essentially 

~ (t --  7) exp ( - -  ~-/Ta) d~- 
0 

where 71 is the gravest mode relaxation time for recovery of random coil 
configuration. In simple shear processes, as in any ordinary viscometer, any 
fluid element rotates relative to the axes of strain, with a rotation rate ~o 
equal to the strain rate ~: hence the strain rate in the fluid element changes 
sign before a large elongation has been achieved--the integral can approach 
but cannot exceed unity. Large extension of the chain molecules from the 
random coil configuration can only be attained in strain processes free from 
this rotation. Extensional flow of this kind occurs in fibre spinning, but the 
strain rate is not large, and generally of the order 10 s -1 (whereas viscometers 
attain simple shear strain rates exceeding 104 s-l). 

A way of achieving a large strain rate free from rotation is to let two 
opposed fluid jets meet as shown in Figure 1. I f  the two jets have velocity V 
and diameter d, the velocity on the axis falls from V to zero in a distance of 
about  d/2, making a strain rate ~ of about --2V/d e.g. 8 × 103 s -1 for V = 
2 m s -1, d = 0.5mm. High strain rates of this order occur on and near the 
axis of  symmetry and the plane of symmetry of the system. On the axis and 
plane of symmetry the rotation rate is zero. The time of passage tp through the 
region of high strain rate decreases with distance from the axis, becoming of 
order d/V, giving a product ~t~ limited to the order of magnitude unity; but the 
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time of passage for an axial fluid element becomes in principle infinite because 
there is a point of zero velocity at the centre of symmetry of the system, so 
that for fluid elements entering along the axis there is no limit to this product, 
and molecules in the axial stream become highly extended provided only that 
V'rl/dis large. The same considerations apply to the reverse flow obtainable by 

Jet nozzl~ .Jet nozzle 

Symme~.ry axis 

Symmetry plane 

Figure 1 Line drawing of flow produced by impinging jets 

sucking on the two jets immersed in a body of fluid. In the case first described 
(case 1) the extension produced at the symmetry point of the system is 
biaxial in the symmetry plane: in the reverse case (case 2) it is uniaxial, along 
the symmetry axis. 

Exact analysis of such a flow system cannot be easy, particularly because 
flow will necessarily be non-Newtonian as soon as appreciable molecular 
extension occurs: however for the essential validity of the arguments we 
require only that the flow system retains its symmetry properties, which is a 
reasonable anticipation in such a highly symmetrical system. 

Experiments have been conducted using the apparatus shown in Figure 2. 
The reflux bath with two optically flat observation windows recessed into 
the walls and the two tubes holding each jet were made from glass. The jets 
themselves were stainless steel hypodermic needles bent in the form shown 
in the diagram. Jets of internal diameter varying from 0.5 mm to 1.0 mm were 
used with a jet separation of  between 0-5mm and 3.0ram. Alignment of the 
jets was found to be very critical, particularly in case 1, and very careful 
adjustment of the jet tubes was necessary to obtain a symmetrical flow 
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pattern. The system was kept at any required temperature by refluxing an 
appropriate fluid at atmospheric or reduced pressure in the outside jacket 
of the apparatus. Optical observations were made using a polarizing micro- 
scope with the polarizer and analyser generally crossed at 45 ° to the symmetry 
axis between the jets. 

Jet 

3(] 

)ressure of N 2 t ]  
, reduced pressure I/TI 
or reverse f l o ~  

lution of 
Y 
~ent 
,merand 

arc light s Anqlyser and 
arizer mscroscop¢ 

Heater 
Front elevation $i~e elevation 

3 q ~ O p t i c a l  flat windows 

Plan (sectioned AA 1) 
Figure 2 Diagram of apparatus 

For  case 1, where the two opposed fluid jets meet, an excess pressure of 
nitrogen was applied to the two jet tubes. For the reverse situation, case 2, 
where fluid is sucked into the jets from the surrounding medium, a reduced 
pressure was applied to the tubes. In either case the volumetric flow rate out of 
or into the jets could be calculated from the observed rate of change of the 
fluid level in the tubes. 

469 



F. C. FRANK, A. KELLER AND M. R. MACKLEY 

Experiments were conducted using high density linear polyethylene: 
Rigidex type 2, Mn = 27500, 3~tw = 202000. Concentrations of 0 . 5 -5 ~  
g/ml were used with xylene or diphenyl ether as solvent. 

Fibrous crystallization was readily observed up to temperatures of 108°C 
in a xylene solution of 5 ~o concentration. The upper temperature limit was 
not established conclusively. Amongst other factors, this was found to 
depend on the time the solution was kept at the elevated temperature: a 
feature which is indicative of the effect of degradation, which in turn under- 
lines the role played by the longest molecules in the molecular weight distri- 
bution. F rom preliminary observations it has also been found that the upper 
temperature limit can be increased to 112°C by using a high molecular weight 
polyethylene: Hostalen GUR, )l~fw - -  1.5 × 106. 

The amount of crystallization at any given temperature increased with 
increasing applied strain rate. Optically detectable deposits of fibrous material 
could be seen for strain rates in excess of 2000 s-1. For case l, crystallization 
appeared along a sharply defined line of 3mm length on the symmetry plane 
of the system with indications that what was observed was a disc seen in 
edge-on view; when the flow terminated the disc collapsed. For case 2, 
crystallization appeared along the symmetry axis: in this instance, when flow 
terminated, the fibres remained bridges between the jet nozzles as shown in 
Figure 3. The fibres themselves were observed to be birefringent along this 

Figure 3 Photograph with polaroids crossed ate45 ° to the symmetry 
axis, o f  fibres remaining bridged between the jets after crystalliza- 

tion at 108°C from a 5 ~o polyethylene solution 

axis. A detailed study of these fibrous structures will be given in a later com- 
munication. 

For each respective flow system crystallization was observed to take place 
in areas of rotation free longitudinal elongation and this may be taken as 
direct confirmation of Pennings '3 conclusions that extensional flow is the 
essential cause of fibrous crystallization. 

In addition: a~bove the temperature where crystallization was seen to be 
stable a birefringence was observed when the fluid in the system was in 
motion. The effect was transient and disappeared on the cessation of flow. 
The birefringence appeared as a disc in the symmetry plane in case 1 and as a 
cylinder along the symmetry axis in case 2, as shown in Figures 4 and 5 

470 



POLYMER CHA1N EXTENSION PRODUCED BY IMPINGING JETS 

i 

Figure 4 Birefringence observed with pola- 
roids crossed at 45 ° to the symmetry axis 
for case 1 where the jets of fluid impinge. 
Photograph taken at 124°C for a 5 ~  poly- 

ethylene solution 

Figure 5 Birefringence observed with pola- 
roids crossed at 45 ° to the symmetry axis 
for case 2, where the fluid is sucked into the 
jets. Photograph taken at 124'~C for a 

5 ~ polyethylene solvtion 
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respectively. This birefringence was observed to persist at all temperatures 
tested; up to 200°C in a diphenyl ether solution. The same features, namely a 
disc on the symmetry plane in case 1 and an axial line in case 2, could be seen 
when either one or both polaroids were removed. (Figure 6 where the disc 

Figure 6 Oblique view of  bright field con-  
t rast  observed for case 1, at 124°C for a 5 o/~ 

polyethylene solut ion.  N o  polaroids 

shape is apparent from the off-axial view, and Figure 7). Here the visibility 
appears to be due to a difference in refractive index between the distinct 
regions and their surroundings. The observed birefringence is unambiguously 
associated with the localized alignment of the macromolecules. This will also 
account for the bright field constrast, which is observed to decay in just about 
the same time as the birefringence if the flow is stopped. Care has to be taken 
here to limit observations to the time in which less than half of the content 
of the reservoir tubes of the jets has been expelled. If more than half has been 
expelled, the bright field contrast is more persistent. Tests with a drop of dye 
confirm that, when half is expelled, liquid initially at the top of the tube 
emerges from the bottom: such liquid can become more concentrated by 
evaporation. 

The induced birefringence has a marked solution concentration dependence. 
No birefringence is seen for a solution of 1 ~ concentration whereas it is 
clearly seen for a concentration of 2 ~ .  This cut off is much more definite 
than a mere reduction of intensity of birefringence by a factor of two. This 
suggests that we are not strongly aligning many single molecules in these 
conditions but rather entangled aggregates. Concerning this subject, further 
work on high molecular weight material appears desirable and is intended. 

In conclusion it can be seen from the observations reported that the pro- 
posed flow system produced by two opposing jets gives a new and efficient 
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mechanism for aligning polymer chains. It induces a fibrous type of crystal- 
lization which is similar to that obtained in Pennings' stirrer experiment 
except that here it is achieved in a comparatively simple and thus analysable 
flow system. At higher temperatures pronounced transient chain orientation is 

Figure 7. Oblique view of bright field con- 
trast observed for case 2, at 124°C for a 
5 ~ polyethylene solution. No polaroids 

observed which under our experimental conditions is readily observable owing 
to the localization of the elongational flow field. 

Furthermore this method promises to give information on molecular 
entanglements and on the thermal degradation involving the longest molecules 
in a rather unconventional manner. Thus, in addition to any technological 
significance the system may have, it provides a new approach to the study 
of a number of fundamental aspects of macromolecules. 

H. H. Wills Physics Laboratory, 
University o f  Bristol, Bristol, UK (Received 15 March 1971) 
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Book Reviews 
Industrial Rheology 

by PH1LLIP SHERMAN 

Academic Press, London and New York, 1970, 423 pp, £7 

This book is intended as a practical introduction to industrial rheology including recent 
advances, both pure and applied. It is written with the rheological problems of the food, 
pharmaceutical and cosmetic industries especially in mind. Since no single individual can 
be expert in all these areas the treatment of the subject necessarily has to be selective. 

The book is aimed at workers in industry having no previous knowledge of rheology or 
its mathematical bases. Some parts of the book are more advanced mathematically than 
appears to the author. Chapters 1 and 2 cover nomenclature and general theory, and 
methods, respectively, and provide a compact and effective introduction to the whole 
subject. The other four chapters deal with dispersed systems, foodstuffs, pharmaceuticals 
and cosmetics, and the correlation between theological and sensory assessments of consis- 
tency. Throughout  the book there are many highly informative tables which summarize 
various topics. Examples include the principles underlying different types of viscometers, 
and the logical bases of two forms of texture profile. Copious and effective use is made of 
illustrations of the various specialised theological instruments and the type of data obtained 
with these instruments are presented graphically. 

The contents are set out in considerable detail. Extensive author and subject indexes 
provide a means of tracing most special topics. 

The bibliographies at the end of each chapter would have been much more helpful if 
they had included full titles of the journal articles referred to instead of using the abbreviated 
form, omitting titles, common in many journals. A glossary of nomenclature nearly 14 
pages in length is included at the end of the book. 

The author 's  professional interests are especially oriented towards analysis and measure- 
ment. The correlation between rheological measurements and related forms of sensory 
evaluation is discussed mainly in terms of his special interests. Particular attention is devo- 
ted to a system of texture profiles proposed by Dr  A. S. Szczesniak and the author 's  
proposed modification of the system. The treatment of particular commodities also varies 
in length and depth. 'Industrial theology' by Dr  Philip Sherman provides a valuable 
addition to the literature. It will be much used as a source of reference and, depending upon 
the user's interests, sections of the book will be used as a text book. The book is well written 
and well produced. At £7 it may be too expensive for some individual readers who are 
interested, but the price is comparable with that of other contemporary texts similar in 
scope and form of presentation. 

ROLAND HARPER 

Techniques and methods of polymer evaluation, Vol. 2 
Thermal characterization 

Edited by P. E. gLADE, JR. and L. T. JENKINS 

Marcel Dekker, New York, 1970, 371 pp, £8"90, $21"25 

This volume reviews six areas in which the response of polymers to temperature change 
can be used to provide information about them. Each review is complete in itself, so that  
the volume is subject to the common criticism of review publications, i.e. that  in order to 
acquire one essay which is particularly desired, it is necessary to pay also for several others. 
The six chapters of this book are in fact more closely related than is often the case. All 
are written from a practical viewpoint, presenting only the necessary theoretical background 
before dealing with experimental problems and results. 

Five chapters are concerned essentially with physical properties. There is a particularly 
valuable review of stress-strain-temperature behaviour, covering both  equilibrium and 
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time-dependent measurements: the introductory section on the relationships among the 
various quantities will be a great help to the uninitiated. Shorter chapters deal with differen- 
tial scanning calorimetry, thermal conductivity and the effect of temperature on electrical 
conductivity. Another short chapter is devoted to the use of torsional braids as support 
for polymers which are not readily obtained in suitable form for physical testing. The 
remaining chapter is the second largest, and gives a detailed account of polymer identifi- 
cation by pyrolytic techniques incorporating gas chromatographic analysis of the products. 
This chapter, like the one on stress-strain behaviour, reports extensively on results obtained. 

This volume deserves a place in any polymer library, but will be of greatest use in the 
laboratory. 

G. GEE 

Peptides." chemistry and biochemistry 
Edited by BORIS WEINSTEIN and SAUL LAUDE 

Marcel Dekker, New York, 1970, 538 pp, £9.30, $19.50 

This volume constitutes the proceedings of the First American Peptide Symposium, held 
at Yale University in August 1968. European peptide chemists have met regularly since 
1958 and the proceedings of their symposia have, since 1962, also been published in book 
form, unfortunately under the very similar title of 'Peptides', a circumstance which seems 
likely to lead to considerable confusion in the literature and which ought to have been 
avoided. The European Peptide Symposia and the published proceedings have, without 
doubt, done much to stimulate research in the peptide field and the same will certainly 
be equally true of the American Symposia. Both groups invite a small number of their 
Transatlantic colleagues, a practice which serves to minimize what might otherwise become 
an unfortunate division. 

The present volume, like its European predecessors, is valuable in bringing a collection 
of papers by leading workers before a wider audience than that provided by those actually 
attending the Symposium. It is divided into four sections, there being eight papers on 
peptide synthesis, nine on the relationships between structure and biological activity in 
peptides, six on racemization in peptide chemistry and nine on special problems in synthesis 
and analysis. Inevitably the nature, and to some extent the quality, of the contributions 
vary but all are worth reading and all bring something new to the subject. This book is 
a notable addition to the literature of peptide chemistry. It is primarily tor experts and 
will be essential reading for them. The proceedings ot the 1970 American Symposium will 
be awaited with interest. 

H. N. RYDON 

Biologische Zerst6rung der makromolekularen 
Werkstoffe 

by HANS H. M. HALDENWANGER 

Springer-Verlag, Berlin, Heidelberg, New York, 1970, 283 pp, DM58, $16 

The aim of this work is to summarize the literature relating to biological attack on poly- 
meric materials, for the benefit of chemists and technologists in the rubber, plastics and 
allied industries. The available information is scattered in books and the journals of several 
disciplines, and to bring this material together in one place should serve a useful purpose. 
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Industrial Rheology 

by PH1LLIP SHERMAN 

Academic Press, London and New York, 1970, 423 pp, £7 

This book is intended as a practical introduction to industrial rheology including recent 
advances, both pure and applied. It is written with the rheological problems of the food, 
pharmaceutical and cosmetic industries especially in mind. Since no single individual can 
be expert in all these areas the treatment of the subject necessarily has to be selective. 
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subject. The other four chapters deal with dispersed systems, foodstuffs, pharmaceuticals 
and cosmetics, and the correlation between theological and sensory assessments of consis- 
tency. Throughout  the book there are many highly informative tables which summarize 
various topics. Examples include the principles underlying different types of viscometers, 
and the logical bases of two forms of texture profile. Copious and effective use is made of 
illustrations of the various specialised theological instruments and the type of data obtained 
with these instruments are presented graphically. 

The contents are set out in considerable detail. Extensive author and subject indexes 
provide a means of tracing most special topics. 

The bibliographies at the end of each chapter would have been much more helpful if 
they had included full titles of the journal articles referred to instead of using the abbreviated 
form, omitting titles, common in many journals. A glossary of nomenclature nearly 14 
pages in length is included at the end of the book. 

The author 's  professional interests are especially oriented towards analysis and measure- 
ment. The correlation between rheological measurements and related forms of sensory 
evaluation is discussed mainly in terms of his special interests. Particular attention is devo- 
ted to a system of texture profiles proposed by Dr  A. S. Szczesniak and the author 's  
proposed modification of the system. The treatment of particular commodities also varies 
in length and depth. 'Industrial theology' by Dr  Philip Sherman provides a valuable 
addition to the literature. It will be much used as a source of reference and, depending upon 
the user's interests, sections of the book will be used as a text book. The book is well written 
and well produced. At £7 it may be too expensive for some individual readers who are 
interested, but the price is comparable with that of other contemporary texts similar in 
scope and form of presentation. 
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Marcel Dekker, New York, 1970, 371 pp, £8"90, $21"25 

This volume reviews six areas in which the response of polymers to temperature change 
can be used to provide information about them. Each review is complete in itself, so that  
the volume is subject to the common criticism of review publications, i.e. that  in order to 
acquire one essay which is particularly desired, it is necessary to pay also for several others. 
The six chapters of this book are in fact more closely related than is often the case. All 
are written from a practical viewpoint, presenting only the necessary theoretical background 
before dealing with experimental problems and results. 

Five chapters are concerned essentially with physical properties. There is a particularly 
valuable review of stress-strain-temperature behaviour, covering both  equilibrium and 
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time-dependent measurements: the introductory section on the relationships among the 
various quantities will be a great help to the uninitiated. Shorter chapters deal with differen- 
tial scanning calorimetry, thermal conductivity and the effect of temperature on electrical 
conductivity. Another short chapter is devoted to the use of torsional braids as support 
for polymers which are not readily obtained in suitable form for physical testing. The 
remaining chapter is the second largest, and gives a detailed account of polymer identifi- 
cation by pyrolytic techniques incorporating gas chromatographic analysis of the products. 
This chapter, like the one on stress-strain behaviour, reports extensively on results obtained. 

This volume deserves a place in any polymer library, but will be of greatest use in the 
laboratory. 

G. GEE 

Peptides." chemistry and biochemistry 
Edited by BORIS WEINSTEIN and SAUL LAUDE 

Marcel Dekker, New York, 1970, 538 pp, £9.30, $19.50 

This volume constitutes the proceedings of the First American Peptide Symposium, held 
at Yale University in August 1968. European peptide chemists have met regularly since 
1958 and the proceedings of their symposia have, since 1962, also been published in book 
form, unfortunately under the very similar title of 'Peptides', a circumstance which seems 
likely to lead to considerable confusion in the literature and which ought to have been 
avoided. The European Peptide Symposia and the published proceedings have, without 
doubt, done much to stimulate research in the peptide field and the same will certainly 
be equally true of the American Symposia. Both groups invite a small number of their 
Transatlantic colleagues, a practice which serves to minimize what might otherwise become 
an unfortunate division. 

The present volume, like its European predecessors, is valuable in bringing a collection 
of papers by leading workers before a wider audience than that provided by those actually 
attending the Symposium. It is divided into four sections, there being eight papers on 
peptide synthesis, nine on the relationships between structure and biological activity in 
peptides, six on racemization in peptide chemistry and nine on special problems in synthesis 
and analysis. Inevitably the nature, and to some extent the quality, of the contributions 
vary but all are worth reading and all bring something new to the subject. This book is 
a notable addition to the literature of peptide chemistry. It is primarily tor experts and 
will be essential reading for them. The proceedings ot the 1970 American Symposium will 
be awaited with interest. 

H. N. RYDON 

Biologische Zerst6rung der makromolekularen 
Werkstoffe 

by HANS H. M. HALDENWANGER 

Springer-Verlag, Berlin, Heidelberg, New York, 1970, 283 pp, DM58, $16 

The aim of this work is to summarize the literature relating to biological attack on poly- 
meric materials, for the benefit of chemists and technologists in the rubber, plastics and 
allied industries. The available information is scattered in books and the journals of several 
disciplines, and to bring this material together in one place should serve a useful purpose. 
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Problems of biological attack have existed longer for natural polymers such as cellulose, 
rubber, wool and leather than for the newer synthetic materials, and are also likely to be 
intrinsically more severe for the former. It is therefore natural that a large part of the ma- 
terial relates to natural polymers and their derivatives; the relatively small amount  of 
information specific to fully synthetic polymers is presented against this background. 

The variety of the organisms that attack polymers in various environments is remarkable. 
Bacteria and fungi are omnipresent; in the sea, molluscs bore and barnacles encrust; on 
land, insects of many species ranging from earwigs to termites and wasps chew, and rodents 
gnaw. Tests must be carried out with many kinds of organism, especially micro-organisms, 
and standard methods of testing are tabulated and described in some detail, together with 
recipes for culture media. The value of some of this detail is questionable, for surely 
anyone proposing to test according to a standard would consult the authoritative speci- 
fication, rather than a secondary document. 

There is much information about the susceptibility of polymeric materials including 
films and fibres to attack, and the effectiveness of protective agents; this is perhaps the 
most useful feature of the book. The full synthetic polymers are in general very resistant 
to microbial attack, and the author considers that  effective disposal of plastics litter by 
trained bacteria is unlikely. But insects will bore through packaging films, not only of 
cellulose but also polyolefins, and even polystyrene and PV¢. 

This book is reasonably easy to read; the print is clear and I found the author 's  German 
easier to tollow than some. The index is rather cursory. 

The book was completed in 1967, and only 5 out of the 384 references date from that 
year. It is a pity that it has taken three years to get the book out;  the half-life of the value 
of a literature survey cannot much exceed five years. 

This is nevertheless a work that most technical libraries concerned with polymers, 
natural  or synthetic, will need to possess. Few private purchasers would find it worth 
nearly £7. 

P. A. SMALL 
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An electron microscope study of the 
microstructure of some 

rubber-reinforced polystyrenes 

J. D. MOORE 

Rubber-reinforced polystyrenes were prepared by graft copolymerization 
using various butadiene polymers and copolymers. Electron microscopy 
showed that variations in the pre-polymerization temperature, composition 
of the rubber, and molecular weight of the rubber influenced the size and 
structure of the dispersed rubber particles. Microstructures and impact 
strengths comparable to those of commercial materials were obtained from 
a limited range of conditions. Solution styrene-butadlene copolymers and a 
polybutadiene of low molecular weight gave unusual microstructures although 
polystyrenes of inferior impact strength were obtained. A particle size of 
2 ~m or greater was required to obtain reasonable improvements in impact 
strength. The particle size increased with an increase in the initial viscosity 
of the rubber in styrene solution provided that rubber type and concentration, 
and pre-polymerization temperature were constant. The effects of these three 

variables on particle size could not be related to viscosity changes. 

INTRODUCTION 

GRAFT copolymerization in bulk of a minor proportion of an elastomer 
usually polybutadiene, with styrene leads to a two phase system with im- 
proved impact resistance (HIPS). Some variations in polymerization con- 
ditions are permitted although frequently the limitations of existing plant 
may impose some restrictions on this parameter. For example the preparation 
of so called 'concentrates', which are suitable for subsequent blending with 
crystal polystyrene, may be restricted if high viscosities are involved. It is 
therefore of interest to examine the behaviour of elastomers with varying 
molecular weight and chemical composition in this process, especially with 
regard to the concentration of the rubber and the pre-polymerization tem- 
perature. In addition since the measurement of the viscosity of a 5 ~o wt/wt 
solution of the elastomer in styrene is a widely used quality control test 
for elastomer selection, the significance of the initial solution viscosity is 
examined. 

EXPERIMENTAL 

Materials 
Commercially available and experimental grades of low cis polybutadienes, 

and copolymers of styrene and butadiene containing 2 4 ~  bound styrene, 
were used as the elastomeric phase (Table 1). The polybutadiene component 
has a chain configuration of approximately: cis-l,4, 44 %; trans-l,4, 48 ~ ;  
vinyl-l,2, 8~o. Number average molecular weights ()ffn) were determined 
on a Mechrolab 501 membrane osmometer. Styrene, a technical grade sup- 
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Table 1 Molecular  weight da ta  for e las tomers  examined  

Elastomer ( Polybutadiene) )C/In Ela-stomer 371~ " 

Intene* 35 SA 110 000 Polybutad iene  A 70~000 
Intene 35 N F A  120 000 Polybutadiene B 210 000 
In tene  45 N F A  140 000 D u r a d e n e t  SBR 130 000 
Intene 55 N F A  170 000 Solution SBR B 220 000 

*Trademark of The International Synthetic Rubber Company Ltd 
STrademark of the Firestone Synthetic Rubber and Latex Company 

plied by Forth Chemicals, was used as received. Tertiary-dodecyl mercaptan 
was supplied by Honeywell and Stein and ditertiary-butyl peroxide and 
tertiary-butyl hydroperoxide by Laporte. 

Copolymerization procedure 
Bulk inter-polymerizations were carried out in one litre flanged reaction 

flasks, fitted with water condensers, nitrogen inlets and anchor stirrers, and 
contained in thermostatically controlled water baths. The rubbers were 
first dissolved in styrene, at room temperature, using concentrations of 
5-15~o wt/wt, and polymerized in bulk using a two stage process. Stage 1 
involved a stirred pre-polymerization at 150 rev/min of 300 g of rubber in 
styrene solution, 0.3 g of tertiary-dodecyl mercaptan as chain transfer agent 
and, for pre-polymerization at 100°C, 0-45 g of ditertiary-butyl peroxide, 
and additionally 0.45 g tertiary-butyl hydroperoxide for pre-polymerization 
at 60°C. Pre-polymerization was continued to 35--40 ~ monomer conversion 
rather than a constant pre-polymerization time. Stage 2 involved a static 
bulk polymerization of the above prepolymer, which was first transferred 
to 16 oz jars, using a temperature programme of 16 h at 70°C, 3 h at 120°C 
and 3 h at 150°C. After polymerization the blocks of material were granu- 
lated prior to injection moulding. 

Solution viscosity 
Solutions of the elastomers in styrene were prepared at the concentrations 

subsequently used for polymerization (5-15~ wt/wt). The viscosities of 
these solutions were determined using Ostwald viscometers, in each case 
measurements being made at the temperature used for pre-polymerization 
(Table 2). 

Measurement of impact strength 
Test specimens of dimensions 2½ × ½ × 1in (63.5 × 12,7 x 6.35 mm) 

were prepared by injection moulding using a ½ oz (~14 g) ram injection 
moulding machine with a barrel temperature of 200°C. The specimens were 
notched to a depth of 0.1 in using a milling cutter of root radius 0.01 in, 
aged for 16 h at 23°C and 50 ~ humidity and the impact strength determined 
using an Avery Izod impact test machine. ASTM D-256 allows the use of 
injection moulded test pieces although it is evident from electron micro- 
graphs that some moulding anisotropy is present. The assumption that the 
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energy to break is proportional to the depth of the sample from the base of 
the notch was made in order to calculate the impact strength in J cm -2. 

Table 2 Analysis of rubber-reinforced polystyrenes 

Elastomer Conc. Pre-polym. Initial soln. Impact Estimate o f  
( ~  wt/wt) temp. viscosity, 71 strength Particle 

(°C) at pre-polym (J cm-Z) (/~m) 
temp. 

(mN m z) 

Intene 35 SA 5 60 71 0.52 <2  
Intene 35 NFA 5 60 60 0'63 <3 
Intene 45 NFA 5 60 89 0.68 <3 
Intene 55 NFA 5 60 112 0.68 5-6 
Intene 35 SA 5 100 45 0.21 0.1-0.3 
Intene 55 NFA 10 100 1110 1"4 <6.0 
Intene 55 NFA 10 60 2090 0.47 ~ 1 0  
Polybutadiene A 5 60 37 0'31 0.2-1"0 
Polybutadiene A 7 60 93 0.37 0.2-0'8 
Polybutadiene A 15 60 2130 0.37 0.24).8 
Polybutadiene B 5 60 370 0.47 <6-0 
Duradene SBR 5 60 47 0'21 0.2-0'6 
Solution SBR B 5 60 372 0'31 0"2-1"0 

Electron microscopy 
The microstructures of the polystyrenes were examined by electron 

microscopy of thin ultra-microtomed sections using the method of Kato 1 
in which osmium tetroxide is used as the fixing medium. Estimates of particle 
size were made from several electron micrographs for each polystyrene, 
although the accuracy of the method is limited since not all the particles in 
the section are cut through their centres. The magnification on all electron 
micrographs is × 6860. 

SUMMARY OF RESULTS 

The initial viscosity of the rubber solution at the pre-polymerization 
temperature, the impact strength of the composition, and the estimated 
particle size by electron microscopy are shown in Table 2. It is apparent that 
the rubber type, molecular weight of the rubber and the pre-polymerization 
temperature have marked effects on both the particle size of the disperse 
phase and the impact stength. The effect of concentration is less significant 
since, in general, elastomers that resulted in a low impact strength at low 
concentrations gave a similar result at higher concentrations, in spite of 
large differences in solution viscosity. 

DISCUSSION 

General 
The work of Dobry and Boyer-Kawenoki 2 showed that a solution of two 

different polymers in a mutual solvent generally separates into two phases. 
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Phase equilibrium data for a system of natural rubber and polystyrene in 
benzene, one closely resembling that examined here, showed that at quite 
small concentrations of either phase one becomes a solution of the other 
in benzene due to their immiscibility. The phase separation occurring in the 
preparation of high impact polystyrene has also been described, notably 
by Bender 3 and Molau 4. Briefly the single phase present initially of rubber 
in styrene becomes a continuous phase containing a disperse phase of 
polystyrene in styrene at an early stage of the polymerization. At about 
10~o monomer conversion a phase inversion occurs resulting in a disperse 
phase of rubber in styrene within a continuous phase of polystyrene in 
styrene. The final structure is largely controlled by the phase inversion 
step. Grafting by transfer also occurs during the polymerization and this 
also has an important influence on the size of the dispersed rubber particles. 
The evidence for the occurrence of grafting in HIPS has been summarized by 
Angier and Fettes 5. 

The microstructure of typical commercial Hies prepared using 5-6~ 
wt/wt of low cis polybutadiene as the reinforcing rubber are shown in 
Figures 1 and 2. The notched lzod impact strengths of these materials were 

Figure l C o m m e r c i a l  HIPS B Figure 2 C o m m e r c i a l  HIPS A 

0.63 and 0.42 J/cm '~ respectively. An estimation of the particle size shows 
particles up to 3-4 t~m. As can be clearly seen, the interior of the particles 
contains inclusions of polystyrene. This has been noted by, amongst others, 
Keskkula 6 and Seward 7. The proportion of styrene contained in the gel 
phase may be determined by an extraction method such as that described by 
Galenko et al 8,9 using dimethyl formamide. Analysis carried out by this 
method showed that the dispersed gel phase contains 75-80~ of poly- 
styrene which agrees with the published figures of Galenko. 

Molecular weight of  rubber 
The microstructures of impact polystyrenes obtained from 5~o wt/wt 
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solutions of low cis polybutadiene with 3~tn in the range 110 000--170 000, and 
a catalysed pre-polymerization at 60°C, closely resembled those of com- 
mercial materials, the particle size increasing from about 2tzm to 6/zm, 
with increasing molecular weight (Figures 3-6). A reduction in molecular 

Figure 3 5 % Intene 35SA, 60°C. Figure 4 5 ~ Intene 35NFA, 60°C. 

Figure 5 5 ~ Intene 45NFA, 60°C. Figure 6 5 ~ Intene 55NFA, 60°C. 
(All micrographs have the magnification × 6860) 

weight of the rubber to 70 000 3~tn gave smaller particles (0.2-1.0/zm) that 
contained few inclusions, some of which consisted of a single particle sur- 
rounded by a thin rubber membrane (Figure 7). It was observed that the 
volume fraction of the occluded polystyrene could be larger than that of the 
inclusions normally found in these materials, indicating that they were 
unlikely to occur purely from a breakdown of larger particles. On the other 
hand an increase in molecular weight, ~tn to 210 000 resulted in particles of 
about 6/~m, (Figure 8) slightly in excess of commercial materials (Figures 
1-2). Since particle size increased with )Qn the change could be related to the 
increase in the initial solution viscosity, at a constant pre-polymerization 
temperature and rubber type. 
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Figure 7 5 ~ polybutadiene A, 60°C. Figure 8]5 ~ polybutadiene B, 60°C. 

Rubber concentration 
The microstructure obtained by increasing the concentration"of Intene 

55NFA low cis polybutadiene, ]~fn 170000, from 5~o to 10% wt/wt, at a 
pre-polymerization temperature of 60°C, consisted of very large composite 
particles, well in excess of 10tzm (Figure 9). However 10% wt/wt of this 
polybutadiene with a pre-polymerization at 100°C (Figure 10)resulted in 
particles that were similar in size and structure to those from 5% of the 
rubber at a 60°C pre-polymerization (Figure 6), although the initial solution 
viscosity was higher. 

Figure 9 10~ lntene 55NFA, 60°C. Figure 10 I0~  Intene 55NFA, 100°C. 
(All micrographs have the magnification • 6860) 

The change in particle size obtained from an increase in the concentration 
of polybutadiene A, Mn 70 000, was slight, in spite of a large increase in 
solution viscosity, although differences in the structure of the particles were 
observed (Figures 11-12). At 15 % wt/wt the number of inclusions was similar 
to that from Intene low eis polybutadiene of )Qn 110 000-170 000 used at 
5 ~,, wt/wt. 
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Figure 11 7 ~ polybutadiene A, 60°C. Figure 12 15 ~ polybutadiene A, 60°C. 

Rubber type 
The microstructure from 5 ~  wt/wt of a commercially available SBR 

(Duradene) resembled that from 5-10~ wt/wt of low molecular weight 
polybutadiene although the particles, often consisting of a single inclusion 
surrounded by a rubber membrane, were even smaller (Figure 13). The 

Figure 13 5 ~ Duradene SBR, 60°C. Figure 14 5 ~ solution SBR B, 60°C. 

(All mierographs have the magnification × 6860) 

microstructure from the higher molecular weight SBR ( ~ - n  = 220000) 
(Figure 14) was closer to that obtained from high molecular weight poly- 
butadiene, a larger number of inclusions being present. It was observed that 
the initial solution viscosity of the SBR of Mn 220 000 was higher than the 
low cis polybutadienes at the same concentration. 
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Inversion conditions 
Inversion conditions were varied by increasing the temperature of pre- 

polymerization. The higher temperature should lead to increased graft 
polymerization of styrene to polybutadiene therefore affecting the formation 
of the dispersed rubber phase. The microstructure obtained from an increase 
in pre-polymerization temperature from 60°C to 100°C with 5 ~  wt/wt of 
low cis polybutadienes, Mn 110 000, consisted of very small particles with 
few inclusions; some particles had circular rubber membranes within them 
(Figure 15), whereas at 60°C the particles were larger and contained many 
small inclusions. The microstructure from 10~ wt/wt of polybutadiene, 

Figure 15 5% Intene 35 SA, 100°C. (× 6860) 

mn 170000, pre-polymerized at 100°C (Figure 10) was similar to that of 
5 ~ wt/wt of the rubber pre-polymerized at 60°C (Figure 6). It was noted 
that the initial solution viscosity was much higher in the former case 
although a similar particle size was obtained. 

Impact strength 
It has been reported that it is necessary to have a dispersed rubber phase 

with a certain minimum particle size in H~PS to obtain adequate reinforce- 
mentL It is considered that the incorporation of low modulus spheres into a 
rigid matrix leads to a lowering of the craze initiation stress ao. The reason 
for a necessary minimum particle size is most likely due to the inability of 
small particles to terminate crazes. Too large particles will affect the surface 
finish although it is not clear whether there is an upper limit to the 
particle size required for reinforcement. This work has shown that particles 
of 2-5-5/~m are adequate for reinforcement of HIPS obtained by this method. 
This size is obtained from low cis polybutadienes of molecular weight in the 
range 110000-170000 /~n except when high temperatures are used in 
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combination with low concentrations of the lower molecular weight poly- 
butadienes. It should be stressed that the stirring conditions are also ex- 
tremely important in modifying particle size so that valid comparisons may 
only be made under standard conditions of reactor size and stirring rate. 

Low molecular weight polybutadienes and solution SBR copolymers 
generally gave particles of the order 0.2-1.0 tzm and these gave only minimal 
reinforcement of the polystyrene matrix. In the case of the solution SBR 
copolymers small particles were obtained even when the molecular weight was 
in excess of 200 000 )krn. 

CONCLUSION 

In the preparation of HIPS by bulk inter-polymerization the particle 
size of the dispersed rubber phase increases with an increase in the molecular 
weight of the polybutadiene rubber. To obtain significant reinforcement of 
the polystyrene matrix requires a particle size of ~2tzm this being obtained 
with a polybutadiene of molecular weight >~I10000 3~rn. Provided that 
comparisons are made at a constant elastomer concentration, type of rubber, 
and pre-polymerizafion temperature the increase in particle size correlates 
with an increase in the initial solution viscosity. However, the composition 
of the rubber and the pre-polymerization temperature influence the particle 
size and type of structure independently of the initial viscosity. These effects 
indicate the importance of the phase inversion step and the formation of a 
stabilizing graft copolymer during the early stages of the pre-polymerization. 
This is supported by the previously reported occurrence of grafting in HIPS. 

A study of the composition of the dispersed rubber phase will be the 
subject of a future paper. 

The International Synthetic Rubber Co. Ltd, 
Brunswick House, Brunswick Place, 
Southampton, S09 3AT, UK (Received 1 December 1970) 

(Revised 16 March 1971) 
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Development of the y-crystal form in 
random copolymers of propylene and 

their analysis by DSC and x-ray methods 

A. TURNER-JONES 

Random copolymers of propylene with minor proportions of ethylene, 
butene and other comonomers develop e-form crystallinity, mixed with m-form, 
on crystallisation from near the melting point. The proportion of ~,-form 
increases with comonomer content, y-form determinations, together with 
measurement of degrees of crystallinity by x-rays and melting point distribu- 
tions by differential scanning calorimetry (DSC), after carefully controlled 
thermal treatment, can be used to characterize the chain distribution present. 
The effect of thermal history on the melt distribution observed by osc and the 
~/~, ratio has been investigated in detail for one copalymer containing 6.5mol Uoo 
ethylene, and the crystal morphology developed in this copolymer and 

fractions obtained by solvent extraction is discussed. 

INTRODUCTION 

IN AN EARLIER paper by the author I it was shown that stereoblock fractions 
obtained by solvent extraction of normal commercial polypropylene cooled 
from above their melting points gave y-form crystallinity as well as normal 
a-form. The low temperature fractions, obtained over the approximate 
range 35-70°C using petroleum ether or xylene as solvents, were of high 
molecular weight and crystallized entirely in the y-form. The development of 
),-form was ascribed to discontinuities in the isotactic sequences in the chains. 
These discontinuities were caused either by short atactic sequences of propylene 
units or by simple switches (one heterotactic unit) from an isotactic sequence 
where the methyl groups are all on one side of the main C- -C  backbone 
(regarded as a linear zig-zag) to an isotactic sequence where they are all on 
the opposite side. 

Since then highly isotactic polypropylene, as opposed to stereoblock 
polymer has been obtained in the y-form free of a-form by crystallization 
under very high pressure by Kardos z and Pae 3 and also independently in 
these laboratories. Very low molecular weight isotactic polymer has also 
been shown to crystallize in the y-form by melt crystallization 4 and from 
certain solvents 4-6. 

In this paper it is shown that random copolymerization of small amounts 
of various comonomers with propylene using stereospecific catalysts, gives 
copolymers which, on slow cooling from the melt, yield mixed a/y crystal- 
linity with a high proportion in the y-form. This supports the thesis that 
development of the y-form is due to interruptions in the isotactic propylene 
sequences, in this case due to comonomer units. As with the stereoblock 
fractions the copolymers as originally made, before they are melted, show 
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a-form of relatively low crystallinity. The two comonomers showing this 
effect that have been investigated in most detail are ethylene and butene, but 
3-methylbutene and octene and other randomly polymerized comonomers 
have also been shown to increase the proportion of y on crystallization from 
the melt. Neither of these two comonomers co-crystallizes with polypropylene 
although low levels of randomly distributed butene units may enter the 
polypropylene lattice to a limited extent, reducing, but not disrupting 
crystallinity. This is shown by the expansion of the polypropylene crystal 
latticeT, 8. Random copolymers of propylene and ethylene in roughly com- 
parable proportions are, as is well known, amorphous. 

This paper discusses the effect of the proportion of comonomer and the 
thermal history on the amount of ~,-form produced in mixed a/9, crystallinity 
and on the melting point distribution observed by differential scanning 
calorimetry (DSC). It describes how these parameters can be used to analyse 
qualitatively the chain distribution in propylene copolymers containing small 
amounts of ethylene and butene distributed randomly, or as block copolymers, 
and mixtures of polypropylene with small amounts of polyethylene. The 
methods differ from those of Barrall et alp previously reported. 

One copolymer containing 6.5 mol~  o ethylene was selected for more 
detailed investigation and for fractionation studies. 

EXPERIMENTAL 

Preparation o f  copolymers 
All the copolymers were made with TiCla/A1Et2C1 catalysts in a high 

boiling aliphatic hydrocarbon at 60°C. The rates of feeding propylene and 
ethylene (or butene) were adjusted so as to obtain random copolymers. The 
molecular weights were controlled by hydrogen modification to approx- 
imately Mw = 300 000. The polymer was isolated by filtration at 60°C and 
the soluble portion discarded. 

Five random copolymers were examined containing between 3 and 17 
mol~  butene (B1-Bs, see Table 1) and two random copolymers E1 and E2 
containing 3 mol ~ and 6.5 mol ~ ethylene respectively. Three other copoly- 
mers with ethylene were examined. These were made by first polymerizing 
propylene to homopolymer before introducing the ethylene to make random 
copolymer during the subsequent polymerization. The initial polypropylene 
portion amounted to 15 ~ or 30 ~ by weight of the final polymer. The data 
on the copolymers El-E5 are also included in Table 1. 

In the butene series of copolymers a very small amount of homopolymer 
(1.5 ~ by weight of the total polymer) was polymerized before the butene was 
introduced. Four of these copolymers, all except B4, contained a nucleating 
agent. None of the copolymers with ethylene contained a nucleating agent. 

Unfortunately no directly comparable homopolymer was made at the 
same time under identical conditions but a typical commercial polypropylene 
(Pe) has been included for comparison, and also a blend of the same propylene 
homopolymer with 4 ~ of high density polyethylene (PP/E) made by mixing 
the homopolymers as powders and milling into a cr~pe. 
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Determination o f  comonomer content 
The p r o p o r t i o n  of  c o m o n o m e r  present  in the samples  was de te rmined  

by M. E. A. C u d b y  of  these l abora to r ies  by infra-red methods  which will be 
publ i shed  separately.  I t  was shown tha t  the ethylene was present  mainly  as 
- ( C H 2 ) ~ -  sequences where n - -  5 or  7. The average length of  the butene 
sequences is not  certain.  

Table 1 Degrees of crystallinity and percent y developed on slow cooling 

Sample Comonomer Cryst. %o 7 ~* 
(cooled from 160°C 

(Wt%) (Mol%) at 6C°/h) 

vp - -  - -  7 0  0 

PP/E ethylene 4 6 70 0 
blend 

B1 butene 4 3 60.5 20 
(random) 

Bz 7 5'5 58.5 32 
Bz 10 8 52.5 39 
B4 12 10 50 48 
B5 20.5 17 40 ? 

Cryst. % 7 %* 
(cooled from 190°C 

at 6C°/h) 

69 7 
62.5 0 

E1 ethylene 2 3 60 22 59 33 
(random) 

E2 4.5 6.5 57.5 46 53 52 
E3 (15% vp)t 3 4.5 57.5 24 55 37 
E4 (15 % pp)? 4.5 7 53 34 52 38 
Ea (30% pp)? 5 7.5 57-5 31 50.5 27 

* % oftotal crystallinity (a+V) not of whole sample 
t Proportion polymerized as propylene homopolymer before ethylene is fed to give random copolymer 

Crystallinity determinations 
These were carr ied  out  by methods  basical ly  similar  to tha t  of  N a t t a  1°. 

x - ray  diffract ion scans were ob ta ined  with a Phil ips P W  1010 di f f rac tometer  
with C u - K a  rad ia t ion  and pulse height  d iscr iminat ion  and work ing  in t rans-  
mission.  A s t ra ight  b a c k g r o u n d  was d rawn in between 4 ° and 16 ° of  0 and 
the di f f ract ion scans were then d iv ided  into areas  a t t r ibu tab le  to diffuse 
scat ter  f rom the a m o r p h o u s  regions (A) and to  sharp diffract ion peaks  f rom 
the crystal l ine regions (C) as shown by the do t t ed  lines o f  Figures la and lb. 
The crystal l ini ty  was calcula ted as C/(C 4 - A )  with no correct ions.  The 
object  was to place  samples  in o rde r  o f  crystal l ini ty  and show t rends  in 
crystal l ini ty .  Na tu ra l ly  the me thod  is not  c la imed to be absolute.  N o  po lymer  
in any case is a s imple two phase  system of  crystal l ine and  a m o r p h o u s  
regions and the de te rmina t ions  are fur ther  compl ica ted  by the presence of  
two crystal  forms.  Close compar i sons  are not  valid when different p ropo r t i ons  
of  the two forms are present.  

Determination o f  a- and 7"-forms 
The x- ray  di f f ract ion pa t t e rns  of  the a -and  7'-forms were descr ibed in 
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reference 1. They are similar in many respects but the third strong reflection 
at d-spacing 4.77 A (0.477 nm) of the a-form (a3) is absent in the y-form and 
is replaced by a line at 4.42 A (ya). The relative proportions of a and y of the 
total crystallinity (not of the total sample) which are quoted are based on the 
relative intensities of these two lines. The x-ray diffractometer scans of the 
two samples, one wholly a-form and the other wholly y-form and both with 
overall crystallinity 60~ ,  were normalized to constant area (crystalline + 
amorphous) above background between 4 ° and 16 ° of 0 (see Figures la and le 

IS I0 5 
e (degrees) 

Figure 1 x-ray diffraction scans of propylene homopolymer: (a) a-form; (e) y-form; 
(b), (c), (d) a/y ratios of 75:25, 50:50, 25:75, respectively, derived graphically from (a) and (e) 

respectively). The scan attributable to a polymer of 60 ~ crystallinity with 
a/y ratio 50:50 was obtained by adding graphically one half of the intensity 
above background of  the y-form scan to half of the intensity of the a-form scan 
at suitable intervals of 0. The resulting scan is shown in Figure le. Similar 
scans were obtained for a/y ratios of 25:75 and 75:25 (see Figures lb and ld). 
The heights H a and H~, of the a and y peaks were measured as shown in 
Figure 1 and the quantity Hr/(H a + H 7) plotted against the percent y 
crystallinity (Figure 2). 

From the graph the proportion of y-form could be obtained in experimental 
specimens by measuring H 7 and H~ in the same way. (The extrapolation of 
the line AB was used as a base line in determining H~ because y3 is not 
always well resolved from the strong reflections at 0 -- 10.5-11 °, particularly 
in poorly crystalline specimens.) Confirmation of the validity of the method 
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was obtained by mixing together the finely divided all-~, and all-a polymers 
in the proportions 50:50 and 40:60 and 60:40. ~,-form determinations from 
the x-ray scans of these mixtures are marked with crosses in Figure 2 and fall 
close to the line obtained graphically. 

This method differs slightly f rom that used by K. D. Pae 11 who, in the 
investigation of y to a conversion in high pressure crystallized polypropylene, 

IOO / 
X 

5 0  

A 

C 

> .  
t -  
U 

E 

I 

× 

I I I I I I 

0.5 1.0 
H.y/(H~+ H.y ] 

Figure 2 Percent of total crystallinity in 7-form vs. H~,/(Ha + H~) 
(see Figure 1) 

took the proportions of  = and ~, equal when the height of  the a and ~, peaks 
were equal and f rom that of  Morrow and Newman 4 who regarded them as 
equal when the height of  the ~, peak was twice that of a. 

Preparation o f  Dsc and x-ray specimens 
Specimens for DSC examination (10 mg) were cut f rom thin films to fit 

the standard aluminium pans (¼ in diameter). The films were obtained by 
pressing, at 210°C, the powders as originally made and cooling at a moderate 
rate. 

In some of the experiments the specimens were first slowly cooled at 
6C°/h from 160°C or 190°C. Specimens of the polymers to be compared were 
placed in their aluminium pans in cavities of  suitable size cut in a brass block 
sealed by a thick brass lid. The whole was placed in an oil bath heated to the 
temperature f rom which cooling was to start. The mass of metal reduced the 
temperature of  the bath and slow heating was continued until the desired 
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starting temperature was again reached as measured by a thermocouple 
placed inside the metal block. Cooling was then started immediately. The final 
heating process took some 15 min and the starting temperature was thus 
reached asymptotically, the last ten degrees taking about 10 min. This thermal 
history before cooling was started is important and, in comparing different 
batches of samples, it is necessary to carry out the procedure consistently and 
not to exceed the starting temperature for reasons which become clear later. 
The high thermal conductivity and heat capacity of the metal block ensured 
that all the samples at different parts of the block were given the same thermal 
treatment and helped to smooth out the temperature fluctuations of the oil 
bath. The block itself showed cyclic temperature fluctuation of ± 1 °C. 
When required, extra specimens of each polymer were included for x-ray 
crystallinity determinations to ensure that DSC and x-ray specimens had 
received identical thermal treatment. These were subsequently chopped 
finely and placed in thin walled PANTAK glass tubes of 2 mm diameter 
for x-ray examination. 

Differential scanning calorimetry 
Differential scanning calorimetry was carried out with a Perkin-Elmer 

DSC-1 instrument using 10 mg samples. Calibration for heating runs was 
carried out by observing the onset of melting of standard indium samples. 
This takes account of both the temperature scale error and the lag in recording 
which arises from the relative positions of the temperature sensors and the 
base of the sample pan; this lag varies with heating rate. No correction has 
been made for thermal lag through the sample which only amounts to H1 °C. 
Owing to the particular characteristics of the Perkin-Elmer instrument the 
corrections to the temperature scale are not constant over the whole temper- 
ature range. All the Dsc heating curves shown in the diagrams were obtained 
at a heating rate of 16C°/min. Investigations using slower and faster rates 
showed that no significant recrystallization occurred during scanning. The 
approximate correction was -- 4°C at the melting point of indium (156.5°C) 
and the temperature scales shown are correct at this temperature. The main 
object has been to present an entirely consistent series of scans. To facilitate 
comparison between different DSC curves all the scans have been normalized 
to a horizontal background. The position of the background could not always 
be clearly determined, especially at low temperatures when melting started 
gradually. Hence too much reliance should not be placed on small differences 
in these low temperature regions. 

RESULTS AND DISCUSSION 

X-RAY AND DSC ANALYSIS OF COPOLYMERS OF PROPYLENE WITH 
ETHYLENE AND BUTENE 

The degrees of crystallinity and the proportions of ~,-form developed in the 
butene and ethylene copolymers after prior cooling at 6C°/h from 160°C or 
190°C are given in Table 1. The DSC scans of samples similarly slow cooled are 
shown in Figures 3 and 4. The scans shown by dotted lines in these figures 
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were obtained after continuing heating to 230°C, holding for 5 rain, cooling 
at 16C°/min to room temperature and then reheating. Details of the crystal- 
lization exotherms recorded during cooling are given in Table 2. 

The similarity in crystallization and melting behaviour between these 
copolymers and the stereoblock fractions obtained from homopolymers by 
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Figure 3 DSC reheat endotherms of  random copolymers of  propylene 
with butene (B1-B~, see Table 1) after cooling at 6C°/h from 160°C 

(thick lines); from 230°C at 16C°/min (dotted lines) 

solvent fractionation 1 lends support to the hypothesis that the development of 
the 7-form is due to interruptions in the polypropylene isotactic sequences. 
In the copolymers these interruptions are now the comonomer units. When 
the interruptions are more frequent a higher proportion of 7,-form is developed. 

The wide melting ranges observed after slow cooling from 160°C show 
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Figure 4 DSC reheat endotherms of propylene homopolymer (PP), blend with polyethylene 
(PP/E) and copolymers with ethylene (E1-Es, see Table 1), after first cooling at 6C°/h from 
160°C (thick lines) and from 190°C (dashed lines); from 230°C at 16C°/min (dotted lines) 

494 



• ).'-CRYSTAL-FORM IN RANDOM COPOLYMERS OF POLYPROPYLENE 

that the polymerization method adopted has resulted in copolymer chaip.s 
with a wide distribution of isotactic polypropylene sequence lengths which, 
on slow cooling, crystallize at different temperatures to give crystallites of 
different thicknesses and perfection and hence different melting points. The 
high melting peaks at ~170°C show that some chains of very long isotactic 
sequences (either similar to those in normal propylene homopolymer or 
containing very few interruptions by comonomer units) are present in all 

Table 2 osc exotherms on cooling from 230°C at 16C°/min 

Polymer Ts(°C) Tc(°C) Peak heightt Peak width~ 

pp 117 112 7.3 3"2 
BI* 120 113 6.3 4.0 
B2* 118 111 5.4 4.5 
B3* 115 107 4.2 4.6 
B4 103 85 2.8 7.7 
Bs* 112 102 1'1 v. wide 
E1 108 96 3.6 7"5 
E~ 106 90 2.6 10 

Ts start of exotherm as defined by clear departure from base line; Tc peak of exotherm 
* c on t a in s  a n u c l e a t i n g  agen t  
t in a r b i t r a r y  uni ts  
++ in °C on  DSC t race ,  a t  h a l f  he igh t  

polymers but, as expected, are much fewer in the copolymers with the 
highest comonomer content. The very small peak at 168°C present in the 
most highly modified copolymer B5 is due, at least in part, to the 1-5 ~ of 
homopolymer present, as already mentioned. 

As comonomer content increases the proportion of polymer melting at 
progressively lower temperatures increases. This is accompanied by 
increasing amounts of 7-form which must have developed from chains of 
progressively shorter, but still crystallizable, polypropylene sequences. The 
proportion of 7-form developed in Ba, the copolymer containing the 
highest proportion of butene (17 tool ~o), could not be determined because of 
the changes in the polypropylene x-ray spacings due to lattice expansion and 
to the presence of some polybutene type crystallinity. The development of 
polypropylene and polybutene phases during copolymerization with highly 
stereospecific catalysts when the butene content exceeds about 20 ~ by weight 
has been described previously by the author v and also by Coover et al 8. 

The object of starting the slow cooling process from 160°C, that is from 
below the maximum melting point of polypropylene, was to prevent complete 
melting and so leave some nuclei or crystallites on which crystallization could 
start immediately on cooling. The chains with the longest isotactic poly- 
propylene sequences would then be expected to crystallize first, then, as the 
temperature drops, those with progressively shorter sequences thus effecting a 
fractionation on a chain structure basis which is reflected in the melt distri- 
bution on reheating. 

Lower final melting points and therefore much narrower melt distributions 
are obtained by cooling from 190°C, even in the homopolymer and blend. At 
this time and temperature in the melt, nuclei are evidently effectively destroyed 
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and crystallization starts after the considerable supercooling normally 
observed in unnucleated polypropylene 12. As a result the final melting points 
are not much higher than those observed in the same samples cooled much 
faster at 16C°/min from 230°C, at which temperature nuclei are known to be 
destroyed 13. It appears that both the long sequence chains and shorter 
sequence chains now crystallize simultaneously to give crystallites of similar 
melting point. Hence these conditions are much less effective in producing a 
melt distribution characteristic of  the chain distribution present. The advantage 

Table 3 Crystallinity and ~ 7 developed in E2 under various thermal treatments in Dsc 

Heat- Hold- Holding Cool- 
ing ing time ing Ts(°C) Te(°C) Cryst. % 7 DSC reheat 
rate temp. rate/ ~ figure no. 
(C°/min) (°C) min 

16 160 0 0.5 immed. 54 55.5 5b 
16 123 110 49 44 5b (dashed) 
64 103 89 48 16 

10 min 0-5 57 52-5 5c 
16 48 45 5c (dashed) 

16 h 0-5 immed. 55 31 5d 
16 121 104 50 19 5d (dashed) 

230 5 min 0.5 121 112 55 42 5e 
16 106 90 48 7 5e (dashed) 
64 90 74 45 0 

4 160 10 min 0.5 immed. 6a 
0"5* 160 0 0"5 immed. 58 41 6b 

0 64 immed. 6b (dotted) 
1 h 0.5 immed. 6c 

16 h immed. 6d 
162.5 0 immed. 6e 
165 0 immed. 57.5 63-5 6f 

16 h immed. 6f  (dashed) 
170 0 -~135 124 55 45.5 6g 

T8 start of exotherm as defined by clear departure from baseline; Tc peak of exotherm 

*Heated 16C°/min to 140°C then at 0'5 C°/min 

of cooling from 160°C instead of 190°C is evident from Figure 4. The melt 
distributions observed in copolymers E2 and E4 after cooling from 190°C 
would suggest that they had similar chain structure distributions. The 
differences are brought out by cooling from 160°C. 

The usefulness of the method is further illustrated by the melt distributions 
of Ea, E4 and Es. The endotherms accurately reflect the composition of the 
copolymers. The size of the sharp endothermic peak at ,~170°C characteristic 
of homopolymer is larger in E5 which contained 30 % homopolymer than in 
E3 and E4 (15 % homopolymer). The size and melt distribution shown by the 
very broad low melting endotherms appropriately reflect the proportion and 
degree of modification of the random copolymer present. In making the 
comparison it must be noted that the ethylene contents of the random 
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copolymer portions are higher than the overall contents given in Table 1. The 
7-5 m o l ~  ethylene in E5 is equivalent to about 9.5 m o l ~  o in the random 
copolymer portion. 

Where high density polyethylene is present as a separate phase as in the 
blend PP/E it is shown as a distinct endothermic peak at ~130°C. Low density 
polyethylene is shown as a peak at ~110°C. Slow cooling from 160°C effects 
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Figure 5 DSC heating curves of E2 samples: (a) pressed sheet, no 
heat treatment; (b)-(e) prior thermal treatment as in Table 3, 
involving 16C°/min approach to maximum temperature and cooling 

rate 0.5C°/min (thick lines), 16C°/min (dashed lines) 

the best resolution of the polypropylene and polyethylene melting peaks and 
hence facilitates quantitative estimation of the proportion of crystalline 
polyethylene present. This may most readily be carried out by comparing the 
areas of  the polyethylene endotherms with those obtained from a series of  
calibration blends slow cooled under the same conditions. 
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EFFECT OF THERMAL HISTORY ON MELTING POINT DISTRIBUTION 
AND DEVELOPMENT OF y-FORM 

The results given in Table 1 for the E series of copolymers show that the 
relative proportions of ~- and ~,-forms developed in each copolymer varied 
with the temperature from which slow cooling was started. Since the overall 
degrees of  crystallinity are not very different it is clear that some chains can 
crystallize in either the a- or x-forms. Copolymer Ez was therefore selected for 
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Figure 6 DSC heating curves of E~ samples given prior thermal 
treatment as in Table 3, involving slow approach (4C°/min and 0'5C ° 

min) to maximum temperature 
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a more detailed study of the effect of rate of heating to the holding temperature, 
the holding temperature itself, and the cooling rate, upon the overall crystal- 
linity and amount of 7 developed and on the melt distribution on reheating. 
Figures 5 and 6 show DSC traces of E2 copolymer film which had undergone 
different prior thermal treatments as indicated in Table 3. Table 3 also gives 
data on the crystallization exotherms recorded during the cooling process. 

Melting point distributions 
It will be observed that, irrespective of holding, time or cooling rate, the 

only samples displaying appreciable melting at ,~170°C are those which had 
been heated fairly fast to a temperature where melting was not complete and 
then at the slowest possible rate available (0.5C°/min) to 160°C. This effect 
can be explained as follows. During heating, crystallites formed from chains 
of short isotactic polypropylene sequences will melt and those with longer 
sequences can recrystallize to form more perfect thick crystallites. The extent 
of this 'morphological rearrangement' will be very dependent upon the heating 
rate. Only at slow rates will there be enough time for crystallites to be devel- 
oped which are sufficiently perfect to be stable at 160°C. These crystallites 
will act as nucleating agents during subsequent crystallization on cooling. 

The rate of cooling also has an effect on the subsequent melting behaviour. 
As seen in Figure 6b, immediate cooling at the fast rate of 64C°/min gave 
a smaller peak at a slightly lower temperature than cooling at 0.5 C°/min. 
The latter gave a melt distribution resembling most closely that obtained 
after the standard slow cooling in the oil bath (Figure 3). Longer holding 
times, up to 16 h, increased the size of the upper peak slightly and increased 
its temperature. All chains potentially able to produce crystallinity with 
melting point > 170°C appear to now have done so. 

The effect of higher holding temperature was also examined. E2 was 
heated to 162-5, 165 and 170°C at 0-5C°/min and then cooled im- 
mediately at the same rate. The DSC curves are shown in Figures 6e, f ,  g. Up 
to 165°C the upper melting peak increases in temperature but decreases in 
size. After heating to 170°C it is no longer observable; crystallization has 
occurred with considerable supercooling as shown by the exothermic peak at 
124°C. The DSC traces obtained while cooling from the lower temperatures 
show no such exotherm although the crystallinity developed is higher. This 
is consistent with crystallization starting immediately on cooling and 
continuing gradually. There is no sudden change in dH/dt to be recorded 
as a distinct exothermic process. 

Nevertheless complete order cannot have been destroyed at 170°C because 
on cooling from 230°C at 0.5C°/min the peak temperature of crystallization 
is lower still at 112°C. This is reflected in the peak melting points on reheating 
of 155°C and 148°C respectively (Figures 6g and 5e). 

Figure 5 shows that, at the faster initial heating rate of 16C°/min, all but 
a very small amount of crystallinity in the Ez copolymer film is melted at 
160°C and only small peaks of melting point >170°C are xecorded after 
subsequent cooling. It is also noticeable that more crystallites of higher 
melting point (i.e. in the approximate melting range 150-170°C) are developed 
on cooling immediately 0.5C°/min from 160°C than after holding for longer 
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times. In other words the balance between growth on nuclei present and 
their dispersion due to thermal motions is in favour of the latter, in spite of 
160°C being well below the maximum melting point of an appreciable pro- 
portion of the polymer. The destruction of nuclei with increased holding 
time is also shown by the lower temperature of crystallization on cooling at 
16C °/rain. 

The above results explain why the particular thermal pre-treatment we have 
adopted as our standard procedure involving slow approach to 160°C was 
effective as a chain structure fractionation procedure. Figures 6b and 6fshow 
that for E2 the upper peak is related in temperature and size to the temperature 
from which slow cooling is started. For copolymers more highly modified 
than those discussed here, melting may be complete at 160°C and cooling 
would then have to be started from a lower temperature to prevent super- 
cooling. We have found that 160°C is normally the best compromise when 
comparing different polymers. 

In a later section it well be shown that annealing at a temperature below 
160°C causes some recrystallization to polymer of higher melting point. 
Clearly a slower rate of cooling would produce a more perfect fractionation 
but for routine analysis we have found that the procedure described provides 
the best compromise. 

Development of ~,-form: morphology of mixed a- and ~,-forms 
The results given in Table 3 show that after heating fast (16C°/min) to 

the holding temperature: 

(a) The proportion of ~, developed decreases as the rate of cooling increases: 
fast cooling from 230°C gave a-form only. This is consistent with 
earlier observations on the homopolymer stereoblock fractions 1 which 
gave a-form only on quenching from the melt. 

(b) At corresponding cooling rates more ~, is formed on cooling from 160°C 
than from 230°C. 

(c) Longer holding times at 160°C decrease the amount of~,-form on cooling. 

Development of 7-form is therefore favoured by slow cooling but more 
particularly when some crystallinity or order is left in the melt as discussed in 
the previous section. 

Fractionation studies described in a later section show that the high 
melting peaks at ~-~ 170 °C represent melting of a-form crystallites. On cooling 
at 0.5C°/min from 160°C a smaller proportion of ~,-form is produced after 
approaching this temperature slowly (0-5C°/min) than at the faster rate 
(16C°/min). Comparison of the relevant osc traces shows that this can be 
attributed to the development of the large a-form peak of Figure 6b which is 
not present in Figure 5b, i.e. to the preferential crystallization into the 
a-form and ~,-form, respectively, of chains containing only a small proportion 
of ethylene units. Similarly more ~, forms on cooling at 0.5C°/min from 165°C 
because no large a peak is developed, (Figure 6f). It appears that the maximum 
amount of ~, is formed when a high proportion of crystallites melting in the 
range 150-170°C are present, as in Figures 5b and 6f(thick lines), but no large 
a-form peak. The proportion of ~,-form decreases again on cooling from 
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170°C because more order in the melt is destroyed and fewer crystallites 
in this melting range are developed (Figure 6g). 

At this stage it is only possible to provide a speculative explanation for the 
above results. Crystal growth into a- or 7-form may occur by direct nucleation 
into either a- or 7-forms and by growth on to existing a-form crystallites, 
either in a-form or in the 7-form by epitaxial growth. 

Evidence for epitaxial growth between the a- and 7-forms has been pro- 
vided by Morrow 4 who showed that individual single crystals made from 
very low molecular weight propylene homopolymers by solution crystal- 
lization can consist of regions of a- and 7-forms. This is attributed to the 
close relationship between the packing of the left and right handed helices 
of the a- and 7-forms 1,2,4. The crystal lamellae are formed from extended 
chains so that the question of chain folding does not arise. 

Kardos 3 has shown that normal highly isotactic polypropylene crystallized 
in the 7-form under high pressure, converts to a-form on heating by a solid- 
solid crystal phase transition. As high pressure crystallized 7-form has been 
shown to consist of folded chains3,14,1~ and not extended chains as in poly- 
thene, it follows that the fold planes of the two forms must be closely related. 
Evidence has been provided that the fold plane of the a-form is the ac 
plane 16,17 so that the fold plane of the 7-form is likely to be the crystallo- 
graphically closely related ac plane (see figure 10 of reference 1). Epitaxial 
growth of 7 on a and vice versa is therefore extremely probable in high 
molecular weight polymers even where chain folding is involved. 

In particular we have to explain why the maximum amount of y-form is 
developed when a small proportion of a-form crystallites melting above 
170°C are left in the melt before cooling, and when cooling is carried out 
under conditions which yield the maximum amount of crystallites melting 
in the range 150-170°C (see Figures 5b and 6f). 

On slow cooling from a melt in which a little a crystallinity is retained, 
crystallization can start immediately on these crystallites. As the temperature 
drops chains of progressively shorter sequence length can crystallize by 
lateral addition to the folded chain lamellae but with progressively shorter 
fold lengths. This type of overgrowth has been observed in single crystals 
grown from solution as the temperature is lowered 18. These overgrowths are 
likely to be initially in the a-form from chains of the longest isotactic poly- 
propylene sequence but may be epitaxial growths in the 7-form as more 
highly modified chains crystallize. Meanwhile more nuclei will form which 
will be more likely to be 7-nuclei as the chains forming the nuclei have 
progressively shorter average sequence lengths. It is known that stereoblock 
fractions with isotactic sequence lengths below a certain (unknown) average 
give y-form only on slow cooling from the melt 1. It is also possible that order 
remaining in the melt, as opposed to true a-form crystallites, may predispose 
to the formation of 7-nuclei by chains modified by copolymer units to only a 
low degree. 

It seems possible that if all the most highly isotactic chains which will 
nucleate or grow on existing crystallites in the a-form only are first crystallized, 
and therefore removed from crystallizing phase, then further new nucleation 
may now occur preferentially in the ~,-form. This might also favour 7-form 
epitaxial growth on existing a-crystallites. In this way the maximum amount 
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of 7-form can develop with the minimum interference from new a-form 
nuclei. 

If, however, crystallization by slow cooling is carried out under conditions 
which ensure that nuclei or order are first destroyed, then crystallization 
develops from nuclei formed at a much higher degree of supercooling as 
discussed in the previous section. At this temperature both chains with the 
longest polypropylene sequences and the more modified chains nucleate and 
grow simultaneously. A large number of a-nuclei might then be formed from 
the former, favouring further overgrowths in the a-form and therefore 
decreasing the 7 content, as observed. 

As crystallization proceeds, and since the sequence lengths even within one 
chain are likely to vary, parts of chains with the shortest sequences may be 
excluded from the growing crystallites and be incorporated at lower temp- 
eratures into other crystals of shorter fold length and lower degree of per- 
fection or as fringed micelle growth. 

Fast cooling complicates the picture still more because development of 
a-form is now favoured even in the more highly modified chains. It is possible 
that there is a temperature above and below which direct nucleation occurs 
preferentially into 7 and a respectively. 

Crystallites of the same melting point may be formed from chains of 
different sequence length in either the a- or 7-forms depending whether growth 
occurs on existing crystallites or by direct nucleation. Hence we should not 
expect to find a clear temperature demarcation in the DSC remelt endotherms 
below and above which all the melting crystallites are 7 or a respectively. 
At low temperatures 7-form melting predominates. We have attempted to 
follow the melting of the two forms by running x-ray diffractometer scans at 
different temperatures. In a sample of Ez slow cooled from 160°C, 7-form 
started to melt first as expected but in the middle melting range recrystal- 
lization to polymer of higher melting point occurs because the rate of 
scanning is necessarily slow. This complicated the observations because some 
conversion of 7-form to a-form was also involved as described in the next 
section. The 7-form had completely disappeared by 145°C but the a-crystal- 
linity increased slightly over this range. Conversion to a-form of 7-form made 
from homopolymer by high pressure crystallization has been discussed by 
several authors 2,u,14,19. The mechanism of conversion will be discussed by the 
author in relation to these copolymers in a sequel to this paper. 

FRACTIONATION OF PROPYLENE-ETHYLENE COPOLYMER E~ 

None of the copolymers so far described has been crystallized entirely in 
the y-form free of a-form. The solvent fractionation of propylene homo- 
polymers 1 only yielded very small quantities of stereoblock polymer crystal- 
lizing entirely in the 7-form. Solvent fractionation of the copolymer E~, the 
one yielding the highest proportion of 7-form, was undertaken with a view to 
obtaining larger quantities of polymer which could be crystallized in the 
7-form only, to permit a more detailed investigation of the 7-form crystalline 
morphology and to provide material for attempts to grow single crystals 
which would help to confirm the unit cell postulated 1. This work was carried 

502 



y-CRYSTAL-FORM IN RANDOM COPOLYMERS OF POLYPROPYLENE 

out before the publication of the electron diffraction photographs from 
7-form single crystals obtained from very low molecular weight polymer 4. 
These photographs did, in fact, confirm the originally proposed unit cell 
in e-axis projection except that doubling of the b-axis was proposed. The 
possibility that either a or b axes might be doubled had been suggested 1 but 
could not be established from x-ray photographs of unoriented polymer. 

As y-form is developed most readily in the chains with shorter poly- 
propylene sequences, it was desirable to separate these from chains contain- 
ing less comonomer which have been shown to crystallize either a or 7 
depending upon thermal treatment. 

It was found that after applying the standard slow cooling procedure to 
E2, further annealing at various temperatures below 160°C caused recrystal- 
lization of these less modified chains to crystallites of higher melting point 
and therefore lower solubility. Subsequent rapid cooling to room temperature 
crystallized the short sequence chains to a low degree and hence rendered 
them as soluble as possible, thus providing optimum conditions for their 
separation by solvent extraction. Annealing for one hour at 150°C, followed 
by rapid cooling, was found to give good separation as shown by the remelt 
distribution of Figure 7, curve B. A subsidiary upper melting peak has 
developed at 165°C while the broad low temperature endotherm, well 
separated from the upper peak, results from the short sequence chains which 
were melted at 150°C and recrystallized on cooling. The proportion of ~,-form 
was reduced from 5 0 ~  to 2 5 ~  during this treatment. 
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r -  
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I % 
~ s  " • • . ~ .  ~ , .  

i ~ . . . .  I I" i i I I J ' ' I ~" - -  I - -  - - l i  I I 
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T~rnp~rotur~ (°C) 

Figure 7 DSC reheat endotherms from copolymer E2 and its fractions 
as described in Table 4 (10 mg samples used for each scan) 

The resulting polymer was first extracted with boiling hexane and then 
boiling heptane and the soluble polymer recovered. Table 4 gives data on the 
soluble fractions and the residue. Figure 7 shows the os¢ heating curves of 
the two soluble extracts (C) and (D) after slow-cooling from 160°C and of the 
residue after extraction (E). It will be seen that the greater part of the lower 
melting crystallites of curve B had been extracted. The residue now showed 
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only a trace of  ~,-crystallinity while, as expected, the degree of crystallinity 
had been increased. The absence of ) '-form from the residue shows that the 
melting peak at 172°C (curve A) which remained unchanged after annealing 
at 150°C was originally in the a-form. 

The reduction in the proport ion of ),-form during annealing is probably 
primarily due to conversion of ), to a of  higher melting point but may partly 
be due to the subsequent fast cooling f rom 150°C which favours development 

Table 4 Data on fractions from copolymer E~ 

DSC Curve Crystal- y-form Weight Ethylene 
(Figure 7) linity (%) (°~) (mg) (wt ~) (mol ~) 

A, E2 unextracted sc* from 
160 °C t 58.5 50 1000 4.5 6"5 

B, A held at 150°C for 16h then 
rapidly cooled 53.5 25 

C, hexane sol. fract, from 
B - -  as recovered 0 166 ~13 18'5 

- -  sc from 100°Ct 42.5 90 

D, heptane sol. fract. 
from B - -  as recovered 0 475 ~4-2+ + 6+ + 

- -  sc from 160°Ct 51 92 

E, residue after heptane 
extraction 72"5 trace 355 ~ l  '0 1,5 
- -  sc from 160°C 68 25 

* sc--s low cooled t at  6 C°/h  .+ by difference 

of a-form as previously discussed. Both the hexane and heptane soluble 
polymers were found to be in the a-form after recovery f rom solvent, but 
showed over 9 0 ~  y after slow cooling f rom 160°C. The heptane soluble 
fiaction was still well crystalline (52.5~)  so that the object of  obtaining 
polymer capable of  forming well crystalline y-form only had been substantially 
achieved. The infra-red spectrum of this fraction was obscured by aromatic 
substances present in the heptane used, but by difference contained about 
6 m o l ~  ethylene compared with about  18.5 m o l ~  in the hexane soluble 
fraction and 1.5 ~ in the residue, both largely present as - (CH2)n-  sequences 
where n --  5 or 7. The heptane soluble fraction was of high molecular 
weight because highly oriented crystalline fibres in the a-form were obtained 
f rom it. 

Twenty five percent of  ) '-form was developed in the residue after slow- 
cooling, again f rom 160°C, thus providing additional evidence that this 
fraction contained chains capable of  crystallizing in either a- or y-form. 

ATTEMPTS TO GROW SINGLE CRYSTALS AND MORPHOLOGY 
OF BULK POLYMER 

Attempts were made to grow single crystals in the )'-form from the hot 
heptane soluble fractions described in the last section and also f rom the 
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unfractionated copolymer E2. With heptane as solvent a-form only was 
obtained on slow cooling and by isothermal crystallization. Similar experi- 
ments with 5 ~o solutions in polyethylene wax 2° and an ester wax were also 
unsuccessful; even 50/50 mixtures developed no y-form on slow cooling. 

Five percent mixtures with a practically amorphous polypropylene wax 
made at 170°C and cooled at 6C°/h and 1C°/h yielded 40 ~o Y and 50 ~ y, 
respectively, in the residue left after extraction with cold hexane. Isothermal 
crystallization at temperatures between 120°C and 130°C also yielded some 
50-55 ~ 7-form. The hexane insoluble residues were dispersed ultrasonically 
and then examined in the electron microscope. No evidence of single lamellar 
crystals was obtained although 7,-form electron diffraction powder patterns 
were obtained from some fragments which were therefore aggregates of 
small crystals. 

Specimens for examination of free surface and fracture surface morphology 
were made by isothermal crystallization of E2 under the conditions given 
above. The best textural detail was obtained by crystallization at 125°C 
(51 ~o Y)- Replication of the free surface revealed a mat-like array of 'ropes', 
~200  /~ in width with a longitudinal periodicity of --~200 A. Fractured 
surface replication indicated a 'pebbled' structure 500-1000 ~ in diameter, 
possibly made up of smaller units ~200  A in extent, but no clear lamellar 
structure was seen. Further heating of this specimen at 125°C for 5 h with a 
view to improving the lamellar structure resulted in no change in the fracture 
surface morphology. 

The bulk crystallized specimen was disintegrated using the nitric acid 
selective oxidation procedure zl. Electron diffraction studies of the debris 
again only gave y-form powder patterns. For  comparison, similar disintegra- 
tion was carried out on a propylene homopolymer crystallized into a-form 
isothermally at 125°C under the same conditions. This gave sufficiently 
large fragments to enable well defined single crystal electron diffraction 
photographs to be obtained. 

All evidence suggests that these propylene copolymers crystallized in the 
y-form are composed of very small crystallites, the lateral dimensions of 
which are much less than 500A. 

As the heptane soluble fraction contains ~ 6  m o l ~  ethylene present 
mainly as -(CH2)5- and (-CH2)7- sequences, then the propylene sequences 
will on average be 50 monomer units long, capable of forming ~ 1 7  helical 
turns in a 31 helix corresponding to 110 A. Such short sequences are not likely 
to give well formed lamellae, even if of uniform length and the ethylene units 
are located at the folds. It also appears that the chains with longer poly- 
propylene sequences present in E2 (only 1.5 molto ethylene was present in 
the residue after fractionation) are also unable to develop good lamellae 
even after annealing. It is not yet possible to say whether the crystal mor- 
phology involves chain folding ol is of the fringe micelle type or a mixture of 
both. 

S P H E R U L I T I C  T E X T U R E  

The spherulitic morphology developed in the various fractions after slow 
cooling from 160°C at 6C°/h is complicated. The texture varied considerably 
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in different regions of individual samples and sometimes spherulites were of 
mixed type and showed changes in birefringence during growth. Further 
investigations, which will be the subject of a later communication, are being 
undertaken to establish the distribution of a- and 9'-crystallinity within the 
textural entities when both types are present simultaneously. The principal 
features are described below: 

The heptane soluble fraction D showed well formed spherulites of positive 
birefringence which must be y-form spherulites since 92 ~ of the crystallinity 
is 9'. The hexane soluble fraction C showed poorly formed sheaf spherulites 
of positive birefringence, varying in size considerably in different regions 
which must also be 9'-form. The residue, after slow cooling from 160°C, 
showed well-formed positive and well-formed negative spherulites, both 
presumably a-form as described by Keith 22, together with some regions of 
poorly formed positive spherulites which might possibly be produced from the 
25 ~ ~,-form present (Table 4), but may be a since it is not known how the 
9'-form is distributed. The 9'-form may consist of very fine textural entities 
embedded in or between a-form spherulites. The whole copolymer A (50 ~ 7) 
showed small areas of well-formed negative spherulites which are likely to be 
a-form corresponding to the high melting peak at ~170°C. The bulk of the 
material showed a very fine texture of small sheaf spherulites of positive 
birefringence, which by analogy with heptane and hexane soluble fractions 

are  presumably mainly 9'-form. 

CONCLUSIONS 

Random copolymers of propylene with minor amoums of ethylene and 
butene and other comonomers made with stereospecific catalysts develop 
mixed a and 9' crystal forms on crystallization by slow cooling from temp- 
eratures near the melting point. The proportion of 9'-form increases with 
increasing comonomer content; its development is ascribed to the inter- 
ruptions in the isotactic polypropylene sequences caused by the comonomer 
units. 

The observation by DSC of the melting point distributions produced after 
slow cooling from 160 °C under carefully controlled conditions, together with 
measurements of the degrees of crystallinity and proportion of 9'-form by 
x-ray diffraction on samples similarly prepared, offer a means at least 
qualitatively of characterizing the chain distribution present in these copoly- 
mers without fractionation. The two series of copolymers examined in this 
paper proved not to be truly random but to contain chains with widely 
varying comonomer contents. 

The method of analysis is also applicable to mixtures of homopolymer 
and copolymer, to block polymers and blends of homopolymers with minor 
amounts of polyethylene, and also to homopolymers containing appreciable 
stereoblock polymer capable of forming 9,-form on crystallization from the 
melt. These methods have been in use for many years in our laboratories 
for examining our own copolymers and those of unknown origin in con- 
junction with infra-red analysis. 

The ratio of 9'- to a-form developed in any one copolymer varies with 
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pretreatment and is a complicated balance of several factors - -  time and 
temperature in the melt and rate of  approach to this temperature, which 
involves the proport ion of crystallinity or 'order '  retained before cooling, and 
the cooling rate itself. 

No evidence of 7'-form lamellar morphology has yet been found in the 
6.5 mol to  ethylene copolymer selected for special study, either in whole 
polymer or in lower melting (but still high molecular weight) fractions 
which crystallized almost entirely in the 7'-form, and attempts to grow single 
crystals in the 7'-form failed. The fractions have been shown to possess 
isotactic polypropylene sequences too short for regular chain folding and may 
contain crystallites primarily of  the fringed micelle type. It is probable that 
in the whole polymer variation in sequence length, both between chains and 
within each chain, results in a complicated morphology involving very small 
crystals with chain folds of irregular length and fold surface, together with 
fringed micelle type growth. 

The relative stabilities of  the a- and 7'-forms and the conversion of 7'- to 
a-form in the copolymers in relation to their crystal structures will be dis- 
cussed in a later paper. 
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Absolute reactivity & the cationic 
polymerization of N-vinylcarbazole 

P. M. BOWYER, A. LEDWITH and D. C. SHERRINGTON 

The cationic polymerization of N-vinylcarbazole initiated by tropylium 
hexachloroantimonate and tropylium perchlorate has been studied in detail. 
Initiation was rapid and complete and conversion to polymer was quantitative 
in all cases. Reaction rates were measured by an adiabatic calorimetric tech- 
nique and half lives were of the order of 1-2 s. Catalyst concentrations 
employed were sufficiently low ( < 10 s M) for essentially complete dissocia- 
tion into free ions, as indicated by the ion-pair dissociation constants. 
The rate coefficient for propagation by free cations in dichloromethane at 
0°C is estimated as ~3 × 10+5M-ts i, approximately five orders of 
magnitude greater than that for the corresponding free radical polymerization. 
Molecular weights were higher when SbCIs- was the counter-ion than with 
C104 and it is suggested that monomer transfer reactions occur more readily 
with the small equilibrium concentrations of ion pairs (allowing an effect 
of counter-ion), whereas propagation occurs predominantly via free cations. 
Initiation is shown to occur by addition of tropylium ion to the monomer 
double bond and detailed mechanisms for this, together with propagation 

and transfer reactions, are considered. 

N-VINYLCARBAZOLE (NVC) is a useful crystalline monomer,  easily purified, 
and readily polymerized by free radicaP, z cationic 3-7 and organometallic 8 
induced polymerization processes. Ionizing radiation has also been used to 
initiate polymerization of NVC particularly in the solid state 9. The radical or 
ionic nature of  the propagating species was readily demonstrated in most cases 
by copolymerization studies and/or the effect of suitable additives 1-9. Some 
years ago we embarked on a study of reactivity and mechanism in cationic 
polymerization ~° and designed catalyst systems H and reaction conditions 
which permit ready evaluation of absolute rate coefficients for propagation 
processes. A central feature of these studies was the use of stable carbonium 
ion salts as initiators~, 12, notably hexachloroantimonate salts of  cyclo- 
heptatrienyl (tropylium) and triphenyl methyl cations. The very stability of 
the initiator salts meant that only reactive monomers could be initiated and 
this has been confirmed by polymerization of alkyl vinyl ethers, p-methoxy 
styrene, indene, NVC and certain cyclic ethers such as tetrahydrofuran. Full 
details of the kinetics and mechanism of cationic polymerization of isobutyl 
vinyl ether have been published 13 as part  of  a series14; the present paper 
reports in detail similar studies of  the cationic polymerization of NVC. 

For any ionic process (including polymerization) in solvents of  low 
dielectric constant, reaction rates and products will be seriously affected by 
the nature of  the ionic reactant, especially its degree of association or aggrega- 
tion with counter-ions (gegen-ions) and other ion-pair species. The effects of 
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ion-pair dissociation equilibria on organic reactions in solvents of low 
polarity were first characterized by Winstein and his collaborators 15 and for 
anionic polymerization, elegant work by Szwarc and his associates as well as 
other groups 16, has dramatized the vast differences in reactivity between 
propagating free ions and corresponding ion-pairs. Effects of ion-pair 
equilibria in cationic polymerizations have been discussed by Plesch 17, and 
characterized recently by Pepper and collaborators ~s for the perchloric acid 
initiated polymerization of styrene. As noted previously, determination of 
absolute reactivity in the polymerization systems under study, requires 
knowledge of the ion-pair dissociation equilibria for both initiating and 
propagating species. Consequently a full study of the initiators was made using 
conductance measurements, and details have now been publishedlZ, ~9. 

E X P E R I M E N T A L  

Materials 
Methylene dichloride was purified and stored as described~3; solvent 

remaining on the vacuum line after three days was discarded and replaced 
by a freshly purified batch. Acetonitrile was purified 2° by passage over a 
column of molecular sieves followed by fractionation from phosphorus 
pentoxide (b.p.82.5°C at 760 mmHg). It was stored, under vacuum, over fresh 
calcium hydride and transferred using normal vacuum techniques. Tropylium 
hexachloroantimonate was prepared and purified as previously described 13. 
Tropylium perchlorate 21 was made by oxidation of cycloheptatriene using 
2,3-dichloro-5,6-dicyano-p-benzoquinone in the presence of perchloric acid. 
The crude product was washed several times with dry ether, dissolved in 
the minimum volume of acetonitrile and reprecipitated by addition of ether. 
It was dried and finally stored under vacuum. The compound exploded 
during elemental analysis. N-Vinylcarbazole was recrystallized three times 
from A.R. methanol. In each case the flasks and solutions were flushed with 
dry nitrogen so that crystallization occurred in the absence of oxygen. 
The crystals were dried by pumping on a high vacuum line for two days, and 
stored in vacuo in the dark, m.p. 64-0°C. Analysis: found, C, 86.88, H, 5.75, 
N, 7.56~; required for C14HllN, C, 87.04, H, 5.70, N, 7.25~. 

Kinetic technique 
Polymerizations were investigated using the adiabatic calorimetric tech- 

nique previously described in detaiP 3. A slightly modified calorimeter was 
used in which the lower section l~ was made longer so as to reduce heat losses, 
the stirrer now being mounted in a Teflon bush in the calorimeter base in 
order to improve the efficiency of mixing. The solvent metering system 18 
was changed to a conventional cold distillation arrangement, and the 
Biddulph-Plesch tap discarded. With these modifications, the previously 
described procedurO 3 for solvent scavenging was found to be superfluous. 

Catalyst solution was introduced into the polymerization mixture by the 
use of the vacuum phial technique 13. In the case of the hexachloroantimonate 
salt the solvent for catalyst phials was methylene dichloride but for tropylium 
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perchlorate it was found necessary to use acetonitrile in order to attain the 
required catalyst solubility. It should be stressed however that during 
polymerization the solvent was still ~ 9 9  % methylene dichloride. 

Polymer was recovered by addition of excess filtered methanolto the reaction 
mixture, previously reduced in volume to ~25  ml. Samples were collected 
in pre-weighed glass sinter crucibles and after drying overnight in a vacuum 
oven were reweighed to determine polymer yields. Molecular weights were 
determined by viscometry on benzene solutions and intrinsic viscosities, 
['q], were converted to molecular weights, M, using the expression 22 

[r/]--~ 3.35 × 10-aM °'s8 

This relationship has been confilmed by more recent work 23 and differs 
substantially from the equation derived by North and Hughes 1. 

Preliminary investigations showed that Nvc has a substantial enthalpy 
of polymerization; polymerizations were extremely rapid and thus introduced 
considerable limitations on the concentration ranges employed. Polymer 
yields were invariably quantitative even at the lowest initiator concentrations 
employed ( <  10 -5 M). 

Recorde- traces from kinetic runs showed a general similarity to those 
obtained la in the parallel study of isobutyl vinyl ether (roVE) polymerization. 
One major difference however is that initiation in the present case appears to 
be virtually instantaneous since, even at 25°C, recorder traces were found 
to rise sharply as soon as the initiator phial was broken (see Figure 1). Rapid 
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Figure 1 Typical recorder trace for polymerization of Nvc by 
C7HT+SbCI6 - in CH2CI2 at O°C 

initiation and the apparent absence of termination permitted direct evaluation 
of the polymerization rates Rp from the maximum slopes (essentially the 
initail slopes) of recorder traces. Propagation rate coefficients (k~) were then 
obtained from the expression R~ = k~ [C7H7+]0[NVC]0 as indicated below. 
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Typical kinetic run for  polymerization o f  N v c  in methylene dichloride at 
O°C 

[C7HT+SbC16-]0 = 0.987× 10 -6 M;  [yvc]0 = 5.39 × 10 -2 M 

Polymer yield = 1.026g ~ 5.31 × 10 -3 mol (99-8 ~o) 

Init ial  slope of recorder trace ~ 1.85/0.60 chart  divisions per second. 

Total  rise of trace corrected for breaker cont r ibu t ion  == 6.30 chart  divisions 

Equat ing  the total  rise to the polymer yield, 

6.30 chart  divisions ~ 5.31 × 10 -2 M 

1.85 
• init ial  rate - ()~6() chart  divisions/second 

2.60 × 10 -2 M s -1. 

thus kp = 4.9 × 10 +5 M -1 s -1 
Molar  heats of polymerizat ion,  AHp, were calculated as outl ined previously 
and  in this example AH~ = --22.9 kcal tool -1. 

RESULTS 

Details of  the kinetic and  molecular  weight data  obtained for t ropyl ium salt 
init iated polymerizat ion of  NVC are shown in Tables 1 and 2. 

Averaged values for the enthalpy of polymerizat ion of y v c  were --22.7 
1.5 kcal mo1-1 and --25.0 ± 1.5 kcal mo1-1 at 0°C and - -25 °C respectively. 

Conceivably this difference may represent experimental  error but  it is now 
apparent  that  enthalpies of solut ion for poly(N-vinyl  carbazole) in CH2C12 
show a similar var ia t ion with temperature  24. A full discussion of these 

Table 1 Polymerization of NVC by C7H7 + SbCI6- in CH2C12 

Temp. INVC]o [C]0 102Rp 10 -~ kp 10 -5 Mol. Wt. 
(°C) (10aM) (106M) (M s -1) (M -1 s -1) 

0 5.39 
0 5.40 
0 5.40 
0 5.40 
0 2.70 
0 4-04 

25 
--25 
--25 
--25 
--25 
--25 
--25 

5"40 
5'39 
5-40 
5'39 
2-69 
4"05 
4'05 

0.987 2.60 4.9 2.58 
0.987 2.42 4.5 1.68 
0.987 2.39 4.5 1.49 
0.750 1.97 4.9 ! .92 
1.00 1.15 4.3 1.38 
1.00 1.87 4.6 1-84 

average 4"6 

2.00 1.42 1-3 10"2 
1.75 1 '90 2.0 9.00 
1 "50 1 "09 1 "4 8.83 
1.00 0.703 1 '3 8.57 
1-50 0-577 1.4 7.59 
1.25 0.951 1.8 8-77 
1.75 1.48 2.1 11.3 

average 1.6 
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Table 2 Polymerization of NVC by C7H7+CIO4 in CH2CIz* 

Temp. [NVC] [C]0 
(c'C) (102M) (10~iM) 

0 5.52 2.64 3.64 
0 5-51 2.79 2.34 
0 5.50 3-30 5.06 
0 5.53 3"96 3.25 
0 5.52 4.18 5.40 
0 5-53 4.62 4.75 
0 5.52 5.57 3.60 
0 2-76 2.79 2.21 
0 4.07 2-79 3-32 

25 5.70 3'40 1.35 
- -25  5.70 4.08 1.72 
- 25 5.71 5.45 1.84 

25 5.69 5.74 2.54 
25 5.70 8.62 2-12 
25 5.70 11.5 2.50 

- 25 2.98 5.74 1.47 
25 4.13 5.74 1.89 

10" Rp 10 5 kp 
(M s -1) (M I s a) 

10 ~ Mol. Wt. 

2.5 0"893 
1.5 0"908 
2"8 0-743 
1"5 0"710 
2"3 l "14 
1.9 0"715 
1.2 0.632 
2-9 0.640 
2"9 0'719 

average 2"2 

0'70 1-52 
0"74 1 "12 
0.59 1 "16 
0.78 0"830 
0"43 0-820 
0"38 0.726 
0.86 0"849 
0"79 0"860 

average 0.66 

*Catalyst added as solution in CHzCN giving a polymerization solvent composition, approx. 99 ~ CHzCI,2, 1 ~o 
CHaCN. 

anomalies, and their possible significance, will be presented separately. 
Values of AHp at the appropriate reaction temperatures are needed for 
evaluation of kp but any errors introduced by apparent variation in AH,,. for 
the polymer would be comparatively small, with little effect on the order of 
magnitude of kp. 

Polymer yields and molecular weights were invariably high but, because 
the carbazole rings in alkyl carbazoles [including poly(N-vinylcarbazole)] 
are highly reactive towards electrophilic reagents eS, it is at least possible that 
propagating cations alkylate carbazole rings of monomeric segments. 
Accordingly N-ethylcarbazole (NEe) was chosen as a model for monomer 
segments in poly(Nvc), without the steric hindrance of polymeric substituents, 
and its effect on polymerization studied as indicated in Table 3. 

Table 3 Polymerization of NVC in CH2C12 at 20°C in the presence of NE(: 

[NVC] [ N E C ]  [CTH7+SbCI6 ] Polymer 10 4 Mol. Wt. 
(M) (M) (105M) yield 

(%) 

0.102 0 1 "58 93 1"54 
0'102 0'417 1'58 97 1"54 

Reac t ion  o f  NVC with tropylium hexachloroantimonate in methanol 
N V C  (0 .63  g )  was dissolved in methanol  (50 ml)  and added t o  a solut ion o f  

t ropy l ium hexachloroant imonate  ( 1 . 17  g )  in methylene  dichloride ( 2 0 0  m l ) .  A 
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transient red colour was formed before the solution became clear, whereupon 
the solution was extracted with aqueous alkali and twice with distilled water. 
The methylene dichloride layer was separated and dried over anhydrous 
sodium sulphate. Removal of the solvent on a rotary evaporator yielded a 
tacky product (0.95 g, 95~). I.r. analysis of this showed the presence of 
cycloheptatrienyl (702 cm -1) and methoxy groups (1120 cm-1). The crude 
product was separated into five fractions ~ by dissolving in hot methanol and 
adding successive amounts of distilled water. The fraction most soluble in 
methanol (0.26 g, 25 ~) gave a very sharp, well resolved, i.r. spectrum with 
the cycloheptatriene absorption at 702 cm -1 more intense than the carbazole 
peaks (720 and 760 cm-1). This material was a white crystalline solid, m.p. 
112°C. Analysis: found, C, 83.22, H, 6.66, N, 4.61 }o ~ ; required for C22H21ON, 
C, 83.75, H, 6.71, N, 4.41 ~, which is entirely consistent with the anticipated 
structure: 

I 
CTHTCH2CHOCH3 

The other fractions gave broader but similar i.r. spectra with the cyclo- 
heptatriene absorption becoming progressively weaker relative to the 
carbazole ring absorbances as solubility in methanol decreased. Melting 
points also tended to increase in the range 113-116°C in the same sequence. 
Presumably these materials consist of similar oligomeric adducts containing 
more than one yvc segment per cycloheptatrienyl unit. 

D I S C U S S I O N  

Polymerizations of NVC initiated by tropylium hexachloroantimonate and 
tropylium perchlorate showed identical features. For both catalysts there 
was a virtually instantaneous initiation reaction followed by very rapid 
propagation. Yields of polymer were invariably quantitative and, as in the 
case of the polymerization of isobutyl vinyl ether 13, the evidence points to 
absence of termination during the kinetic lifetimes. Molecular weights of 
poly(N-vinylcarbazole) from the perchlorate initiation were slightly lower 
than those from the hexachloroantimonate catalysis and did not show the 
same temperature variation. From both catalysts however the molecular 
weight data showed clear evidence of a transfer reaction, characteristic of 
homogeneous cationic systems17,26, 27, though the degree of transfer is sig- 
nificantly less than in the case of isobutyl vinyl ether polymerization 13. 
Mechanistic features of the initiation, propagation and transfer processes 
will now be considered in detail. 

Initiation 
Although reactions between tropylium salts and NVC were instantaneous 

under most conditions, at temperatures below --50°C the two reagents 
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reacted to form only a pink coloured solution from which polymer could not 
be precipitated on addition of methanol. However, if the solutions were 
allowed to warm to around --30°C before addition of methanol, polymer 
formed rapidly. It seems likely therefore that initiation involves pre-equi- 
librium formation of a charge transfer complex which, at temperatures 
above --50°C, collapses rapidly to yield a propagating cation such as I: 

CTHTX + CH_,~CH ~ ] t r a n s f e r  ~ CTHTCH,-CH X- 
complex - 

I 

1 CH ~OH 

I II I 
C7 HTCH2CH CH 2 CH X- CTHTCH_,CHOCH3 

etc 

Charge transfer complexes between tropylium ion and non-polymerizable 
carbazole derivatives, e.g. N-alkyl carbazoles, have been recorded pre- 
viously 2s and the reaction of tertiary amines with tropylium salts studied 
by McGeachin 29 provides independent evidence for the addition process 
with enamines. 

In the present work overwhelming evidence for the proposed addition 
mechansim was provided by the isolation and characterisation of the cyclo- 
heptatrienyl derivative I[, from reactions carried out in the presence of 
methanol. Ion-pair equilibria for the initiation reaction are considered in 
the next section. 

Propagation reactions 
Ion-pair dissociation equilibria for both tropylium salts have been inves- 

tigated by conductance measurements, i.e., 
Kj 

C7H7 + X -  ~ C7H7 + q- X -  

Data for the hexachloroantimonate salt in methylene dichloride have been 
reported previouslylZ, 19 and the data for the perchlorate salt in ~9 9  ~ v/v 
CH2C12/CH3CN are very similar; values of Ka were 0.33 × l0 -4 and 
0.50 × 10 _4 M at 0°C and --45°C respectively. It follows that, at the catalyst 
concentrations employed in the present work, the initiating salts will be 
predominantly dissociated into their free ions and initiation, in both cases, 
will involve addition of free organic cation to monomer. 

Arguments in support of the assumption that the propagating species will 
be similarly dissociated at these low concentrations have already been 
presented 13 and, since conditions in the present work are very similar, the 
discussion need not be repeated. Values of kp obtained therefore represent 
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estimates of the rate coefficient for the reaction of free propagating cation 
with monomer, i.e. they are a measure of the absolute reactivity of the cation 
derived from NVC. The data should be independent of the initiating salt used 
and should correlate with values of rate constants for similar fundamental 
processes. Average values of k~ obtained are summarized in Table 4 together 
with estimated activation enthalpies. 

Table 4 Polymerization of NVC by tropylium salts in CHzCI2 

Counter-ion Temperature 10 -5 kp Activation 
(°C) (M 1 s-l) enthalpy 

(kcal/mol) 

C104- 0 2"2 
6"5 

--25 0'66 
SbCI6- 0 4"6 

5"7 
--25 1'6 

Data for the two catalysts are in good agreement, although it is not 
possible to decide whether the variations are due to slightly different ion- 
pair dissociation equilibria, arising because of different counter-ions, or 
merely represent the experimental limitations of the fast reaction technique. 
Nevertheless the agreement is such as to provide adequate support for the 
assumptions made, in the computation of kp, and, that largely free ions are 
involved in these systems. 

In recent years the polymerization of NVC initiated by electron transfer 
reactions to organic molecules has been widely reported and the literature 
reviewed by Ellinger 3°. Much of this work is qualitative in nature although it 
is clear that cationic polymerization results in almost every case, e.g. (A = 
acceptor molecule) 

NVC + A ~  [C.T. complex] ~ NVC ~- A ;  
NVC 

2 (NVC $ A : )  -~ (NVC)2 ++ (A:)2 > Polymer 

Suitable acceptor molecules include aromatic and aliphatic polynitro 
compounds, quinones and tetracyanoethylene a°. Pac and Plesch a and Szwarc 
and his collaborators 4 independently studied polymerization of  NVC in 
nitrobenzene initiated by tetranitromethane. Both groups found the overall 
rate of polymerization to be represented by an expression of the form: 

--d [NVC] __ k [C]o [NVC] 
dt 

where [C]0 is the initial concentration of added initiator. A similar expression 
was derived for the polymerization of NVC in CH2C12 initiated by tetracyano- 
ethylene 5 and for all these systems, estimated values of k were similar (k = 
11 M -1 s --1 at 34°C 3, 4-3 M -1 s -1 at 10°C 4 and 13 M -1 s -1 at 30°C5). It 
follows therefore that cationic polymerizations of NVC initiated by these 
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organic electron acceptors do not involve free cations as propagating species. 
This is not too surprising since the nature of counter-ions derived from 
organic electron acceptors is uncertain and, in many cases, complex ion-pairs 
may well be involved. It is interesting to compare data from the free radical 
polymerization of NVC in tetrahydrofuran reported by North and Hughes 
with the present results. Values of the free radical propagation rate constant, 
kp, were 6-0, 2.2 and 0.84 M -1 s -1 at +10,  --10 and --30°C, respectively, 
many orders of  magnitude below the reactivity of free NVC cation now reported. 
Data  for the absolute reactivity of free styryl (3.5 × 10 +6 M -1 s -~ at 15°C) 
and a-methyl styryl (4.0 × 10 +~ M -1 s -1 at 0°C) cations in their respective 
bulk monomers is also available 3~ and in the light of these the present value 
for NVC is very reasonable. For NVC the activation enthalpy is slightly larger 
than that determined for the propagation of free styryl cation 31 but very 
similar to that obtained for isobutyl vinyl ether lz,13. 

Trans fer  reac t ions  
Tables 1 and 2 show that molecular weights of  poly(N-vinylcarbazole) are 

limited by transfer reactions though the degree of transfer is considerably 
less than that found in many cationic systems. The slightly lower molecular 
weights of polymers prepared using the perchlorate salt and the relatively 
small dependence on temperature compared with polymers from the hexa- 
chloroantimonate salt catalysis indicate a definite molecular weight dependence 
on counter-ion*. Therefore, despite propagation occurring largely by the 
reaction of free ions, the small equilibrium fractions of ion-pairs appear to 
affect the transfer step. Apparently the activation energy for transfer from a 
perchlorate ion pair is lower than that from a hexachloroantimonate ion- 
pair. Recent work by Tazuke 3z provides evidence for the effect of ion-pairs 
containing perchlorate ion, in facilitating chain transfer by methanol, during 
polymerization of NVC initiated by protic acids. However these systems are 
not so well characterized as in the present work and it may be that the apparent 
common effect of  perchlorate ion arises from quite different phenomena. 
Transfer to monomer  is the most common molecular weight controlling 
process in cationic polymerization17,26, 27 although mechanistic details are 
not clear, and may vary for different monomers 13. For a polymerizable 
olefin, RCH=CH2,  transfer to monomer may be represented as a simple 
proton equilibrium between the double bond of the monomer and that of  
the terminal olefinic linkage formed in the polymer chain i.e. : 

~CHzCH-CH~--CH + + CHz=CH k ~  #CHzCHCH-CH - CH~CH + 
I q I I I 

R R R R R R 

~CHeCH--CH2CH--CHz--CH + 
kp [ ] I 

R R R 

*Since the systems containing perchlorate ion also contain a small amount of CH3CN, 
transfer by the latter cannot be completely ruled out However data (unpublished) from 
perchlorate salts in other solvents makes this possibility less likely. 
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Clearly, the transition state for transfer to monomer will be similar to that 
for propagation, and in many systemsa3, is values of k ,  and ktr do not differ 
greatly at room temperature and above. The relative importance of free ions 
and ion pairs in transfer to monomer has not previously been discussed, but 
it is at least plausible that the enthalpy of activation (and hence the rate) for 
monomer transfer may be lowered, relative to the propagation step, by 
participation of certain counter-ions. A possible transition state, showing 
the counter-ion having a stabilizing effect on both leaving and developing 
charges, for monomer transfer, is indicated below: 

R 

H .CH - - R  

A preferential effect of certain counter-ions on proton transfer between 
carbanions has been noted in several systems zz and the structurally related 
hydride ion transfer between tetrahydrofuran and triphenyl methyl cation 
occurs more rapidly with PhzC+SbC16 - ion-pairs than with the free cationlL 
In the present work it seems clear that transfer (presumably to monomer) is 
favoured for the systems having perchlorate counter-ions and a highly 
plausible explanation would be that ion-pairs present, in low equilibrium 
concentrations, dominate the monomer transfer reactions - -  the effect being 
greatest for ion-pairs containing perchlorate ions. The possibility that ion- 
pairs are mainly responsible for monomer transfer reactions in cationic 
polymerization would be of much wider significance, if established, and 
further work is now in progress to test the idea. 

In cationic polymerization of olefins having aromatic substituents there is 
always the possibility of transfer occurring via intra- or intermolecular 
electrophilic aromatic substitution by the growing polymeric cations. Such 
effects would be expected to be manifest in the case of NVC polymerization, 
on account of the enormously high reactivity of carbazole derivatives in this 
type of reaction zS,3a. However polymerizations carried out in the presence of 
excessive amounts of N-ethylcarbazole (NEC) - -  used as a model for poly- 
(Nvc) - showed no effect on molecular weight, or yield, of poly(NVC) (Table 3). 
It may be concluded therefore that alkylation of aromatic rings is not an 
important transfer process for cationic polymerization of NVC at the low 
concentrations of active sites used in the present work. It must be noted 
however that polymerization of NVC by cationic initiators at significantly 
higher active site concentrations leads to crosslinked polymers, especially 
in chlorinated hydrocarbon solvents 44. 

Termination reactions 
True termination processes are difficult to envisage for polymerizations of 

a monomer like NVC, having a propensity for reaction with both protic and 
Lewis acids. No evidence of significant termination during kinetic lifetimes 
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was obtained in the present work,  but previously we have shown 6,13 that  side 
reactions o f  SbC16 ions may lead to chloride termination, especially at 
higher temperatures.  Covalent  bond  format ion with C104- counter-ions is an 
apparent  terminat ion process in cationic polymerization o f  styrene 17,18 but 
does not appear  to be significant with NVC. For  the latter however there is 
the additional, remote, possibility that  loss of  active centres might result 
f rom quaternization o f  the carbazole nitrogen atoms of  segmental units. 
The unshared pair of  electrons on the nitrogen a tom of  a carbazole ring 
comprise part  of  a 14 7r-electron aromatic  system, isoelectronic with anthra- 
cene. This undoubtedly  accounts for the comparat ive acidity of  the N - H  bond 
in carbazole and makes quaternization of  alkyl carbazoles unlikely. Recently 
Hellwinkel and Seifert have synthesized salts of  the N,N-dimethyl  carbazole 
cation by an indirect method and the great reactivity of  this quaternary salt 
alkylating agent makes it likely that any similar species, formed during 
cationic polymerizat ion of  NVC, would react immediately with monomer  
to initiate further chains. Finally it should be noted that the effects of  added 
NEC referred to above (see Table 3) clearly argue against termination by 
quaternization. 
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Notes to the Editor 

ESR and crystallinity of polyphenyleneisoxazole 

S. J. HONG*, Y. IWAKURA and K. Uyo 

We have already reported the synthesis of a polyphenyleneisoxazole with 
high crystallinity by the direct condensation of terephthalohydroxamoyl 
chloride with 1,4-diethynylbenzene in refluxing toluene 1. In the present 
communication, we describe further experimental findings on the e.s.r, and 
the crystallinity of polyphenyleneisoxazole at low temperature. The polymer 
used was prepared and purified by extracting in hot methanol as previously 
described ~. 

I - @  c CH HC C --1 II I I ~ l l  11 
N ~ . o / C ~ C ~ o / N  

n 

VsD/c -- 0'24 in 0.5 g/dl of 98 ~-sulphuric acid. 
v(C =C) -- 1610 cm 1. N: found, 9"5~o (calculated, 9-5~) 

The e.s.r, signal of polyphenyleneisoxazole observed in the solid state 
showed asymmetric multiplet absorption lines at room temperature. The 
shape of the shoulder varied with power from 4 to 20 to 40 mW, at -- 10°C, 
as indicated in Figure 1. This clearly demonstrates the occurrences of at 
least two kinds of stable free radicals in the polymer. If only one single 
radical were present, the shape of the shoulder part of the absorption line 
should be reduced or enlarged regularly with power. 

The g-factor of the spectra of polyphenyleneisoxazole was 2.0035 
0.0001 at room temperature and no change of g-factor was observed at 
-- 196°C. TCNQ-Li complex was used as a standard (g-factor, 2.0026± 0.0001 
from reference 2). 

The x-ray diffraction diagrams were obtained by the powder method 
using nickel-filtered Cu-K~ radiation at 40 kV, 20 mA, and at 2°/min of 
scanning speed, at 25, --10, --60, --100, and --180°C. Figure 2 shows the 
XRD pattern at 25°C. The change in the 20 values with lowering temper- 
ature is shown in Figure 3. The value of 20 of polyphenyleneisoxazole 
increased on lowering the temperature. However, the 20 value of 7.1 ° meas- 
ured at 25°C did not change, and this can only be attributed to the polymer 
chain. On the other hand, shifting of 20 to higher values is due to the narrow- 
ing of interplanar spacing of crystalline polymer. 

The isoxazole ring is known to release electrons less readily than the 
phenyl group3, 4. This idea about phenylisoxazole can also be applied to 

*All correspondence should be sent to this author at the following address: Dept. of 
Chemical Engineering, Kon-kuk University, Seoul, Korea 
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4roW 

4 0  mW 

5 0  Gauss  

Figure 1 Change in the e.s.r, spectrum of polyphenyleneisoxazole 
on variation of  power, at -- 10°C 

1.. 1 l L 

I0  2 0  3 0  4 0  
2e  (degrees)  

Figure 2 The X R D  pattern of  polyphenyleneisoxazole at 25°C 
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polyphen3deneisoxazole. The phenylene group would act as the electron 
donor, and the isoxazole ring as the electron acceptor. If  the polyphenyl- 
eneisoxazole is considered to form a band structure, the phenylene group 
would interact with isoxazole rings between the bands. Thus charge transfer 
would occur. This interaction between bands would get stronger as the 

30 

20 

2 I0 
0 (N 

o- 
o,, 

o., 

0 " '  

o < > - - - - - - , o - - - - - o -  

c~ -<3 - o - - - - - - o -  

0 0 0 

0 I I 1 I I 
- 1 8 0  - I 0 0  - 6 0  - I 0  25 

Temperature (oc) 

Figure 3 Values of 20 for polyphenyleneisoxazole plotted against 
temperature. A linear relationship is obtained 

temperature is lowered and the interplanar spacing of crystalline structure 
and the distance between the bands would become less. Also, the absorption 
intensity of the e.s.r, spectra increases as the temperature is lowered. 

The possibility of charge transfer interaction between the crystalline 
bands deserves consideration. Further investigations are in progress, to 
characterize the radical species and crystalline structure. 
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The far infra-red spectrum and skeletal vibrations of 
syndiotactic poly(methyl methacrylate) 

T. R. MANLEY and C. G. MARTIN 

Samples of poly(methyl methacrylate) (PMMA) were polymerized with u.v. 
radiation at room temperature. Cast film (0.001 in, 0.025 mm), microtomed 
sections (0.003-0.005 in) and rod (0-5 in diameter) were obtained. Comparison 
of their spectra in the 4000-650 cm -1 region (Grubb Parsons GS3) with a 
spectrum of syndiotactic PMMA showed that predominantly syndiotactic 
species (S-PMMA) were present. 

The far infra-red spectra were obtained using a Grubb Parsons DM4 
double beam grating spectrophotometer (500-200 cm -1) and a Grubb 
Parsons 1S3 Fourier Transform Spectrometer (480-10 cm -1) with 0.00025 in, 
0.0005 in and 0-001 in beam splitters. Raman spectra were obtained by 
courtesy of Professor D. A. Long on a Spex spectrometer using an argon arc 
laser with an exciting line of 20 493 cm -1 and power of approximately 1.5 

c 2 (x} c 2 (x) 
I 

I I 
I I 

X 

) 

I T 
I I 
i I 

ov(xy) ov(xy) 

Figure I Schematic diagram of model used in treatment of  skdetal 
modes of syndJotacfic poly(methy] methacrylate) 

watts. The Raman spectra and infra-red spectra between 4000 and 250 cm -z 
were in substantial agreement with those of Willis et al 1. 

Several bands were observed in the longer wavelength region which have 
not been reported previously, namely: 

35 cm -1, 58 cm -1, 95 em -1, 225 cm -1 (216 cm -1 Raman) 
Since skeletal vibrations are known to occur in the far infra-red region, a 
study of the skeletal modes of syndiotactic PMMA was undertaken. A sche- 
matic model (Figure 1) for the treatment of  the skeletal modes can be obtained 
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by considering a single s-PMMA chain in which the backbone carbon atoms 
form an extended planar zig-zag arrangement 2 and with the CH2 group and 
the ester and a-methyl group treated as structureless masses in a plane 
perpendicular to the backbone axis. 

The symmetry elements of  this model show that the line group of the 
polymer chain has a factor group isomorphous with the point group C2v. Due 
to the alternate nature of the syndiotactic chain there are four 'masses' in 
the repeat unit and hence there will be 3N = 12 skeletal normal vibrations 
of which four will be non-genuine, i.e. three translations and one rotation 
about the chain axis. Of the remaining eight genuine vibrations, six will be 
infra-red active and all are Raman active. 

The symmetry species, characters, number of skeletal normal modes and 
selection rules for S-PMMA are given in Table 1. 

Table  1 Symmet ry  species, n u m b e r  o f  skeletal no rma l  modes  (n) and  selection rules for 
extended syndiotact ic  poly(methyl  methacrylate)  

C2v E C~(x) av(xy)  ag(xz)  n T.R.  I .R.  R.  

A1 1 1 1 1 2 Tz a a 
A2 1 1 --1 --1 2 -- i a 
B1 1 --  1 I - -  1 2 Ty,Rz a a 
B~ 1 --1 - -1  1 2 Tz a a 

a = active, i = inactive 

As an aid to the assignment of the skeletal modes the expected frequencies 
were calculated. For  this purpose the model in Figure I was considered as an 
infinite planar zig-zag chain of point masses M 1  and Mz, where M1 is the 
mass of a (CH2) group and M2 is the mass of the (CHz-C-COOCH3) group. 

From Kirkwood's equations 3 for the in-plane vibrations, Zbinden 4a 
obtained the secular equation, shown opposite as equation (I), for an infinite 
chain of unequal point masses. 

In equation (1) K is the 'wave number vector' and is related to the phase 
difference q~ between successive masses by 

dK 
q~ . . . .  (2) 

2 

Since the only potentially active vibrations are those in which each unit cell 
is vibrating in phase then if the repeat unit of  the chain contains q chemical 
units these frequencies must satisfy the conditionS: 

o r  

~b = 2r where r = 0, 1 . . . . . .  (q -- 1) (3a) 
q 

4 r  
K = -;- where r = 0, 1 

aq 
. . . . . .  ( q -  1) (3b) 
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Hence for S-PMMA where q = 4, the only allowable values of  phase difference 
for potentially active vibrations are: 

7r 37r rr 27r 3rr 
¢ =  0' 2 ' r r '  2 ' K = 0 ' d ' d '  at 

and thus equat ion (1) reduces to 

(MloJ 2 - -  G) 0 0 
0 (M2o) ~ -  R - -  4Q) (4Q ÷ R) = 0 (4) 
0 (4Q + R) (M1 w2 -- R -- 4Q) 

for ¢ = 0, 7r, K ---- 0, 2~r/d 
which factorizes into two quadratic equations in ¢o2 giving vl = 0, ~2 = 
803  c m  -1,  v3 = 0,  v4 = 761 c m  -1,  (oJ = 27rcv, where c is the velocity of  
light) and 

I ( M ~ o J e -  G --  2F) 0 " - -  -] 
0 (Mlo) 2 - -  G --  2F) i (2} - -  N) f fNo 

2P) 
/ 

0 i ( N - - 2 P )  (M2~o 2 - R - 2 Q )  0 | 
I._ i(2P N) 0 0 (Mlo) 2 - - R  --  2Q)_J 

= 0 (5) 

fo r  ¢ = ,,/2, K = = /d  
and the same result after expansion for ¢ = 3rr/2, K = 3rr/d. Expansion of  
equation (5) results in a biquadratic equation in ~o2 with four real roots, 

v5 = 796 cm -1, v6 ---- 370 cm -1, v7 = 591 cm -1, us 201 cm -1 . 

Thus vibrations vl-v8 are the in-plane vibrations and include two null 
vibrations. 

The solution for the out-of-plane normal  vibrations of  a zig-zag chain is 
given by Zbinden ab following Pitzer 6, as: 

sin (  l [ 
~o2 = __ M1 + M2 i ~ / M 2 + M 2 + 2/141 M~ cos (6) 

M1 M2 

where Kt is the torsional force constant  for the C - C - C - C  chain. It is seen 
that  for ¢ 0, rr, K = 0, 2rr/d the potentially active vibrations are zero 
vibrations. However  for 

7r 37r 7r 37r 
¢ = 2 ' 2  ' K = d '  d (7a) 

oJ 2 8Kt 8Kt = ~ and ¢o 2 = (7b) 

Therefore for the out-of-plane vibrations we obtain 

v9 = O, rio --  182 cm -1, vll = 0, v12 ---- 73 cm 1. 

Thus the calculations give eight genuine frequencies and four zero frequencies 
as predicted by the group symmetry analysis (Table 1). 
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The calculated frequencies are compared with the observed frequencies 
and their assignments given in Table 2. 

Table 2 Skeletal modes and assignments of syndiotactic poly(methyl methacrylate) 

Observed frequency Calculated 
Infra-red Raman frequency 
(cm *) Av(cm -1) (cm -1) Assignment 

807  v w  786  wla) v2 803 

749  m 732  w v4 761 

- -  786  w (a) v5 796  

552 vw 552 w v7 591 
320 sh 296 w v6 370 
--  216t(bl vs 201 

225 w,br 216jw vlo182 
95 w __(a) v12 73 
58vvw - -  
34vvw - -  

~(C--C) Jl (B2) ~+ (~)(~) 
v(C--C) £ (All v+ (0) 
v ( C - - C )  ( A 2 ) / v  [~r~ & [ ~37r 

8 ( C - - C - - C )  i n - p l a n e  (BA) / [~r~ 

8(C--C--C, in-plane ,A2)I v-t2] & v-(-3~) 
8(C--C--C, out-of-plane (B2, t v(2) &v ( ~ )  
8(C--C--C) out-of-plane (A1)~ 
hindered rotation 

or translation 

(a) observed as broad weak shoulder on strong bandAv = 810 cm t 
(b) very broad band ~ 186-246 cm-* 
(el notation of  reference 5 
(d) outside range of  instrument without special filters 
Abbreviations: w = weak, v = very, m = medium, sh -- shoulder, br -- broad, v = stretching, ~ -- bending 

In the calculations we have replaced the (CH2) and (CHa-C-COOCHa) 
groups by point masses. However, this approximation applies only where 
there is strong coupling between the chain carbon atoms and the substituents, 
for weaker coupling the mass M2 must be replaced by a point mass some- 
where between the mass of a C atom and the mass of the (CHa-C-COOCHa) 
group. Hence the calculated frequencies will be higher for lesser degrees of 
coupling. Also since the results are affected by choice of force constants the 
calculated frequencies may only be used as guides to assignments. 

The force constants used in the methacrylate calculations are those for 
polythene ~. Re-calculation of the skeletal frequencies of polythene using 
these values in the above equations give the same results for v+(0), v+0r ) and 
the degenerate modes v+0r/2 ), v+(37r/2), v-(rr/2), v-(37r/2) and v0r/2), v(37r/2). 

The degeneracy of these modes arises because the repeat distance was 
considered to contain two identical monomer units, i.e. four CH2 groups. 

The values for polythene have been used in the assignment of the skeletal 
modes of syndiotactic poly(vinyl chloride) 7. However, in the case of s-Pvc 
the repeat distance no longer contains two identical monomer units and hence 
the degeneracy is split, e.g. v+0r/2) and v+(3,r/2) modes will be of different 
frequencies as shown in Table 3. 

The use of the assignments based on polythene is supported by the close 
agreement between the results obtained. Thus the degree of coupling of the 
backbone chain and the H and C1 atoms in s-Pvc must be small since the 
observed values are quite close to those calculated for the carbon chain in 
polythene. 
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Table 3 Comparison of the skeletal vibrations and assignments of polythene, 
s-Pvc and S-PMMA 

Poly thene  (a) s - P V C  (b) s - P M M A ( e )  
Calculated O b s e r v e d  Calculated Observed 
frequency frequency frequency frequency 

Assignment (a) (cm 1) (cm 1) (cm l) (cm-1) 

v+ (0) 1070 1096 761 749 
v+ (Tr) 1137 1125 803 807 
(rr) (3;)  /963 /796 /786(d' 

v+ 2 & v+ 980 /833 [591 ~552 
i487 {370 t32o 
,430 

rr] & v 198 
v 21 [160 I 73 195 

(a) reference 5, (b) reference 7, (c) see Tabh, 2, (d) from Raman spectrum 

A similar splitting is expected for S-PMMA due to the al ternat ion in posit ion 
of  the ester and a-methyl  groups.  However ,  it is not possible to assign the 
skeletal modes  of  S-PMMA by analogy with the polythene results. The bands 
observed in S-PMMA in the regions of  the calculated skeletal modes  of  poly- 
thene are all accounted for  by e-methyl  and ester g roup  vibrat ions 1. Also, 
the methacryla te  calculations per formed in this work give assignments at 
much  lower frequencies than those calculated for polythene. 

The R a m a n  bands observed in S-PMMA at 1060 cm 1 (i.r. 1063 cm 1) and 
1125 cm 1 have been at t r ibuted to skeletal vibrat ions 1,2,8. They coincide with 
the calculated values for  v+(0) and v+(Tr) in polythene but are much  higher 
than  our  calculated values for  those modes  in S-PMMA. These bands are now 
assigned therefore as either uncoupled carbon backbone  stretching modes 5 or 
a combina t ion  of  CH3 (rock), CH2 (wag) and C - C  stretch for the 1125 cm 1 
band and a combina t ion  of  C - C  stretch, C - C H 3  stretch and C - ( C O O C H a )  
bending for the 1060 cm -1 (i.r. 1063 cm -1) band. This agrees with bands 
observed 9 at l l 3 0 c m  -a and 1095 cm -1 respectively for the trans fo rm of  
syndiotact ic  polypropylene,  C - H  bending of  course being involved in the 
latter. 

The observed frequencies for S-PMMA are in fair agreement  with those 
now calculated (see Table 3), indicating tha t  the degree of  coupling is higher 
than that  of  s-avc.  

The parallel and perpendicular  chain stretching modes  v+(rr) and v+(0) 
are assigned to v2(B2) and va(Al) observed at 807 cm -1 (Av ~ 786 cm -1) and 
749 cm 1 (Av --  732 cm-1). 

The out-of-plane bending modes Vl0(B2) and vl2A(1) are assigned to the 
bands observed at 225 cm -1 and 95 cm -1, respectively. Par t  of  the very 
b road  weak band observed at Av --  216 cm I in the R a m a n  is a t t r ibuted 
to Vl0; v12 observed at 95 cm -1 could not  be resolved in the R a m a n  because 
of  its nearness to the exciting line. 

This will be examined at a later date using filtering techniques to remove 
the Rayleigh line. 
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Out of the four remaining bands vs-vs, two are of  A2 species and two of 
B1 species. 

Since the A2 species are infra-red inactive the B1 species are assigned to 
the bands observed at 320 cm -1 (Av ---- 296 cm -1) and 552 cm -1 (Av ---- 552 
cm -1) which are in fair agreement with the calculated frequencies v8 and VT, 
respectively. 

The two remaining infra-red inactive bands are thus assigned to vs(A2) 
which is observed at Av ~ 786 cm -1 along with v2 (i.r. 807 cm -1) as a broad 
weak shoulder on the strong band observed at Av----810 cm -z, and to 
vt(A2) which is observed as part  of the very broad band at Av = 216 cm -1 
along with Vl0(B2) (i.r. 225 cm-1). 

H 
The weak shoulder observed at 400 cm -1 has been assigned 1 to 8 (COC) 

of the ester group. Examination of spectra of poly(ethylene terephthalate), 
poly(cyclohexane 1,4-dimethyleneterephthalate) and related model com- 

II 
pounds1°, n show that the 8 (COC) mode appears as an out-of-plane com- 
ponent at 400 cm -1 and an in-plane component  at 190 cm -1. Similarly in 
poly(ethylene glycol) contributions f rom 8 (COC) appear at 209 cm -1 and 

!l 
392 cm -1 12. Therefore, the weak band at 4C0 cm -1 is probably 8 (COC) out of  

II 
the plane of the ester group with 8(COC) in the plane of the ester group, add- 
ing to the out of plane and in-plane skeletal bending modes Vl0 and vs resulting 
in the broad weak band observed at 225 cm -1 in the infra-red and the very 
broad weak band (Av = 216 cm -1) in the Raman. 

H 
The two bands for 8(COC) parallel and perpendicular to the plane of the 

ester group should exhibit ~ and 7r polarization respectively with respect to 
the polymer chain axis. 

Finally, the two very weak bands observed at 34 cm -1 and 58 cm -1 are 
tentatively assigned to hindered rotation and translation modes in the more 
ordered parts of  the polymer. 
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Book review 

Ring-forming polymerizations, Vol. 13A 

Carbocyclic and metallorganic rings 

by R. J. COTTER and M. MATZNER 

Academic Press, New York and London, 1969, 395 pp., $19.50 

In their preface to this book, one of the Academic Press series of monographs on organic 
chemistry, the authors state their objective of 'attempting to collect and c lass i fy . . ,  the 
formation of linear polymers containing a new ring structure', i.e., where the polymeriza- 
tion reaction results in the introduction of cyclic units within the polymer chain. The 
present work is the first part of a two-volume project on the literature of such ring-forming 
polymerizations and provides a comprehensive and up-to-date review of synthetic methods 
leading to polymers with carbocyclic or organometallic rings. 

Discussing linear polymer formation from polyfunctional rather than from strictly 
difunctional precursors, the authors refer to Carothers'  classical papers and suggest that 
progress may have been 'delayed by the functionality laws of polymer science'. Be that as 
it may, the many reactions reviewed here would show the extensive researches carried out 
in many directions so as to provide ring-containing linear and ladder polymers rather than 
uncontrolled networks. 

The first four chapters deal with polymerizing systems whereby homocyclic carbon 
rings are introduced and cover polymers containing double bonds (regarded as two- 
membered rings), intra-intermolecular processes, and Diels-Alder and other reactions in 
which polymers are formed. Chapters 5-10 relate to polymers from metals and unsaturated 
carbon compounds and to organometallic polymers produced by chelation processes 
involving ring formation. The final chapter (11) deals with the formation of polysiloxanes, 
polysilizanes and some polymetalloxanes. 

The book extensively catalogues the relevant reactions and polymers falling within the 
scope of the classification adopted, each chapter providing information on the methods 
employed, together with clear formulae for the reactions involved and, where appropriate, 
an indication of the properties of the materials. Within the individual chapters there are 
comprehensive tables which index the monomers and derived polymers, properties, and 
comments on structure, together with relevant references which are then listed in full. A 
supplementary reference list provided at the end of the book brings the literature up to 1968. 

Although few of the very many polymers reviewed are likely to have industrial applica- 
tions, much important information on polymer formation and structure is collected, and 
this comprehensive compilation undertaken by the authors will be of value to those con- 
cerned with many aspects of polymer synthesis and properties. It provides a useful first 
source for reference purposes, more detailed information then being available by recourse 
to the original papers. In addition, the book will be of value to those having a more general 
interest in organic and organometallic syntheses in indicating the scope and applications 
of the individual reactions. The book is well produced and provided with a multitude of 
clearly presented formulae, together with a numbering and indexing system which contrib- 
utes much to the ease with which the text and tables can be consulted. 

R. J. W. REYNOLDS 
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Ductile crack growth & 
poly(ethylene terephthalate) film 

P. [. VINCENT 

A study of crack growth in a poly(ethylene terephthalate) film has been made 
to check the applicability of fracture mechanics and to devise a suitable 
technique for assessing the fracture toughness of ductile thermoplastics. A 
combination of mechanical tests and microscopic examination has shown 
that fracture mechanics, in a simple single-parameter form, cannot be applied 
to this material. It is concluded that, because careful tensile tests on un- 
notched specimens can give so much useful information, it is worth con- 

sidering whether tests on sharply notched specimens are desirable. 

INTRODUCTION 

SINCE THE pioneering work by Berry I in 1961 some of the fundamental studies 
of fracture in thermoplastics have followed the Griff i th-Orowan-Irwin ap- 
proach known as fracture mechanics 2. Sharply notched or cracked specimens 
have been used, stress distributions and fracture toughness being calculated 
by assuming linear elasticity. For  the more brittle polymers, such as poly- 
styrene and poly(methyl methacrylate), this approach has unified the be- 
haviour of sharply notched specimens with different shapes 3 and has demon- 
strated the overwhelming contribution to fracture toughness of  high but 
localized strains1, 4. However, the majority of  commercial thermoplastics are 
less brittle than these two materials; in standard tensile tests at room tem- 
perature it is common to observe load-extension relations which are far from 
linear. It  appears unlikely that the fracture behaviour of  such ductile materials 
can be treated satisfactorily by theories which assume linear elasticity. Never- 
theless, because of the increasing popularity of  this approach, it seemed 
desirable to make a detailed examination of crack propagation in a ductile 
thermoplastic in order to discover more about  the uses and limitations of  
linear elastic fracture mechanics for this important  class of  materials. This 
paper  describes the results. Some of the work summarized here has been 
published in more detail in two reports with limited circulation 5, 6 which are 
available on application to the author. 

TEST MATERIAL 

The material selected for this work was a commercial biaxially drawn and 
thermally crystallized poly(ethylene terephthalate) film about 25 tzm thick. 
This material is both mechanically and optically anisotropic. It has three 
different principal refractive indices 7, fl and ~ where 7 > /3  > a. The particular 
sample used was specially selected so that/3 was in the extrusion direction, 
7 was in the transverse direction and a was perpendicular to the film plane. 
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Figure 1 shows the non-linear tensile stress/strain curve obtained when a 
parallel-sided strip was extended at r o o m  temperature;  the specimen was 
1 cm wide, 10 cm between the clamps and was stretched in the :v direction at 
5 mm per minute. No  crazes, deformat ion bands or necks were observed in 
the specimen during extension; this is thought  to be a consequence of  the 
fact that  there is no drop in load before fracture. 
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Figure 1 Tensile stress/strain curve for the test material in the 7 direction with the recovery 
curve from 19 ~ strain. The elongation to break is between 57 ~ and 62 

NOTCHING TECHNIQUE 

The actual point  on the load/extension curve at which fracture occurs, when 
a parallel-sided strip is stretched, depends to some extent on accidental defects 
in the specimen which are difficult to control  or quantify. In the fracture 
mechanics approach  a sharp notch or  crack is inserted in the specimen; this 
controlled defect is so severe that  it overrides the accidental defects, and its 
length can be measured. To obtain reliable results it is necessary to ensure 
that  the tip o f  the notch is clean and sharp and that  the material adjacent to 
the notch has not  been permanent ly  deformed. For  the 25/zm thick film used 
in this study parallel-sided strips were notched with a new razor blade while 
the specimen was held under  a tensile strain o f  about  1 ~o. The tip radius o f  a 
notch produced in this way was found to be too small to measure in an 
optical microscope and there was no evidence o f  residual deformation.  
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Equally good results were not obtained when notching other materials in the 
same way. In a thicker film of the same material the crack front tilted side- 
ways as it advanced ahead of the razor blade. In films from several other 
polymers it was difficult to avoid permanent deformation in front of the 
notch tip. 

CRACK GROWTH PHENOMENA AND MACROSCOPIC STRESSES 

When a notched specimen of the test material is extended, the crack grows in 
a controllable manner in the sense that the growth can be halted by removing 
the applied deformation. A previous report 5 has shown that the results of 
tests on notched strips extended in the/3 direction cannot be accounted for by 
theories based on average stresses or on the linear elastic assumption. Table I 

Table 1 Tests on single-edge-notched strips extended in the 7 direction 

Initial notch Net stress Stress intensity Crack growth 
depth (mm) (MN m -z) factor (MN m -8/z) (tzm) 

4-42 60 9.40 147 
4.34 56-6 8.71 75 
4.40 50 7.72 31 
4.63 45 7.35 9.5 

1-67 85 6.71 63 
1.81 75 6.16 32 
1.78 65 5.33 21 
1.41 61.2 4.43 14 
1.38 55 3.93 7-6 
1.87 50 4.16 4.2 

0.36 79.2 2.89 13.2 
0.39 71.1 2.70 6.9 
0.37 60.4 2.24 5.2 

summarizes some further tests on single-edge-notched strips extended in the 
7 direction. The specimens were extended at constant speed until the required 
load was reached; the specimen was then unloaded and the crack growth was 
measured with a microscope. Figure 2 shows the amount of crack growth as 
a function of the net stress on the reduced section. The results fall into three 
groups depending on the initial depth of the notch. It is obvious that these 
measurements cannot be unified by considering only the net stress; there is, 
however, an indication that the amount of crack growth is unmeasurably 
small when the net stress is less than 40 M N / m  2 over the whole range of notch 
depths used. Figure 3 shows the amount of crack growth as a function of the 
stress intensity factor calculated using the correction factors given by Paris 
and Sih 7. As before 5 it is clear that these results cannot be accounted for by 
considering the stress intensity factor calculated by linear elastic fracture 
mechanics. Furthermore, a comparison of Figures 2 and 3 suggests that the 
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net stress is a more useful parameter  than the stress intensity factor ;  the 
curves o f  Figure 3 do not suggest that  the initiation of  observable crack growth 
occurs at a single value of  the stress intensity factor. 

Rice 8 has stated that  linear elastic stress intensity factors are useful when 
' the yielded zone at the tip is small compared  to characteristic geometric 
dimensions ' .  He goes on to say that  such 'small-scale yielding solutions have 
been found to be highly accurate approximations to available complete 
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Figure 2 Crack growth as a function of average net stress on the reduced section for various 
initial notch depths: O, 4'344'63 rnm; x, 1'38-1.87 mrn; D, 0.364).39 mm 

solutions up to substantial fractions (typically, one-half) o f  general yielding 
loads ' .  F r o m  Figure 1 the stress/strain relation becomes grossly non-linear at 
a stress a round  100 M N / m  2 which may be taken as the yield stress in the 
~, direction. F r o m  Table I and Figure 2 it can be concluded that  the small-scale 
yielding solution is not an adequately accurate approximat ion when the net 
stress is over 40 ~ o f  the yield stress. Evidently there is only observable crack 
growth when the average stress is so large, relative to the yield stress, that  the 
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yielded zone is large and the linear elastic stress intensity factor is no longer a 
useful measure of  the stress field. 

It is possible to obtain some appreciation of the size of  the yielded zone by 
stretching a notched specimen and observing it between crossed polars. 
Figure 4 is a micrograph of  such a specimen taken by monochromatic  green 
light. At this stage the crack had grown forward about  30/zm. By the methods 
to be discussed in the next section, it can be shown that the outer isochromatic 
fringe corresponds to a local strain of  5 ~ and is therefore inside the yielded 
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Figure 3 Crack growth as a function of stress intensity factor: initial notch depths-- 
©, 4.34-4.63 mm; ×, 1.38-1-87 ram; IS], 0-36--0.39 mm 

zone. It  is about  17/zm ahead of the crack tip and this figure gives a measure, 
though an underestimate, of  the size of  the yielded zone. Figure 5 is a micro- 
graph of the same specimen taken after the crack growth was about  150/zm; 
at this stage the centre of  the isochromatic fringe is about  98/~m ahead of the 
crack tip. As the crack grows, the yielded zone expands. 

Because the dominant contribution to the fracture toughness comes from 
the strain energy in the yielded zone, the expansion of this zone implies that 
the fracture toughness increases as the crack grows. This is also evident f rom 
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Figure 4 Isochromatic  fringes for a crack growth of 30 e.m ( x 153) 
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Figure 5 l sochromat ic  fringes for a crack growth of 150 t,m ( • 153) 
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macroscopic tests 5 and from Figures 2 and 3. The fracture toughness of a 
sharply notched specimen of a ductile thermoplastic cannot be characterized 
by a single number. Rice 8 has explained that such: 

'growth effects occur because of the advance of a crack into plastically 
deformed material. The effect is most easily seen in the fully plastic 
deformation of a rigid-plastic (or nearly so) material under imposed 
boundary displacements. This may be contrasted with a non-linear elastic 
material having similar uniaxial monotonic tension behaviour, for 
which the advance of a crack would cause the strain field to re-adjust so 
that a large concentration remains at the tip'. 

Figure 1 shows the recovery curve obtained when a parallel-sided strip was 
stretched by 19 ~ before the machine was reversed at the same speed. The 
material is neither rigid-plastic nor non-linear elastic but, from the large size 
of the hysteresis loop, it seems sufficiently plastic to account for the occur- 
rence of growth effects. 

Close examination of the notch tip in Figure 5 shows that the tip has tilted 
sideways during growth. This suggests the possibility that the crack is growing 
in the tearing mode (anti-plane strain) rather than in the opening mode (plane 
strain or plane stress)7, 9. (The author is indebted to Professor K. E. Puttick 
for pointing out this possibility.) With due care in the preparation of the 
original notch, no crack tilting is observed before the crack growth reaches 
about 60 tzm, before which all the other effects described in this paper may be 
measured. There is, therefore, no evidence that the conclusions of this work 
are affected by the presence of additional shear stresses near the notch tip. 

S T R A I N  A N A L Y S I S  

Because the amount of crack growth is not determined by either the average 
net stress or the linear elastic stress intensity factor, it is necessary to find 
some technique for determining the actual stress or strain distribution during 
crack growth. It was shown previously a that this can be achieved by photo- 
analysis. Tests made on unnotched specimens under strain showed that the 
change in optical path difference was proportional to the axial strain and was 
independent of the time under load and whether the measurements were 
made during extension or recovery. Figure 6 shows the relation between axial 
strain in the y direction and the optical path difference, which is proportional 
to the birefringence (?-/3). Comparing Figures 1 and 6 it is obvious that the 
relation between optical path difference and stress is nonqinear and multi- 
valued. 

This finding suggests that changes in optical path difference in notched 
specimens under stress can be used to measure strain distributions. First, 
however, it is necessary to consider two points of detail. 

(I) When the direction of the strain at any point is neither the local ~, 
direction nor the local/3 direction, there is a tendency for the ~, direction to 
rotate towards the applied strain. This rotation complicates the strain 
analysis unduly and it is therefore necessary to use this photo-analysis of 
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strain only where it is clear from symmetry that the local strain is always 
along either the 7 or/3 direction. Measurements were therefore made only on 
specimens cut in the 7 or/3 direction, notched at right angles to the axis of the 
specimen and only at points on the line of  symmetry between the notch tip 
and the opposite edge of the specimen. 

(2) The calibration is obtained on a specimen subjected to a uniaxial tensile 
stress whereas it is known t° that in a tension test on a notched specimen of an 
isotropic elastic material the state of  stress near the notch tip is biaxial (or 
even triaxial for a thick specimen). An experiment was performed to check 
the significance of this possible complication. If the extension ratios are 
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Figure 6 A calibration curve of optical path difference against axial strain in the 7 direction 

denoted by '~1 in the extension direction, A2 in the film plane, perpendicular to 
the extension direction, and A3 perpendicular to the film plane; then A], Ae 
and the change in optical path difference were measured directly on an un- 
notched specimen stretched in the y direction. A notched specimen was also 
stretched in the ~, direction and held at constant extension. The change in 
optical path difference was measured as a function o f x  (the distance from the 
notch tip). Then the transmission interference pattern was used to measure 
A3 as a function of x .  Z~l as a function of x could then be estimated in two 
different ways : 

(a) Assuming that the relation between A] and change in optical path 
difference is the same in the unnotched and notched specimens. 
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(b) Assuming that the change in optical path difference is proportional  to 
(A1 --  Az) and that A1A2Aa =- 1. 

Figure 7 is a graph of hi deduced by method (a) against A1 deduced by 
method (b) at the same point in the notched specimen. It  can be seen that 
there is no evidence of systematic deviation between the two methods. 
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Figure 7 A graph showing that it is not necessary to allow for 
biaxiality of strain (see text for details) 

Accordingly, it seems reasonable to use only the far simpler method (a). Of 
course this is not generally true in photo-elasticity but there is a special reason 
why it is permissible in this case: the material is anisotropic and the thickness 
change under stress is not more than a few per cent. Thus the strain state at a 
point in a notched specimen is similar to that in an unnotched specimen 
though the stress state may be different. 

I f  a notched specimen is held under strain and viewed between crossed 
polars through a microscope, it is possible to measure the optical path 
difference as a function of  distance f rom the crack tip to within about 1/~m 
of the tip. Using the calibration graph (Figure 6) this can be converted into a 
graph of axial strain (~) against distance f rom the crack tip (x) along the line 
of  symmetry. For a material which obeys the linear elastic theory, a graph of 
1/E 2 against x should be a straight line passing through the origin. I t  was 
shown in reference 5 that, for notched specimens extended in the/3 direction, 
the graph of 1/e 2 against x was approximately straight but that, when extra- 
polated, it did not pass through the origin; E was found to have a finite value, 
denoted by Emax, at x = 0. Also, because of the expansion of the yielded zone, 
the strain at a given x increases as the crack grows. Figure 8 illustrates this 
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Figure 8 Curves showing the distributions of strain near the crack tip for specimens stretched 
in the 7 direction. Two different amounts of crack growth: O, 10t~m; x, 97~m 

Table 2 Changes in strain distribution for four specimens stretched in the ~, direction 

Specimen width (mm) 20 20 1.07 10 
Notch depth (mm) 9.21 0-47 0'10 2.36 
Crack growth (/~m) 102 100 101 97 

Distance from crack tip (/~m) Strain (%) 

1.3 25.4 26.1 26.2 24.2 
2.6 17.9 20.2 18-1 19.7 
3.9 15.8 18.3 17.3 17.2 
5.2 14.3 15.2 15-1 14.6 
6.5 13.4 14.3 14.7 13.4 

13.0 10.4 11.3 11.4 10.6 
18.0 9.1 9.7 9.9 9.1 
26.0 6.9 8.4 8.6 7.4 
33.0 6.2 6.5 8.4 7.0 
39.0 5.8 5.0 7.3 5.8 

point  for two specimens stretched in the 7 direction. It was also stated in 
reference 5 that  the strain dis t r ibut ion was not  affected by certain changes in 
init ial  notch  and specimen dimensions.  Table 2 illustrates this point  for four 
specimens stretched in the 7 direction. The specimen width was varied by a 
factor of  20 and  the notch depth was varied by a factor of 90 but  the a m o u n t  
of crack growth was held constant  at about  0.10 mm. Differences between the 
tabula ted  strains can be seen to be relatively insignificant. 

The basic principle of fracture mechanics is that  fracture occurs at a given 
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stress (or strain) distribution near the crack tip; this critical distribution can 
be represented by a single parameter  which is independent of  specimen dimen- 
sions. A similar principle appears applicable to this ductile thermoplastic but 
in a more complex form. One has to say that a certain amount  of crack growth 
is related to a given strain distribution which is independent of dimensions 
but which cannot be represented by only one parameter. 

FRACTURE CRITERION 

In reference 5 it was suggested that emax, being independent of  specimen and 
notch dimensions, and of crack growth above 60/zm, was a possible fracture 
criterion. The fact that Emax was less than the breaking strain of unnotched 
specimens was attributed to the different stress state. It  now seems preferable 
to consider the fracture criterion suggested by McClintock and Irwin 9 that 
the strain reaches a critical value at a distance ps from the crack tip. ps is 
regarded as a structural size or the limit at which 'one can no longer regard 
the material as a homogeneous plastic continuum'.  The work of Yeh and 
Gei111 suggests that the value of ps for drawn poly(ethylene terephthalate) is 
of  the order of  I0 - s m .  I f  this is so, then the extrapolation suggested in 
reference 5, though appearing small, in fact covers two orders of  magnitude 
in x and so the values of  Emax are unlikely to be accurate. This point is made 
clear in Figure 9 where strain is plotted against x (on a log scale) for two 
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Figure 9 Strain as a function of distance from the crack tip on a log scale 

different amounts of  crack growth. Straight lines are drawn from the point 
57 ~ (taken as the break point of  unnotched specimens) and 10 -8 m (taken 
as ps) through the points representing the experimental results. It  can be seen 
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that these results are not adequate to verify the suggested criterion. It would 
be necessary to develop a technique for measuring strains at between 10 ~ 
and 10 8 m from the crack tip. 

D I S C U S S I O N  

The original object of this work was to find a satisfactory technique for assess- 
ing the resistance to fracture of a ductile thermoplastic film which could be 
used both for the prediction of service performance and for the relation of 
mechanical properties to micro-structure. Tests on sharply notched speci- 
mens were selected for study on the grounds that they would provide re- 
producible results, that any real material contains defects at which fractures 
originate and that satisfactory theories were available for deducing useful 
parameters from the results of such tests. In fact, the main product of the 
work has been a better understanding of the limitations of this type of 
approach. In order to obtain reproducible results it is necessary to spend a 
good deal of  time on careful notching and refined measurements. Although it 
is true that real materials contain defects, they are quite different from 
artificial notches in size, shape and resultant stress field; consequently, the 
results of  tests on sharply notched specimens cannot readily be used for 
predicting service performance or for understanding the effect of changes in 
microstructure. Although a satisfactorytheory is available for brittle fracture, 
when the net stress is below half the yield stress and the yielded zone is 
negligibly small, the theoretical problem is much less tractable when it be- 
comes necessary to consider higher stresses, larger yield zones, non-linear 
stress/strain relations, partial and time-dependent recovery and anisotropy. 

An essential part  of the analysis of the stress field near a notch or crack in a 
ductile material is a knowledge of the details of the stress/strain relations ob- 
tained on unnotched specimens. At the very least, therefore, it is necessary to 
measure tensile load/extension curves for test materials. Careful tensile tests 
can also provide the elongation to break which is a measure of fracture in the 
presence of real, rather than artificial, defects. Much useful information about 
service performance and the effects of micro-structural variables can be 
obtained from careful tensile tests and it is worth considering whether tests 
on sharply notched specimens, with their many additional complications, are 
really justifiable. 

C O N C L U S I O N S  

(1) Measurements of crack growth in a ductile thermoplastic cannot be unified 
by considering average stresses or by linear elastic fracture mechanics. 

(2) The size of the yielded zone and the fracture toughness are not constant but 
increase as the crack grows. This seems to be a consequence of hysteresis. 

(3) The actual strain distribution can be measured to within about 1 t~m of 
the crack tip by a photo-analytical technique. It differs significantly from the 
distribution assumed in linear elastic fracture mechanics. 
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(4) The measured  s t ra ins  are independen t  o f  specimen and notch dimensions ,  
within the  range examined.  

(5) I t  wou ld  be necessary to measure  strains much  closer to the crack t ip in 
o rde r  to  d iscover  the t rue f racture  cri ter ion.  

(6) So much  useful in fo rmat ion  can be ob ta ined  f rom careful  tensile tests tha t  
it  is doub t fu l  whether  tests on sharp ly  no tched  specimens are  of  much value. 
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Polystyrenes of known structure: 
Part 1. The reaction of polystyryl 

potassium with 14C02 and the viscosity- 
molecular weight correlations for 

linear polymers 

J. PANNELL 

The reaction between potassium polystyryl and gaseous labelled carbon 
dioxide (14CO2) in tetrahydrofuran was investigated as a means of determining 
the absolute molecular weights of a series of polystyrenes by measurements 
of the radioactivity of the labelled carboxyl end-groups. In most cases, the 
number average molecular weights obtained by the tracer method show good 
agreement with the osmotic values obtained using the Schleicher and Schuel! 
08 membrane ('feinst'), and it is concluded that the complicating side reactions 
which occur when lithium polystyryl is carboxylated, to give higher molecular 
weight products, probably do not occur with potassium polystyryl. 

The low shear melt viscosities and the intrinsic viscosities of the linear 
polymers prepared in this and in subsequent work on the synthesis of branched 
polystyrenes have been measured and their dependence on molecular weight 
found to be given by 

log r/0 3.4 log ~t, - 12.72 at 460 K for 106 ~ 'M,, ~ Mc 

log [r/] = 0'65 log Mn -- 3.58 in tetrahydrofuran at 298 K 
for 106 ~ ~/'n ~ 2"8 × 104 

where Mc (~  33 000) is the critical molecular weight for the onset of chain 
entanglements. 

INTRODUCTION 

THE ANIONIC polymerization of styrene and a few other monomers is charac- 
terized by the absence of a termination step, when impurities such as oxygen, 
water and other proton donating species are excluded and under ideal 
conditions it is possible to obtain polymers with very narrow molecular 
weight distributions. As well as being intrinsically interesting kinetically and 
mechanistically, living polymers have great potential in synthetic work. 
For example, the reactive anionic end-groups on living polymers are capable 
not only of further polymerization on addition of the same monomer, but 
also of initiating polymerization of a second monomer, in some cases, to 
form a block copolymer. They will also react with certain groups, such as 
--CH2C1 or - -CO(OMe)  on dead, pre-formed polymer chains to form graft 
copolymers or branched polymers of known structure, or will react with 
suitable low-molecular weight reagents to give (1) polymers with a variety 
of end-groups or (2) tri- and tetra-branched star-shaped polymers. A review 
article by Fetters and Morton I summarizes much of the work which has 
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been carried out on systems involving living polymers and references to 
some of the more recently published work are given at the end of this 
paper 2-14. 

For several years we have been working in these laboratories on the use 
of living polymers in the synthesis of branched polymers of known structure, 
with the object of correlating polymer properties and polymer structure, 
and some of  the results obtained on comb-shaped branched polystyrenes 
appear in Part 232 . In considering the properties of branched polymers it is 
obviously important to compare them with linear polymers and one of the 
objects of the present paper is, therefore, to establish the melt viscosity- and 
intrinsic viscosity-molecular weight relationships for linear polystyrenes 
which in turn depends on establishing a reliable molecular weight scale. The 
other purpose of this paper is to describe our experiments on the carboxyla- 
tion of potassium polystyryl with 14C-labelled CO2 and the use of this reaction 
in determining the molecular weights of  living polymers. 

Trotman and SzwarO 5 were the first to use the property of living poly- 
mers to react with various reagents to determine the molecular weights of 
the polymers. Treatment of the living polymers with Miehler's ketone 
[C~H4. N(CHa)2]2CO, followed by acidification produces a polymer with an 
intensely blue colour and this was used in the colorimetric determination of 
the end-groups. Carbon dioxide also reacts with living polymers to place a 
carboxyl group on the end of the chain: 

H 
[ u+ 

CH2C- M + + CO2 -+ ~ CH2CHCOOM -+ ~ CH2CHCOOH 
I I I 

Ph Ph Ph 

where M is an alkali metal atom. By using radioactive 14C-labelled CO2 and 
sodium as the alkali metal, Trotman and Szwarc showed that this reaction 
could be used in the determination of the molecular weight of living polymers, 
the value so obtained agreeing with that determined by the colorimetric 
method and by viscometry. On the other hand Wyman et al  1° have shown 
that when lithium is the alkali metal the extent of the above reaction depends 
on the relative amounts of CO2 and living polymer. When a solution of 
lithium polystyryl in benzene was reacted slowly with gaseous CO2, the 
carboxylated polymer was found to undergo further reaction with unchanged 
living polymer to produce dipolystyryl ketone: 

H OLi 
I ' \  / into \ 

-~CI I_ , ( ' :  Li  + + ~ - - ( 'H~CHC( )O IA  C - - C~---O 
I I IX I 
Ph Ph ()Li 

The ultracentrifuge sedimentation pattern ( and fractionation) of the product 
showed the presence of three species, with molecular weights in the ratio 
1:2:3, indicating that a second side reaction also takes place. The extent 
of  the side reactions involving the carboxylate-ended polymer was reduced, 
though these were not eliminated completely, by using a large excess of CO2 
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(dry ice). Similar attempts by Glusker et a117 to make use of the reaction of 
CO`) with living poly(methyl methacrylate) to determine molecular weights 
were not successful because of spontaneous decarboxylation of the polymers 
in solution. 

E X P E R I M E N T A L  

Preparation of potassium polystyryl 
The high vacuum apparatus used in the preparation of living polymers is 

based on those already described in the literature. All reagents, including the 
initiator (a-phenyl isopropyl potassium), styrene, methanol and gaseous 
labelled CO2 were contained in break-seal ampoules on the apparatus. 
Reactive impurities in the apparatus were removed prior to the preparation 
by purging with a solution of a-phenyl isopropyl potassium in tetrahydro- 
furan (THF), followed by rinsing with condensed THF. The initiator solution 
was transferred to the reaction vessel containing about 500 cm 3 THE and a 
small amount of styrene added to it at room temperature to complete the 
initiation step. The bulk of the styrene (50-60 cm 3) was added dropwise to 
the reaction vessel after this had been cooled to 195 K, the rate of  addition 
being controlled by an all-metal bellows valvO 8. Vigorous stirring was main- 
tained throughout these operations. On completion of the polymerization 
the contents of the reaction vessel were warmed to room temperature and 
part  of the living polymer solution transferred and isolated in that part  of 
the apparatus containing the ampoule of labelled CO,), which was subsequent- 
ly opened to terminate this quantity of living polymer. The remainder of the 
living polymer in the reaction vessel was terminated with methanol. 

Handling of labelled C O  2 and determination of its activiO, 
In the preparat ion and handling of the labelled CO2 it was essential to 

ensure that traces of moisture and oxygen were not present to terminate the 
living polymer. The radioactive CO2, with a total activity of about 1 milli- 
curie/millimole was obtained f rom the Radiochemical Centre, Amersham. 
This was diluted to about 103 cm 3 with inactive CO2 at about one atmosphere 
pressure on a conventional high vacuum apparatus to give CO2 with an 
activity of just over 0.02 millicurie/millimole. The inactive CO2 was prepared 
on the vacuum line from degassed BaCO3 and a large excess of concentrated 
H2SO4 and was freed of traces of moisture by several trap-to-trap distillations. 
Known volumes of the labelled CO`) at a known pressure were then trans- 
ferred to break-seal ampoules which had previously been flamed to remove 
adsorbed oxygen and water from the internal surfaces. The ampoules were 
sealed off after freezing the contents and removed from the vacuum line. 
The activity of  the CO`) was determined by carboxylating 9-flucrenyl sodium 
to produce fluorene 9-carboxylic acid. The 9-fluorenyl sodium was prepared 
in two ways, (1) by adding a solution of sodium naphthalene in THE t o  a 
solution of fluorene in THF at 333 K 19 in an atmosphere of  argon and (2) by 
allowing a solution of fluorene to stand in contact with metallic sodium for 
several weeks. The fluorene 9-carboxylic acid was extracted by the procedure 
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described by Calvin et al 2o after evaporating the THF and its activity deter- 
mined by scintillation counting in solution. (A solution of fluorene 9-carboxy- 
lic acid in a 50-50 mixture of toluene and peroxide-free dioxan was added 
to a known volume of scintillator solution, which consisted of 0.5 ~ PPO in 
a l : l  :1 mixture of dioxan, ethanc.l and xylene.) The average activity of 
three samples of fluorene 9-carboxylic acid prepared, and hence of the CO2 
also, was 0-023 -4- 0.0016 millicurie/millimole (98 966 dpm per 100 mg car- 
boxylic acid). Each ampoule of CO2 contained about 4 × 10 -5 mole with an 
activity of approximately 1 microcurie. 

Treatment o f  carboxylated polymers 
Adequate purification of the main bulk of the polymer produced by metha- 

nol termination of the living polymer was achieved by one precipitation 
into water and one into methanol, followed by drying. With the radioactive 
carboxylated polymer, on the other hand, it was necessary to find the best pro- 
cedure for purification, that is t he  removal of radioactive impurities if 
present. The effect of  the precipitation procedure on the disintegration rate 
of  the polymer is shown in Table 1. The first precipitation into HCI was 
always carried out, to remove basic inorganic impurities, and this was followed 
by washing with water and methanol and the polymer dried. Between 100 and 
300 mg, depending on the expected molecular weight, of the polymer was 
weighed out accurately and dissolved in 10 cm 3 toluene containing the scin- 
tillator (PPO) and counted. 

Table 1 Effect of precipitation procedure on the disintegration rate of labelled carboxylated 
polymer 

Polymer 
1 2 3 4 

Precipitation 1st precipitation 2nd precipitation 2nd precipitation 
into dil HCI into methanol into methanol into dil HC1 

U 21 4 320 dpm 2 780 2 757 - 
U 22 27 800 27 830 27 710 - 
U 23 11 710 11 000 10 890 - 
U 24 6 400 5 470 5 420 - 
U 2 7  1 -{ 2 ~ 3 4 9 0 0  - 34 200 

Subsequent precipitations into methanol or HC1 were also carried out and 
the disintegration rates measured after each. It is seen from Table 1 that the 
count rate is sometimes lower after one precipitation into methanol than 
after precipitation into HC1 alone, especially when the molecular weight is 
high, i.e. at low counts, but that further precipitations whether into methanol 
or into HC1 have little effect on the disintegration rate. Thus one precipitation 
into dilute HCI followed by one into methanol seems to be sufficient to remove 
radioactive impurities. 

The molecular weight of the polymer as determined by the tracer method 
is given by: 

Mn =- 210.08 dv/dn 

where 210.08 is the molecular weight of the fluorene carboxylic acid, dF is the 
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disintegration rate/lO -a kg of the acid, and de the disintegration rate/lO a 
kg of the polymer. Using the known activity of fluorene carboxylic acid 

h4n =- 5197 × 107 X (wt. of polymer, x kg)/(dpm o f x  kg polymer) 

Molecular weights by osmometry 
Osmotic pressure measurements were made in a Mechrolab Membrane 

Osmometer,  Model 501. In the original measurements, the membrane used 
was the Schleicher Schuell 08 membrane ('feinst') and the solvent toluene at 
310 K. Measurements on a number of  linear polymers prepared in this work, 
and in later work on branched polystyrenes showed that another membrane, 
referred to here as the Sylvania membrane 22 gave similar results to the 
Schleicher and Schuell membrane. Measurements on some of the polymers 
were also made using the Sartorius membrane ('allerfeinst') at room tempera- 
ture, the solvent being tetrahydrofuran. 

Molecular weights were calculated from the intercept of a plot of  rr/C 
against C or from a plot of  (TrlC)~ against C. 

Molecular weights by light scattering 
Light scattering data were obtained in tetrahydrofuran at room tempera- 

ture using vertically polarized light of  wavelength 546 nm after the solutions 
had been filtered through Whatman G.F.C. filters (pore size 0-5/zm). The 
photometer  used was designed and made in these laboratories and was 
calibrated using Ludox sols of  known turbidity. The data obtained at various 
angles and concentrations were extrapolated to zero angle and zero con- 
centration, using the usual Zimm plot. In most cases the Zimm plots were 
satisfactory, but on occasions a sudden curvature was apparent at low angles 
(20-30°), possibly indicating the presence of a small amount of very large 
molecules. To have used these data would have given a molecular weight 
too heavily weighted in favour of  these large species so it was discarded in 
favour of the data at higher angles. 

Melt viscosities and intrinsic viscosities 
The low shear melt viscosities were measured at 460 K in a melt pene- 

trometer 23 and the solution viscosities were measured in toluene and in 
tetrahydrofuran at 298 K in an Ubbelohde dilution viscometer. The kinetic 
energy corrections were negligible. 

RESULTS AND DISCUSSION 

The results of  all measurements on carboxylated polymers are summarized 
in Table 2. In assessing the molecular weights determined by the tracer 
method one is faced with the difficulty of  choosing between the two values 
obtained by osmometry using two different membranes. The results of  
measurements on the first nine samples listed in Table 2 clearly show that 
the tracer method gives best agreement with the osmotic values obtained with 
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the Schleicher and  Schuell ( 'feinst ')  membrane .  We are inclined to accept the 
value obtained with this membrane  as being more realistic than that  obtained 
using the Sartorius ( 'allerfeinst ')  membrane ,  not  only because of this agree- 
men t  with the tracer method (which is, of  course, not  subject to membrane  
phenomena)  bu t  also because it has been shown recently 2a that, a l though 
the densest membrane  ( 'allerfeinst ')  is desirable for measurements  on low 
molecular  weight polymers, it does appear to underest imate increasingly the 
molecular  Weight as this increases. 

For  those three samples where the tracer method gives apparent  molecular  
weights which are very much higher than  the values from osmometry,  

Table 2 Comparison of molecular weights determined by different methods 

Osmometry (Mn) 
Sample Tracer* Mw 

method Fienst Aller]einst (light scattering) 
(Mn) membrane (S & S) membrane 

U 18 79 600 82 400 60 900 86 000 
U 20 80 600 86 400 - 100 000 
U 14 108 000 117 100 108 700 110 000 
U 19 113 400 117 900 - 150 000 
U 29 117850 121 600 87900 ~ 140 000 
U 27 152 000 155 000 - 210 000 
U 17 420 000 403 000 394 300 450 000 
U 23 478 000 477 000 336 600 440 000 
U 24 958 200 891 000 ~ 500 000 - 

U 36 127 800 107 200 95 200 108 000 
U 28 298 900 386 200 345 000 338 000 
U 22 185 200 224 400 - 270 000 

U 25 > 106 382 000 276 000 400 000 
U 21 > 106 659 000 726 300 660 000 
U 31 ~ 106 932 000 - 990 000 

U 26 - 36 000 31 900 41 000 
NBS705 - 182 500 178 000 179 300~ 

U 38 - 147 400 129 000 149 000 

* The error in the molecular weights determined by the tracer method are directly attributable to variation in 
the activity of  the fluorene carboxylic acid samples prepared is about 7 %. Osmotic pressures measured with 
the Schleicher and Schuell membrane were found to give molecular weights reproducible to about 5 % 

value o f ~  is that quoted by the National  Bureau of  Standards. fThis  
The value of  M.  quoted by N.B.S. is 170 900 

(U 21, U 25 and U 31) it is thought  that air entered the CO2 ampoules  at 
some stage, p robably  as a result of faulty break seals, and  only a fraction of 
the l iv ing polymer was terminated by CO2. It  is more difficult to account  for 
the discrepancy between the two methods for the three samples U 36, U 28 
and  U 22, a l though for U 28 and U 22 the presence of a small quant i ty  of a 
low molecular  weight material  which is not  removable by our precipi tat ion 
procedure,  would affect the tracer method to give somewhat  low values for 
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h4n. In the osmometer  this low molecular weight material might permeate the 
membrane unnoticed and have little effect on the final molecular weight. 
Unfortunately insufficient of these samples was available to check this possi- 
bility. 

Apart  f rom the three experiments in which air was thought to have entered 
the COz ampoules, there is only one other case in which the tracer method 
gives a molecular weight in excess of the osmotic value. From this we con- 
clude that potassium polystyryl probably reacts with CO,~ to form car- 
boxylate-ended polymer without the complicating side reactions which take 
place with lithium polystyryP 6. 

The results in Table 2 also show that most of the polymer samples pre- 
pared in the manner described have relatively narrow molecular weight 
distributions as judged from the ratio of the weight to number average 
molecular weights, and this has since been confirmed by gel permeation 
chromatography. 

Viscosity molecular weight correlations 
The melt viscosity- and intrinsic viscosity-molecular weight correlations 

for the linear polystyrenes prepared in the work on the carboxylation of 
potassium polystyryl and throughout the course of the work on the synthesis 
of branched polymers are shown graphically in Figures 1 and 2 respectively. 
The data used for these plots are given in Table 3. Since the molecular weights 
of  all the linear polystyrenes prepared were measured by osmometry (using 
the Schleicher and Schuell or Sylvania membranes), whereas the tracer 
method was used on only a limited number of these samples, the molecular 
weights used in Figures 1 and 2 are the osmotic values. The straight lines 
drawn through the experimental points in Figures 1 and 2 were obtained by 
a least squares analysis of  the results obtained in these laboratories and are 
given by 

log ~0 -- 3.4 log M'n -- 12-72 at 460 K for 10 ~ ~ /Qn ~ M,; 
and 

log [r/] - 0.65 log ~Qn --  3"58 in THV at 298 K 
for 106 ~ Mn >~ 2-8 ~< 104 

and 
log [~/] -- 0.675 log ~Qn -- 3'69 in toluene at 298 K 

f o r 4  × 1 0 5 ~ M n ~ : 4 . 6  ~: 104 

where Me (-- 33 000) is the critical molecular weight for the onset of  chain 
entanglements. (The actual slopes given by the least squares analysis of the 
data are 3.396 ± 0.072, 0.650 ~ 0.014 and 0.675 ± 0.024, respectively.) 
The scatter in Figures 1 and 2 is due partly to the variation in the molecular 
weight distributions of  the polymers and partly to experimental error. The 
ratio M~/Mn from the light scattering and osmotic pressure, and from gel 
permeation chromatography,  shows that the majority of the samples prepared 
possess relatively narrow molecular weight distributions (:Q~/Mn ~ 1"2 in 
most cases). 

Also shown in Figures 1 and 2 are some results of  measurements of melt 
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Table 3 I n t r i n s i c  v iscos i t ies ,  m e l t  v i scos i t i e s  a n d  n u m b e r  a v e r a g e  m o l e c u l a r  w e i g b t s  o f  
l i n e a r  p o l y s t y r e n e s  

Intrinsic viscosities* Mel t  viscosityt  
at 298 K at 460 K 

Sample ( d m  3 k g  -1) ( N  s m -2) M n  x 10 -5  
['tl]TItF [~]TOL ~{~ 

U 2 6  21 '2  - - 0"36 
B I I 4 . L  2 8 ' 4  2 8 ' 2  1"15 x 102 0"465 
B l l l . L  31 ' 5  29"7 1 '15  x 102 0"496  
B l l 2 . L  2 9 ' 0  29 '8~  1 ' 70  × 102 0"498 
B l l 0 . L  31 ' 8  35 ' 6  3 ' 4 7  × 102 0"567 
B I 1 8 . L  35"7 34"0 2 ' 43  x 102 0"603 
B 1 0 7 . L  45"3 41"8 5"05 X 102 0"783 
B I 1 6 . L  36"9 34"5 2"88 x 102 0 '801  
U 1 8  38 '1  - - 0 ' 8 2 4  
B 1 0 5 . L  45"9 48"4  1 ' 40  x 108 0 ' 9 4 6  
B 1 2 1 . L  55 '5  54"1 6"80 × 103 1 '11 
B I 2 3 . L  53 '3  5 2 ' 0  5"03 × 103 1"14 
U 1 4  5 5 ' 4  - 3 ' 18  x 103 1"17 
U 1 9  5 9 ' 0  - - 1 .18 
U 2 9  4 4 ' 6  48"1 2 ' 0 2  X 10:3 1"22 
B 1 0 8 . L  65"4 63"0 1 ' 2 0  x 104 1"36 
B 1 3 7 . L  58 '3  - 3 ' 9 9  X l 0  s 1"42 
U 2 7  61"4 - 9 ' 5 5  × l 0  s 1"55 
B 1 2 0 . L  69"4 66 ' 3  1'01 x 104 1"57 
B 1 3 0 . L  70"7 69"4 1"88 × 104 1 '75  
U 3 4  70"2 68"6 1 '63  × 104 1"81 
B 1 3 1 . L  69"7 69 ' 8  2 '51 × 104 1 '96  
B 1 0 3 . L  7 9 ' 6  78"4 2"73 X 104 2"06 
U 3 3  7 3 ' 2  72"8 2"39 x 104 2"12 
B I 2 4 . L  86"6 81"6 6"17 × 104 2 '13  
B I 2 2 . L  94"1 1 0 4 ' 7  6"57 × 104 2 ' 4 2  
B l l 5 . L  96 ' 3  93"6+ + 7"19 x 104 2 ' 6 6  
B 1 0 6 . L  122  118 3 ' 3 0  × 105 3 ' 67  
U 2 5  108 - 1 '29  X 105 3 ' 8 2  
U 2 8  108 - 1 '16  x 105 3 ' 8 6  
U 1 7  116 - 2 ' 7 6  x 105 4"03 
B 1 0 4 . L  114 117 2"58 × 105 4"18 
U 2 3  124 - 3"16 × 105 4"77 
U21  158 - 1"07 × 106 6 ' 5 9  
U31  197 - 2"91 x 106 8"20 
U 2 4  188 - 1"62 X 106 8 '91 
2 5 1 7 0 ¶  2 8 ' 9  - 8 ' 8 6  x 102 0 ' 4 9  
4 1 9 9 5 ¶  46"8 - - 0"962  
4 1 9 8 4 ¶  6 7 ' 2  - - 1 '64  
4 1 9 0 0 3 7 ¶  127"6 - 4 ' 7 6  × 105 3 ' 9 2  
4 1 9 0 0 3 8 ¶  219  - 5"83 × l06 7 '73  
N B S  705 70"1 - 1 '41 × 104 1 '82  

* 100 dm s kg -t  ~ 1 dl g- i  (pre-Sl unit for intrinsic viscosity) 
t 0.1 N s m  -2 = 0.1 kg m-Xs2 - -  poise (pre-Sl unit for melt viscosity) 
,+ Intrinsic viscosities estimated from ['qJTHF VS. ['q]TOL plot 
¶ These samples were prepared by the Pressure Chemical Co. in USA. Molecular weights given here are those 
quoted by P.C.C. Intrinsic viscosities were measured in our own laboratories 
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and intrinsic viscosities on some of the narrow distribution polystyrenes 
prepared by the Pressure Chemical Company,  Pittsburgh, USA, and supplied 
by Waters Associates as calibration samples in gel permeation chromatogra- 
phy. The molecular weights used for these samples were those quoted by the 
makers. The slopes of  the lines obtained for these samples are 4.14 and 0.72 for 
the log 7o -- log M and log [~7]THF --  log M plots respectively, which are 

6.5 

6"0 

5"5 

5.0 

4.5 

° 4 ,  ( 

3.5' 

3.0 

2.5 

2 . 0  

_ + 

Slope = 3.4 

- -  • Q 

I I t I I I I 
4"4 4.6 4"8 5-0 5.2 5.4 5"6 5"8 6-0 

Lo9 M n 

Figure 1 Dependence of the low shear melt viscosity on molecular 
weight for linear polystyrene at 460 K. The straight line shown is 
obtained by least squares analysis of the data on the polymers in 
this work (O). ÷,  Pressure Chemical Company samples; ~ ,  
sample NBS 705; L~, linear backbone for comb-shaped polymers 

(ref. 32). 

appreciably higher than the values obtained for the samples prepared in these 
laboratories. There is some variation in the published figures for the slope of 
the log "q0 --  log M plot for linear polystyrenes, these ranging from 3-14 
given by Rudd 24 through 3.4 by Fox and Flory ~5 and 3.75 by Akovali 26 to 
4.0 by Tobolsky, Aklonis and Akovali zT. (Although these figures were ob- 
tained at different temperatures by different workers, the slope is independent 
of temperature.) However, the slope of 3.4 obtained in the present work is 
the same as that found recently by Carraher 2a and obtained by measurements 
on concentrated solutions of  polystyrene obtained from the Pressure Chemical 
Company.  
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The slopes o f  the log [7] aga ins t  log M plo ts  in bo th  t e t r ahyd ro fu ran  and  
in to luene at  298 K are  close to  tha t  o f  0.644 ob ta ined  by Berry 29 for  measure-  
ments  in toluene over  the same range o f  molecu la r  weights. 

2 ' 4  

2"3 

2.2 

2.1 

2"0 

.L 1.9 

8, 1.8 
d 

1'7 

1'6 

+ A  

1.5 

1.4 

4-4  4 '6  4"8 5 ' 0  5 '2  5"4 5"6 5 '8  6-0 

Lo9 M n 

Figure 2 Dependence of the intrinsic viscosity in THF at 298 K on 
molecular weight for linear polystyrene. The straight line shown is 
obtained by least squares analysis of the data on the polymers in this 
work (0) .  q-, Pressure Chemical Company samples; O, Papazian's 

data (ref. 31); ~ ,  Benoit's data (ref. 30); [], see Figure 1. 
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Polystyrenes of known structure." 
Part 2. Comb-shaped molecules 

J. PANNELL 

The preparation of some comb-shaped polystyrenes by reaction of lithium 
polystyryl with chloromethylated polystyrene in benzene is described. In all 
cases the branches are considerably shorter in length than the backbone, with 
number average molecular weights below 46 000. The low-shear melt viscos- 
ities of all the comb-shaped polymers prepared here are lower than those of 
linear polymers of comparable molecular weights and, with the exception of 
only two polymers, are also lower than the melt viscosity of the backbone. 
Where the mol. wt. of the branches is fixed (at ~ [ n  ~ 5200 and ~/n = 6600 in 
two series), the melt viscosity decreases as the branching frequency increases 
(from 10 to 475 branches per backbone). For the series in which the branching 
frequency is fixed (at 33 and 71 branches per backbone in two series), the 
melt viscosity at first decreases with increase in branch length, reaches a 
minimum and then increases with further increase in branch length. An 
empirical equation is given, relating the melt viscosity with the molecular 
weights of the branches, the backbone and the branched polymer. The intrinsic 
viscosities, both in cyclohexane at 308 K and in tetrahydrofuran at 298 K, 
show a much slower and more complex variation with molecular weight than 
linear polymers. The results presented here are consistent with those of 
Decker, who showed that the 0-temperature of comb-shaped polystyrenes in 
cyclohexane depends on the length of the branches but is below 308 K, the 

0-temperature for linear polystyrenes in cyclobexane. 

INTRODUCTION 

IN SPITE of the fact that a method of synthesizing branched polymers of  
known structure, using well-characterized living polymers, has been available 
for some years now, only a few systematic studies of  the effect of  varying 
the branch length and branching frequency on the properties of  branched 
polymers have so far been published. As far as comb-shaped branched 
polymer molecules are concerned, the earliest work reported is that of  
Berry et aP  -4 who studied the intrinsic- and melt-viscosity behaviour of some 
comb-shaped poly(vinyl acetates), which were prepared by free radical 
methods. More recently Decker 5 has described the solution behaviour of  
of  some comb-shaped polystyrenes and showed that the 0-temperature of  
these polymers in cyclohexane is below that of  linear polystyrenes and 
depends on the length of the branches but is apparently independent of the 
branching frequency. The excellent work described by Fujimoto et al 6 

shows how the melt viscosity of  some branched polystyrenes varies with 
branch length and branching frequency over a limited range of each of these 
variables. As explained below, however, the branched polymers studied by 
Fujimoto et al  are considered here as polymers with long-chain branching 
rather than comb-shaped polymers, so discussion of them will be left to our 
paper  dealing with polymers with long-chain branching s . 
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The present paper describes our attempts to study the effect of varying the 
branch length and branching frequency on the intrinsic viscosity and low- 
shear melt viscosity behaviour of some comb-shaped branched polystyrenes. 
For convenience, comb-shaped polymers are arbitrarily defined here as 
those branched polymers in which the number average molecular weight of 
the branches, all attached to a common linear backbone, is less than 46 000. 
The branch length in the majority of these polymers is also, incidentally, 
below the critical chain length for entanglements for linear polymers (34"c -- 
33 000) 17. The branched polystyrenes described here and in the next paper 
in this series s were prepared by reacting a linear backbone molecule contain- 
ing pendant chloromethyl groups with living polymer: 

~ C H C H 2 ~  + M + - C H C H 2 ~  -+ ~ C H C H 2 ~  

I I I 
C6H4 C6H5 C6H4 

r 
CH2C1 CH,~ 

I 
CHC6H5 

I 
CH2 

where M + is an alkali metal ion. 
The behaviour of these comb-shaped polystryenes, both in solution and 

in the melt, is both unusual and unexpected. 

EXPERIMENTAL 

Polymerization 
The living polystyrene used in the coupling reaction was prepared in 

benzene solution using n-butyl lithium as initiator. According to the kinetic 
studies of the benzene~n-butyl-lithium~styrene system by Cubbon and Marger- 
ison 9, complete consumption of the initiator occurs only if: 

Mo6/5/ao ~ 45 moP/5 cm 3/5 at 288 K (1) 

where M0 is the initial monomer concentration and a0 the n-butyl lithium 
concentration. In this case the degree of polymerization Pn is given by 
Pn ~ Mo/ao. It was important to ensure the complete consumption of 
n-butyl lithium in the polymerization step for the reason that n-butyl lithium 
and the chloromethyl group undergo lithium-halogen interchange. That this 
interchange reaction results in crosslinking was all too clearly shown by the 
formation of gel in the early attempts at coupling. In all subsequent runs 
where the above ratio of monomer and initiator was satisfied, and where the 
molecular weight was greater than 5000, there was no evidence of gel in the 
branched product after coupling. Where the polymer molecular weight 
was less than 5000, in which region the above ratio of monomer and initiator 
cannot be satisfied, it was necessary to add a small amount of tetrahydrofuran 
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to the system to accelerate initiation and ensure the complete consumption 
of n-butyl lithium 10,al. 

All operations were carried out in an atmosphere of argon. The benzene, 
previously dried and stored over calcium hydride, was distilled f rom n-butyl 
lithium into the reaction vessel. The styrene was freed of inhibitor, vacuum 
distilled and dried and stored over calcium hydride at 258 K. It  was de- 
oxygenated just prior to polymerization with a stream of argon. The initiator 
was prepared initially in diethyl ether f rom n-butyl chloride and lithium 
metaP z. After allowing the lithium chloride to settle, the ethereal solution 
was decanted and the ether replaced by dry benzene. Its concentration was 
determined by the double titration procedure of Gilman and Haubein lz. 

Polymerization was carried out in a 500 cm 3 graduated cylindrical vessel 
fitted with a B19 socket at its upper end and a greaseless tap at its lower 
end. After distilling the benzene into the reaction vessel a serum cap was 
quickly fitted in the B19 socket and the n-butyl lithium solution injected from 
a hypodermic syringe fitted with a stainless-steel needle. The styrene was 
then added in a similar way, followed by a little THE where necessary. Because 
heat was evolved during polymerization it was necessary to vent the reaction 
vessel and this was done by flushing a stream of argon across the solution 
using syringe needles passing through the serum cap for the inlet and outlet. 
The reaction vessel was gently shaken for about half an hour and the stream 
of argon removed when polymerization was complete and the solution had 
cooled to room temperature. Using this simple technique it was possible to 
prepare living polystyrenes, the measured molecular weights of  which were 
generally in good agreement with the calculated values ( f i n  = Mn/ao). 
Furthermore, the higher molecular weight polymers which were examined by 
gel permeation chromatography were shown to possess fairly narrow molecu- 
lar weight distributions (i.e. Mw/ff4n < 1"2). 

Chloromethylation of polystyrene 
The backbone polymer used throughout this work was a commercial 

polystyrene and was purified by several precipitations from tetrahydrofuran 
into water and into methanol and dried in a vacuum oven at 333 K. I t  was 
chloromethylated by dissolving it in a large excess of  chloromethyl methyl 
ether and adding anhydrous zinc chloride 14 at room temperature. The 
reaction was quenched by chilling the solution and adding a mixture of  THF 
and ice-water. On occasions aliquots were withdrawn at various intervals of  
time and separately quenched in order to prepare samples with a range of 
chloromethyl group contents. The polymer solution was then precipitated 
into a large volume of ice-cold water. (It was essential to keep the polymer 
cold since the heat produced in the hydrolysis of  the excess chloromethyl 
methyl ether was otherwise sufficient to induce crosslinking at this stage.) The 
resulting polymer was dried and precipitated into water twice more in order 
to remove soluble zinc compounds and finally precipitated into methanol and 
dried. Infra-red examination of the products showed that even in the most 
heavily chloromethylated polymers the chloromethyl group was exclusively 
in the para position of the benzene rings. There was no evidence of  ortho- 
or meta-substitution. The oxygen flask combustion method was used to 

560 



POLYSTYRENES OF KNOWN STRUCTURE (2) 

determine the chlorine content where this was sufficiently high (i.e. > 1 ~o). 
Where the chlorine content was lower, x-ray fluorescence spectroscopy was 
used, the polymer being dissolved in THF. In this case a calibration curve was 
first obtained using a series of solutions containing known concentrations of 
p-chlorobenzoic acid in THF. 

Coupling reaction between polystyryl lithium and chloromethylated 
polystyrene 

Before carrying out the coupling reactions tetrahydrofuran was distilled 
from sodium naphthalene in a stream of argon onto weighed amounts of the 
chloromethylated polymers. The air originally adsorbed on the polymer 
dissolved in the THE and was removed by bubbling argon through the solution 
for 30 minutes. The solution was then stoppered until required. The coupling 
reaction was carried out by slowly running the living polymer solution in the 
polymerization vessel into the chloromethylated polymer solution. Knowing 
the weight and chlorine content of the chloromethylated polymer and the 
calculated molecular weight of the living polymer, the minimum quantity of 
the latter required for complete coupling was calculated. In general, however, 
because of impurities present more than the calculated quantity of living 
polystyrene was required and sufficient of this was added to give a permanent 
orange colour in the coupling reaction vessel. After coupling, the excess 
lithium polystyryl was terminated by the addition of methanol. Part of the 
living polymer was separately terminated with methanol and its molecular 
weight subsequently measured by ebulliometry, vapour pressure osmometry 
or membrane osmometry, as appropriate. Branched polymers were pre- 
pared in sets from a given living polymer. They differed only in the number 
of branches attached to the same backbone. 

Separation of linear and branched polystyrenes 
Since some of the living polymer was terminated by impurities and since 

an excess was added to ensure complete reaction with the chloromethyl 
groups in the backbone, the product obtained after coupling was a mixture of 
branched and linear polystyrenes. It was possible to effect a separation of 
the linear and branched polymers by a simple fractional precipitation by 
ensuring that the difference in the molecular weights of the two components 
was sufficiently large so that the respective molecular weight distributions did 
not overlap. This was done by keeping the branch length shorter than the 
backbone and by attaching a sufficient number of branches to it. In practice 
the separation was carried out by first determining the volume of methanol 
required just to begin to precipitate the linear precursor from a 1 ~ solution 
of this in methyl ethyl ketone (MEK). A 1 ~ solution of the mixture of linear 
and branched polymers in MEK was then prepared and sufficient methanol 
added slowly with stirring to completely precipitate the branched com- 
ponent but insufficient to precipitate the linear component. The branched 
polymer separated as a very viscous second phase which settled to the 
bottom. Usually the MEK-methanol mixture was cloudy due to small globules 
of the polymer-rich phase in suspension. That the branched polymer had 
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been completely precipitated was checked by centrifuging the MEK-methanol 
phase to produce a clear liquid and then adding a drop or two of methanol to 
it. This remained clear if the branched polymer had been completely removed 
and the precipitation point of the linear polymer had not been reached. The 
viscous polymer was redissolved in TUF, precipitated into methanol and dried. 
For the polymers described here the volume of methanol required to com- 
pletely precipitate the branched component was in all cases less than the 
volume required to precipitate the linear component, but the difference 
became smaller as the molecular weight of the linear precursor was increased 
and the number of branches decreased. 

The fractional precipitation procedure was repeated at least once after 
the branched polymer had been redissolved in MEK (to give a 1 ~ solution), 
to reduce the amount of linear polymer present to negligible proportions. 
The effectiveness of the separation was demonstrated by gel permeation 
chromatography. Figure 1 shows the chromatograms before and after a single 

B 88 unfractionatcd 

19 

B88 fractionotcd 

19 

II 
32 

II 
31 

Figure 1 GPC traces of a typical product obtained after the reaction 
of chloromethylated polystyrene with lithium polystyryl. In this 
example a large fraction of the linear precursor polymer (h~,~ = 
35 000), formed by termination of lithium polystyryl by impurities, 
is removed from the branched polymer (-~n = 1.28 × 106) by 

just one fractional precipitation 

fractional precipitation for sample B88, which contains 33 branches, the 
molecular weight (h~rn) of which is 35 200. Osmotic pressure measurements on 
some of the branched polymers also proved useful in detecting the presence of 
low molecular weight linear polymer after fractionation. 
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Molecular weight, intrinsic viscosity and melt viscosity measurements 
Number average molecular weights were measured by ebulliometry, vapour 

pressure osmometry or membrane osmometry, as appropriate and light 
scattering was used to measure the weight average molecular weights. Intrin- 
sic viscosities were measured at 298 K in tetrahydrofuran and at 308 K in 
cyclohexane, and the low shear melt viscosities were measured at 460 K in a 
melt penetrometer. Details are given in Part 17. 

RESULTS A N D  D I S C U S S I O N  

Molecular weight measurements 
The most extensive molecular weight measurements carried out on the 

branched polystyrenes after removal of the linear homopolymer were done by 
light scattering, although for some of the polymers it was possible to measure 
the number average molecular weights by osmometry also. The latter are 
recorded in Table 1, in which the calculated value of M~ for the branched 
polymer is given by 

M~ M~ +/~M~ (2) 

where M~- is number average molecular weight of backbone (-- i 14 000) 
M~ is number average molecular weight of branches 

and p is the average number of branches per backbone molecule 

Table 1 Number  average da ta  for some branched polymers and their branches 

M{[ of branched Number of 
Sample B r a n c h  Number of branches polymer x 10 -s fractional 

M~ ~* Calculated Measured precipit- 
ations 

B50 5380 26 2.49 2.37 2 
B51 5380 71 4.83 4.89 2 
B63 5100 9-10 1.60 1-86 2 
B64 5100 33 2.82 2.31 3 
B71 6500 9-10 1.76 1.72 2 

* The number of branches is calculated from the chlorine content of the chloromethylated backbone 

The polymer samples shown in Table 1 in which the molecular weights, 
M~, of the branches are 5380 and 5100 are members of two series of polymers 
in which the branching frequency, p, varies from about 10 to 475 branches 
per backbone. Because the branch length does not differ greatly in these 
two series, they are conveniently considered throughout this paper as a single 
series in which M, b = 5200. Similarly, where reference is made to a series of 
polymers in which M, b = 6600, in reality this consists of polymers in which 
M~ = 6500 and 6800 respectively. In the two series of polymers referred to, 
in which the branching frequency is constant at 33 and 71 branches per 
backbone respectively, the molecular weight of the branches ranges form 
5200 to 45 000. 
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Because of extrapolation difficulties in the Z imm plots for many of the 
samples, the weight average molecular weights are recorded as h~tg0, obtained 
f rom the 90 ° scatter corrected for dissymmetry and assuming the polymer 
molecules to be random coils. In Figure 2 the results obtained in this way are 
plotted against the values of  M,  B calculated on the assumption that coupling 
between the living polymer and the chloromethylated backbone has taken 
place as expected. Mff was calculated from an equation given by Orofino t5 
for branched polymers in which the branches are randomly attached to a 
common linear backbone (see Appendix). I f  coupling has taken place as 
expected then the results should fall on a line with a slope of unity in Figure 
2. Although it is clear from Figure 2 that there is considerable scatter in the 
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Figure 2 A plot of the molecular weight 57/9o, obtained by light 
scattering measurements (O), against the expected molecular 
weight AT/,v (see equation A2). A few measurements were possible 

by osmometry (©) 

results, it can none the less be seen that up to a molecular weight of about 
2 x 106 the values of/Q90 fall close to or are higher than the expected values 
whereas above 2 x 106 values of  At90 are in most cases lower. Since it is by no 
means certain whether the model chosen to represent the configuration of 
these comb-shaped polymers in solution is appropriate, some uncertainty 
attaches to the values of  3~t9o obtained from light scattering measurements 
for these molecules. However, the results shown in Figure 2 do show that high 
molecular weight (branched) polymers have been prepared. 

The curvature noted in the Z imm plots at low angles, which prevented 
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reliable values of  ~¢w being obtained, is indicative of the presence of a 
soluble, very high molecular weight component presumably formed by cross- 
linking, and this need be present only in very small amounts to adversely 
affect the intensity of the scattered light at low angles to give unreliable 
values of Mw. Crosslinking would be the outcome of lithium-halogen inter- 
change between the lithium polystyryl (or other lithium compound present) 
and the chloromethylated backbone polymer. Where the molecular weight of 
the branches exceeded 5000 none of the branched polymers showed any sign 
of the presence of gel and it is thought that the lithium-halogen interchange 
reaction occurred only to a very small extent in their preparation. However, in 
several coupling reactions carried out in which the molecular weight of the 
lithium polystyryl, M b, was less than 5000 (not described in the experimental 
section) it was clear that crosslinking was becoming more extensive. For 
example, when M~ = 500, gel formation actually occurred when the lithium 
polystyryl solution reacted with the chloromethylated polymer. Also, when 
M~ 2300 and 1300, the molecular weights obtained by light scattering 
measurements on the soluble products were considerably higher than the 
values expected of a simple coupling reaction. It may be significant that the 
formation of living polymers with molecular weights below 5000, using 
n-butyl lithium as initiator in benzene, required the addition of THF to 
ensure rapid initiation and complete consumption of initiator (see experi- 
mental section). The occurrence of lithium-halogen interchange, leading to 
crosslinking, when M b ,< 5000, is possibly caused by a lithium compound 
formed by cleavage of TnF by n-butyl lithium which is known to occur above 
238 K 16, rather than by the lithium polystyryl. 

A further comment may be made regarding the values of the molecular 
weights Mgo above 2 × 106. The values of 3~¢~0 in this region, which are lower 
than expected, could be attributed to incomplete coupling between the chloro- 
methylated polymer and the living polymer rather than to an incorrect model 
used to treat the light scattering data. The extent of coupling in a number of 
the branched polymers, in which both high and low branching frequencies 
were covered, was therefore checked by analysing for residual chlorine. In all 
cases the residual chlorine was no higher ( <  50 p.p.m.) than the background 
level found in an un-chloromethylated polymer, showing that all the chloro- 
methyl groups had probably reacted in the coupling reaction. This con- 
clusion is also supported by the fact that none of the branched polymers 
described here crosslinked when their melt viscosities were measured. It has 
been found that the presence of just a few chloromethyl groups in polystyrene 
makes the polymer very susceptible to crosslinking when heated to 460 K, 
the temperature at which the melt viscosities were measured. 

The molecular weights used in discussing the properties of the comb- 
shaped polymers in the following sections are those obtained from equation 
(2) and equation (Al) given in the Appendix, rather than those obtained 
from light scattering. 

Low-shear melt viscosities of comb-shaped polymers 
The effect on the low-shear melt viscosity, T0, of altering the frequency of 

branching while keeping the average backbone and branch lengths fixed, is 
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shown in Figure 3 for two series of polymers. This shows that at all levels cf  
branching, ranging from an average of 10 to 475 branches per backbone, the 
polymers have lower melt viscosities than linear polymers of corresponding 
molecular weights, and that the melt viscosities decrease progressively as the 
frequency of branching increases. For all polymers except those with the 
lowest branching frequency (10 branches per backbone) the melt viscosities 
are lower than that of the backbone in spite of their higher molecular weights. 

Figure 4 shows how the melt viscosity varies with molecular weight when 
the average branch length is increased (from)Qn = 2300 to 46 000) but the 
number of branches and the backbone remain unchanged. As the average 
branch length increases the low-shear melt viscosity decreases at first, reaches 
a minimum and then increases again. Even when the average branch length 
is nearly as long as half that of the backbone the viscosities of the branched 
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Figure 3 Dependence of the melt viscosity on molecular weight for 
the series of comb-shaped polymers with a fixed branch length and 
variable branching frequency. The dependence o f  7o on Mw fo r  
narrow distr ibut ion l inear polystyrenes is shown by the broken 

fine. Mel t  viscosities are in N s m 2 

polymers are still below that of the backbone. The molecular weight of the 
branched polymer at which the minimum occurs is lower for the series of 
polymers with 33 branches than for the series with 71 branches per backbone. 

Thus, above a certain minimum number of branches, the presence of 
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short and intermediate length branches has the effect of lowering the low- 
shear melt viscosity, ~/0, below the value for the backbone to which they are 
attached. This effect is similar to, though less marked than, that which is 
observed by blending a linear polymer of the same (low) molecular weight as 
the branches with the backbone polymer in the same proportions as in the 
branched polymers. The fluidizing effect of these branches increases as their 
number increases. While there are no results for comb-shaped polystyrenes 
with very low branching frequencies the results for the two polymers with 
l0 branches per backbone suggest that polymers with fewer branches per 

5 " 0  

0 4 ' 0  

0 
_1 

3.0 

! 
/ 

/ 
! 

? 

! 

I 
I 

L~I ,4- 

,,/ .+/ 

%.J_J 
r e + m 3 3  b r o n c h e s  

m c l  m 71 b r a n c h e s  

A 5 a c k b o n ¢  

t f 

2 . 0  . . . . . . .  5.5 ' ' ' 6 " 0  ~ ' ' ' ' ' ' 6 5  ' ' '  
L o g / 1 4  w 

Figure 4 Dependence of the melt viscosity on molecular weight for 
the series of comb-shaped polymers with fixed branching frequency 

and variable branch length 

backbone will have melt viscosities which are higher than that of the back- 
bone. That this is so for comb-shaped poly(vinyl acetates) is shown by the 
results of Berry et al 4 who succeeded in making some reasonably well- 
characterized polymers by a free-radical method. A comparison of the two 
polymer species (see Table 2) shows that the comb-shaped poly(vinyl acetates) 
have lower branching frequencies than the polystyrenes (the branching 
frequency is inversely proportional to A, see below). Examination of the 
results on comb-shaped poly(vinyl acetates) also reveals that those polymers 
which have branch lengths in excess of the critical chain length for entangle- 
ments in linear polymers have melt viscosities higher than those of linear 
polymers of comparable molecular weights, and vice versa. The melt vis- 
cosities of the comb-shaped polystyrenes are lower than those of linear 
polymers of the same molecular weights irrespective of whether the branch 
length is greater or less than the critical chain length, suggesting that the 
length of the branches relative to the critical chain length for linear 
polymers is not necessarily significant in the melt viscosity behaviour 
of comb-shaped polymers. 
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In Table 2 the inverse branching frequency (A) is used to compare the two 
species of  polymer and this is defined here as the number of backbone 
repeat units per branch: 

A = M~/pMo -- degree of polymerization of backbone/p (3) 

where M~ and p have already been defined and M0 is the monomer  molecular 
weight. The usefulness of  the parameter  ~ is that a direct comparison of  

Table 2 Comparison of some data for comb-shaped polystyrenes and comb-shaped poly- 
(vinyl acetates) 

Polystyrenes Poly(vinyl acetates) 

Inverse branching frequency, A 
Molecular weight of backbone, Mn L 
Molecular weight of branches, M~ 
Critical chain length for linear polymers, 
Me* 

110-2 3590425 
1"14 × 108 1-5 × 106-2'54 × 108 
5"2 × 10a--4'6 × 104 1-8 × 104-7.5 × 108 
3'3 × 104 2.2 × 104 

* The  critical chain lengths for these two polymers are taken f rom the review by Porter  and Johnson 1~ 

the extent of branching in different species of  polymer is possible, notwith- 
standing differences in the molecular weights of  the backbone or monomer.  

Empirically it has been found that the low shear melt viscosity of  the 
comb-shaped polystyrenes is given by 

n b B log 7o = a log [M~ + M L (M, L, --  Mn) /M ~ ] + b (4) 

where the coefficient a and the constant b differ for each series of  polymers. 
M L M b B A plot of log'qo against log[Mb. + M ~ (  . - -  n)/M~] is shown in 

Figure 5 for one of the series of polymers with a fixed branching frequency 
and for one series with a fixed branch length; the other two series of polymers 
studied gave similar straight line plots but these are not shown in Figure 5. 
By substituting equation (2) into equation (4) and differentiating with 
respect to M b, it may be shown that equation (4) exhibits a minimum when 

M~ b = M.L(~/I + p -- 1)/p at constant p 

For M~ : 114 000 as in the branched polymers prepared here 

M~ = 16 700 w h e n p  = 33 
a n d M  b :  l 1 9 0 0 w h e n p = 7 1  

These calculated values for the branch length at the minima lie close to the 
observed minima and this is shown in Figure 4. 

In attempting to understand the melt viscosity behaviour of these comb- 
shaped polystyrenes, it is informative to consider first the behaviour of  
linear polymers. It  has been shown by Fox and Allen is that the zero shear 
melt viscosities of  narrow distribution linear polystyrenes are related to the 
mean square radii of  gyration of the polymer molecules in a 0-solvent by 

r~0 --~ (S0~) 1.° in the absence of interchain entanglements, 
i.e. for M < Me 

and 7/0 ~ (So2) 3"4 in the region of interchain entanglements, 
i.e. for M > Mc 
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other series of polymers studied 

where Mc is the so-called critical molecular weight for entanglements and 
the exponents are also the slopes of the log 70 against log M plot in the two 
regions, respectively. A similar correlation between r/0 and (So 2) has been 
found for polystyrenes with long-chain branching (see Part 3, reference 8), 
although the exponent of (So 2) is 4.8 for these polymers. Although no 
measurements of the 0-point dimensions of the comb-shaped polymers were 
made, it is possible to calculate the mean square unperturbed radius of  
gyration, (So2), assuming the molecules take on a random coil configuration, 
from an equation by Orofino 19. The results of these calculations may be 
summarized as follows: 
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(1) For the series of polymers in which the branches are short and fixed in 
length and the branching frequency is varied, the calculated value of 
(So ~) remains very nearly constant irrespective of the branching frequency; 
the total increase in size throughout each series is less than 5 ~ of the 
size of the backbone. The corollary to this is that the average segment 
density within the coil increases continuously as the number of branches 
increases. Hence, if the configuration and size of these comb-shaped 
molecules in the melt are related to the calculated 0-point dimensions, as 
is apparently the case for linear polystyrenes, then the observed decrease 
in melt viscosity as the number of branches increases occurs in spite of the 
fact that the size of the molecules remains virtually constant. In fact, 
the decrease in melt viscosity accompanies the increase in average segment 
density. 

(2) For  the two series of comb-shaped polystyrenes with a fixed branching 
frequency and variable branch length, there is a steady increase in both the 
calculated value of (So 2) and the segment density as the branch length 
increases. The total increase in (S~), calculated from Orofino's equation, 
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Figure 6 Dependence of the low-shear melt viscosity on the segment 
density calculated from the theoretical 0-point dimensions (see 

Appendix) 

is about the same (38 ~ of the size of the backbone) for both series of 
polymers, whereas the increase in segment density over that of the 
backbone for the polymers with 71 branches per backbone is about twice 
that for the series with 33 branches per backbone, for a given branch 
length. It is apparent from Figure 6, in which log ~7o is plotted against 
log/3n, where /)n is the average segment density (see Appendix), that 
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the curve describing the initial decrease in the melt viscosity for these 
comb-shaped polymers with fixed branching frequency coincides with 
that for the other polymers with variable branching frequency. In other 
words, in the region of decreasing melt viscosity for comb-shaped poly- 
mers, the melt viscosity (and the probability of interchain entanglements) 
decreases with increasing segment density and is independent of the 
theoretical size of the molecule. Beyond a certain branch length, however, 
the melt viscosity increases as the size (i.e. (S02>) increases, although 
there is also an increase in the average segment density. 

In studying the solution properties of some comb-shaped polystyrenes, 
Decker s found that the actual dimensions of these molecules at their measured 
0-points are appreciably higher than the dimensions calculated from Orofino's 
equation, which assumes a Gaussian distribution of chain segments. The 
converse therefore applies to the average segment density, though this is 
still higher for comb-shaped polymers than that of linear polymers of the 
same molecular weight. This result has been taken to imply that the actual 
distribution of chain segments in the molecular coil is non-Gaussian for these 
comb-shaped polymers, though the actual distribution still remains unknown. 
The results obtained by Decker are not sufficiently extensive to show how, 
for example, the actual 0-point dimensions vary in a series of polymers in 
which the branch length varies at a fixed frequency of branching so it is not 
possible at present to see how far the melt viscosity behaviour described here 
can be related to the dimensions and configuration of the molecules at their 
actual 0-points. In reality, however, the region of decreasing melt viscosity 
exhibited by comb-shaped polystyrenes might still be a result of a steadily 
increasing segment density. Where, after a certain branch length, the melt 
viscosity rises again with further increase in branch length, the actual distri- 
bution of chain segments might be such that a sheath of low segment density 
forms around the core of high segment density. The presence of such a region 
of low segment density would make it possible for neighbouring molecules to 
interpenetrate to some extent thereby giving rise to an increased resistance to 
flow. Alternatively, beyond a certain branch length the actual average segment 
density throughout the molecular domain might decrease with further 
increase in branch length, thereby increasing the probability of interchain 
entanglements. 

Intrinsic viscosities of comb-shaped polymers 
The intrinsic viscosities of these branched polymers were measured in 

cyclohexane (CH) at 308 K and in tetrahydrofuran (THE) at 298 K and the 
results are presented in Figures 7 and 8 as plots of log [~] against log M B The 

w' 

variation of the intrinsic viscosity of narrow distribution polymers (see Part 
1 7) is shown by a broken line. Variation of the intrinsic viscosity with 
molecular weight for the comb-shaped polymers is both much slower and 
more complex than for linear polymers, and this is true in both solvents. For 
the series of polymers in which the branching frequency is varied at a fixed 
branch length, the most surprising finding is that the overall increase in 
[r/] in cyclohexane is greater than that in THE over the same range of molec- 
ular weights. It is surprising because the opposite is found for linear poly- 
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mers, for which THF at 298 K is a good solvent and cyclohexane at 308 K 
is a 0-solvent. Figures 7 and 8 also show that a change in the molecular 
weight of  the branches (from 5200 to 6600) produces a noticeable shift of  
the log [r/] against log M~ curve in cyclohexane but has no effect on the 
variation of [V] in THF. 

For  the two series of  polymers in which the branching frequency is con- 
stant, the intrinsic viscosity in THF increases with increasing branch length, 
the rate of  increase being greater for the series with the fewest branches, 
whereas the variation in the intrinsic viscosity in cyclohexane is smaller and 
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Figure 7 Variation of the intrinsic viscosity in cyclohexane at 308 K with molecular weight 
for comb-shaped polystyrenes. The broken line shows the variation for linear polystyrenes 

(ref. 7). Intrinsic viscosities are in dm 3 kg -1. 

more complex. It  is interesting to note that these series of  polymers also 
exhibit a more complex melt viscosity behaviour than the series in which the 
branch length is fixed, i.e. a minimum is observed in the log ~70 against 
log M e plot. 

Since this work was carried out, Decker 5 has published the results of  his 
studies of  the solution properties of  comb-shaped polystyrenes. In his work, 
which was referred to in the previous section on melt viscosity, the range 
of branch lengths covered was similar to that in the work described here. 
Probably the most significant result obtained by Decker was that which 
shows that the 0-temperature in cyclohexane is lower than that of linear 
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polymers (for which T o = 308 K), increases with the length of the branches 
and is insensitive to changes in the length of the backbone polymer or 
changes in the branching frequency. From this it follows that for the comb- 
shaped polystyrenes studied here, the intrinsic viscosity measurements 
in cyclohexane at 308 K were made above the 0-temperature in all cases. It 
also follows that in the series of polymers in which the branch length varies, 
each polymer is, thermodynamically, in a different solvent when dissolved in 
cyclohexane at 308 K, i.e. cyclohexane approaches nearer to a 0-solvent for 
the comb-shaped polymers as the length of the branches increases. This 
could account for the descending portion of the log ['q]cn against log/~¢w 
plot shown in Figure 7(lower) since the actual size of the comb-shaped 
polymers might decrease in this region as the branch length increases. 
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Figure 8 Variation of the intrinsic viscosity in tetrahydrofuran at 298 K with molecular 
weight for comb-shaped polystyrenes. The broken line shows the variation for linear 

polystyrenes (ref. 7) 

For the two series of  polymers with a variable branching frequency it 
follows from a consideration of Decker 's  results that the polymers for which 
the molecular weight of  the branches, M~, is 5200 are in a somewhat better 
solvent, i.e. are more expanded, when dissolved in cyclohexane at 308 K than 
are those for which M~ ---- 6600. This factor alone is sufficient to explain 
the occurrence of two separate curves in the plot of  log [~7]CH against log 
M~ in this solvent for the two series of polymers [Figure 7(upper)]. 

The variation of the 0-temperature of  comb-shaped polystyrenes with 
branch length in cyclohexane and the peculiar intrinsic viscosity behaviour of 
these polymers in this solvent at 308 K raises the question as to whether or 
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not THF at 298 K, for example, can be regarded as the same solvent, thermo- 
dynamically, for all the comb-shaped polymers studied. The intuitive answer 
is that it cannot since the amount by which a branched polymer will expand 
in a good solvent to minimize segment-segment interactions is expected 
to depend on both the length and the number of branches. However, in an 
environment in which the polymer coil is able to expand, small changes in, 
for example, the length of the branches, may not give rise to changes in the 
intrinsic viscosity behaviour as pronounced as they do in poorer solvents. 
This is confirmed by the fact that, in F i g u r e  8(upper), only a single intrinsic 
viscosity/molecular-weight plot is obtained in THF at 298 K for the two series 
of polymers in which the molecular weight of the branches is 5200 and 
6600 respectively; in cyclohexane at 308 K two curves are obtained [F ig u re  

7(upper)] for the two series. 
The behaviour of the comb-shaped polystyrenes in THE is also usefully 

discussed with reference to the behaviour of linear polystyrenes in the same 
solvent. According to the Fox-Flory treatment of the solution viscosity of 
linear polymers 

[~7] = ¢ a 3 ( S ~ ) 3 / 2 / M  (5) 

where ¢ is a universal constant and a a is the expansion factor, that is it is a 
measure of the amount by which the polymer coil expands above its 0-point 
dimensions when dissolved in a good solvent i.e. 

a z : ( $ 2 ) a / 2 / ( $ 2 o )  3/2 and a a > 1 in a good solvent (6) 

where (S  2) and (S~) are the mean square radii of gyration in a good and 
a 0-solvent, respectively. Flory has also shown that 

(S~) ~-~ M and a z ~ M (a - o.5) (7) 

where a is the exponent in the Mark-Houwink relationship, and it may be 
deduced from equations (5), (6) and (7) that 

[7] ~ <s~>.  (8) 

for linear polymers. For  the comb-shaped polymers studied here the relation- 
ship, if any, between the intrinsic viscosity and the actual 0-point dimensions 
of the molecules cannot be checked since measurements of the latter were not 
made. However, it has been found that for the series of polymers with 33 
branches (of varying length) the intrinsic viscosity in TI-tF is related to the 
calculated mean square unperturbed radius of gyration by 

[v] " "  <S~)l  1~ 

which is of the same form as equation (8) except that the exponent for these 
branched polymels is greater than that for linear polymers in THF (0.65, see 
Part 1, ref. 7). The calculated mean square unperturbed radius of gyration 
used is that obtained from the equation by Orofino (see Appendix) which 
assumes that comb-shaped polymers obey random flight statistics. It has not 
been possible to show whether or not a similar dependence of [7] on (So 2) 
holds for the series of polymers with 71 branches, because of the large scatter 
in the results, but it is shown in Part 38, that the polystyrenes with long-chain 
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branching obey a similar relationship to equation (8), although the exponent 
shows some dependence on the branching frequency. In the case of the series 
of polymers with a fixed branch length and variable branching frequency, 
there is very little increase in the calculated unperturbed dimensions (see 
Appendix) with increasing molecular weight, and as may be seen from 
Figure 8(upper) only a small increase in the intrinsic viscosity in THE. 

The dependence of the intrinsic viscosity in a good solvent, such as THE, 
on the actual 0-point dimensions of a series of comb-shaped polymers with a 
fixed branching frequency and variable branch length remains to be investi- 
gated. This would be particularly interesting since Decker 5 has found that 
the actual mean square radii of gyration of some comb-shaped polystyrenes 
at the measured 0-point in cyclohexane are greater than those calculated 
from Orofino's equation, implying that these molecules do not obey random 
flight statistics. 

The sizes of the comb-shaped molecules in THE at 25°C determined from 
light scattering measurements are subject to some uncertainty, as are the 
molecular weights Mg0, since they are obtained from the 90 ° scatter corrected 
for dissymmetry and depend on the model chosen to represent the con- 
figuration of the molecules in solution. However, in Figure 9 is shown how the 
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Figure 9 Dependence of the r.m.s, radius of gyration of comb- 
shaped polystyrenes in tetrahydrofuran on molecular weight, 
Variable branching frequency: 0,  Mn b = 5200, O, M,/' = 6600. 
Variable branch length: El, .~ = 71 +, .~ = 33 

( narrow distribution linear polymers, - . . . .  ) 

root mean square radius of gyration in THF determined in this way varies 
with molecular weight for comb-shaped polystyrenes. Also shown is a 
straight line of slope 0-55 expected for linear polystyrenes, since it may be 
shown from the Fox-Flory theory that for linear polymers in a good solvent 
the r.m.s, radius of gyration is given by 

( S  2) .'., ,.~ M(a + 1)/3 

where a = 0.65 for polystyrene in THF at 298 K in the molecular weight 
range 2-8 × 1 0 4 -  1 × 106 . It is apparent from Figure 9 that at a given 
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molecular weight the comb-shaped polymer is smaller than a linear one and 
the rate of  increase in size with molecular weight is also smaller for the 
branched molecules. 

CONCLUSION 

In this work we have prepared and studied some properties of  a group of 
branched polystyrenes with a limited range of branch lengths but a fairly 
wide range of branching frequencies. The range of polymers that could be 
prepared were limited by the techniques used. Although these comb-shaped 
polymers are of  great interest in themselves and show unusual and largely 
unexpected behaviour, it is recognized that they do not closely resemble the 
type of branched polymer likely to be produced by transfer reactions in con- 
ventional free-radical polymerizations. This situation is partially remedied in 
Part 38 where an account is given of a group of branched polymers with 
lower branching frequencies and longer branches than the comb-shaped 
polymers described here. Some at tempt is also made in Part  3 to provide a 
framework in which the properties of  these polymers and other branched 
polymers, e.g. star-shaped polymers and branched polymers formed in free- 
radical processes, may be related. 
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A P P E N D I X  

Molecular weights and molecular weight distributions of  comb-shaped 
polymers 

Orofino 15 has shown that the ratio MRw/M~ for branched polymers in which 
the branches are randomly attached to a common linear backbone is given by 

MS/M B Xw/Xn + p ),;,[(xn -- f)/Xn + )7w/yn -- l]/(2n q- fi )Tn) 2 (AI) 

where M, B is given by equation (2) (see the section on molecular weight 
measurements). 

:? is the degree of polymerization of the backbone (2n M,L,/104) 
)7 is the degree of polymerization of the branches (yn -- Mb/104) 

and the subscripts n and w denote the usual averages. 
Substitution of values of the parameters characterizing the backbone, the 

branches and the branching frequency in equations (2) and (3) shows that 
MB/M~ ~ 2, to better than 5% for all the branched polymers described 
here, i.e. 

M~ ~ 2(M~ c -- fiM~) : 2M, e, (A2) 

This means that the molecular weight distributions in these comb-shaped 
polymers are determined almost exclusively by that of the backbone polymer 
(for which ~w/.~n ,~, 2). 

Theoretical random flight dimensions of  comb-shaped polystyrenes 
An expression for the random flight dimensions of branched polymers 

in which the branches are randomly attached to a common linear backbone 
has been derived by Orofinolg: 

~ - Py ]  [3.~wLTn (.~n - -  3p) ] }  ( A 3 )  (S~> = (b216ZwZJCn) {2,,~wXz + + yn 

where (S02> is the Z-average mean square radius of gyration, p is the average 
number of branches per backbone and b is the length of one freely jointed 
chain element. Z, 2 and y are the degrees of polymerization of the branched 
polymer, backbone and branches repectively and the subscripts z, w and n 
denote the usual averages. The branches are assumed in this expression to be 
homogeneous in chain length. 

For the comb-shaped polymers discussed in this paper, the backbone 
polymer was a free-radical polymer and is assumed to possess a most prob- 
able distribution of molecular weights i.e. 2z:~w:2n = 3:2:1. Number and 
weight average molecular weight measurements on the backbone polymer 
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confirmed that 2w/gn ~ 2. It was shown in the previous section that the 
molecular weight distribution in these comb-shaped polymers is the same as 
that of the backbone polymer, i.e. Zw/Zn -- M~/Mff ~ 2. Equation (A3) 
now simplifies to 

- 2 - 2 (S~) = (b2/6) {32n ÷ (py,/2xnZ,) [62nZn -- yn (2n -- 3fi)]} (A4) 

Zn ( =  M,B/104) is calculated from equation (2). 
The average segment density Dn is defined here as the average number of 

segments per unit volume in a sphere of radius (S~)i: 

Dn = (2n/Mo)/(4rr(Sg)a/z/3) = (32n/4rrMo)/ (S~) a/2 (A5) 

where M0 is the monomer molecular weight. This definition of /3n implies 
that there is a uniform distribution of segments throughout the sphere, 
although the values so obtained are related, by a numerical constant, to 
the segment density, prnax, at the peak of a Gaussian distribution with the 
same mean square radius of gyration: 

P m . x  = n(3/27r)a/2/(s~)a/2 (A6) 

where n is the number of segments per chain. 
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Polyacrylonitrile degradation kinetics 
studied by the micropyrolysis-g.l.c. 

technique 
F. A. BELL*, R. S. LEHRLE and J. C. ROBB 

The thermal degradation of thin films of polyacrylonitrile (thickness ,~ 750 ,~) 
has been studied in the temperature range 200-850°C by the micropyrolysis- 
g.l.c, technique. Throughout the temperature range 300-850°C the following 
products were characterized: ammonia, hydrogen cyanide, monomer, 
acetonitrile and methacrylonitrile. From studies of (a) the limiting yields of 
products, (b) the conversion curves and kinetics of the evolution of some of 
the products, (c) the influence of water on the degradation and (d) stoichio- 
metric considerations, it is concluded that three independent processes 
occur: (1) ammonia evolution, possibly by a stepwise process leaving a 
laddered polymer containing some five-membered rings, (2) hydrogen cyanide 
evolution, either from head-to-head linkages or by a chain reaction, leaving 
double bonds randomly within the polymer molecules, and (3) monomer 
evolution by a depropagation process, involving intermolecular and intra- 
molecular transfer steps leading to acetonitrile and methacrylonitrile pro- 
duction. A fourth independent process is the only one observed at 200°C; 
this is probably a laddering process which leads to the stabilization of the 
polymer towards subsequent degradation at higher temperatures. High- 
temperature kinetic studies of polymer samples which had been pre-heated at 
200°C have indicated the limitations of this stabilization process and have 
shown that the parts of the polymer which are not laddered degrade in the 

same way as normal polymer. 

1. INTRODUCTION 

THE MICROPYROLYSIS-GLC technique 1 is a convenient and quantitative method 
of studying polymer degradation; the experimental requirements for studying 
the kinetics of the pyrolysis process itself by this method have been dis- 
cussed 2a. The technique has been applied to elucidate the changes in mech- 
anism with temperature in the thermal degradation of poly(methyl meth- 
acrylate) 2b, in which the sole volatile pyrolysis product is monomer. In the 
present work the method has been used to study the more complex thermal 
degradation of polyacrylonitrile. 

Several aspects of the thermal behaviour of polyacrylonitrile have been 
reported during the last twenty years. The coloration of the polymer occurring 
below 200°C has been extensively studied and discussedS-2°; this phenomenon 
has been generally attributed to the development of conjugated sequences of 
C ~ N  groups (leading to ladder formation), and is not associated with the 
evolution of volatile products. At higher temperatures the coloration is 
accompanied by the evolution of degradation products, and a number of 

* Present address: ICI Fibres, Ltd, Harrogate, Yorkshire, England. 
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these have been characterized 3, 5, s, 21-25. In thermal analysis studies 5, 7,14,15, 
21,25-80 there has been much discussion about the exotherm observed in the 
200-300°C temperature region; it has been attributed to an increase in the 
rate of formation of conjugated C----N sequences14, 27, and also to the evol- 
ution of volatiles 26, such as ammonia zo. Several authors have examined the 
weight loss of samples during degradationS, V,14,15,21, 26,27, and there have 
been various attempts to measure the limiting yields or rates of evolution of 
some of  the volatile products 3, 5, s, is, 10,22,81, but only the products HCN and 
NH3 have been examined quantitatively from this point of view. 

This paper describes a method of separating the different volatile products, 
which are analysed as they are formed. In addition to the fact that this 
approach provides data for kinetic analysis, it has an important advantage 
over some alternative methods. This advantage is that the present one-stage 
method eliminates the necessity of condensing and storing the products prior 
to subsequent analysis; in two-stage methods it is probable that some inter- 
action of the primary products occurs during storage, in which case the sub- 
sequent analysis is not representative of the degradation process itself. 

2. M A T E R I A L S  

Acrylonitrile monomer was first washed with 5 ~ sulphuric acid, then with 
5 ~ sodium hydroxide, and finally washed twice with distilled water. It was 
then fractionally distilled under nitrogen through a 5 ft (1.5 m) (1 in, 2.5 cm, 
diameter) column packed with Fenske helices. No impurities could be detected 
in the middle fraction by infra-red analysis. The purified monomer was stored 
over calcium hydride, and all subsequent operations (e.g. the charging of 
dilatometers) were performed by distillation in a high vacuum apparatus. 

Dimethylformamide was first washed with potassium hydroxide solution 
and then distilled under an atmosphere of nitrogen; the middle fraction, 
boiling at 153°C, was collected and stored over anhydrous calcium chloride. 

Azo-bis-isobutyronitrile was twice recrystallized from ethanol, the solution 
being filtered hot to remove insoluble materials derived from the decom- 
position of this initiator. The pure crystals were filtered off and dried under 
high vacuum. 

Polyacrylonitrile. Solutions of acrylonitrile in dimethylformamide were 
polymerized in vacuum dilatometers thermostatted at 30°C. Azo-bis-iso- 
butyronitrile was used as the initiator, and the conversion/time plots were 
(surprisingly) linear up to about 40 ~ conversion. The systems were observed 
to be homogeneous throughout, provided monomer concentrations less than 
3 molar were used. The polymerization order with respect to initiator con- 
centration was found to be 0-60 ± 0.04, which compares favourably with the 
value 0.59 published by Thomas 82. (The fact that this order slightly exceeds 
0.5 may imply the participation of some degradative chain transfer or 
geminate termination process.) Polymer samples were precipitated by slow 
addition of the dilatometer contents to methanol, and then dried under high 
vacuum at 100°C. 
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3. DEGRADATION APPARATUS AND TECHNIQUE 

A boosted-filament pyrolysis unit 1, coupled to a capillary column/flame- 
ionization detector g.l.c, apparatus, has been used throughout this work. 
Constructional and operational details are discussed in reference 2a. 

Thin films of polymer were deposited in the central region of the ribbon 
filament by using a 1 ill Hamilton microsyringe to deliver a 0.1 ~o solution of 
polyacrylonitrile in dimethylformamide, and then allowing the residual 
solvent to evaporate off in the g.l.c, carrier-gas stream. Any carbonaceous 
residue remaining on the filament after pyrolysis was removed by first gently 
scraping with a sharp blade and then heating the filament in air to ~-~ 1000°C 
for one minute. 

The mass spectrometer used in characterizing the volatile degradation 
products was an AEI type MS9. 

4. RESULTS 

(4.1) Characterization of pyrolysis products 
Throughout  the temperature range of interest in the present work (up to 

850°C), pyrolysis chromatograms display the same set of peaks; the pyrolysis 
temperature influences only the relative proportions of these peaks and the 
rate of degradation. Six distinct peaks can be seen on the chromatogram 
shown in Figure 1, which actually corresponds to a 30-sec pyrolysis of poly- 
acylonitrile at 350°C. 

The peaks were identified by trapping the individual components from the 
g.l.c, effluent gas and subjecting lhe samples to mass spectrometric analysis. 
In order to obtain larger samples for analysis, the pyrolyses were performed 
on samples of larger size (-~ 1 rag) in a pyrolysis-g.l.c. (katharometer) 

D 

A A 
I I I I I 

8 6 4 2 0 
Retent ion  t ime (rain) 

Figure 1 Chromatogram of the pyrolysis products of polyacrylonitrile. Degradation 
temperature: 350°C; degradation time: 30 seconds; g.l.c, column coating: tricresyl 

phosphate 

apparatus previously described a3. The chromatographic column was 4 ft long 
(0-2 inches diameter) and packed with 60-80 mesh acid-washed Chromosorb 
W containing 10 ~ dinonyl phthalate as stationary liquid phase. 

Peaks B, C, and D were identified in this way as hydrogen cyanide, aceto- 
nitrile and acrylonitrile, respectively. These assignments were confirmed by 
the correspondence of the retention times of these compounds when they 
were directly injected into the g.l.c, apparatus. 
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Mass spectrometric analysis of the condensate corresponding to peak E 
indicated an m/e ratio of 67 for the parent in the cracking pattern; it was 
therefore initially considered that E could correspond to vinyl acetonitrile, 
since this compound had earlier been reported by Madorsky 5 and Monahan a 
as a product from polyacrylonitrile pyrolysis. However it was found that the 
retention time of vinyl acetonitrile was approximately twice that recorded for 
peak E. An investigation of the retention times of the isomeric nitriles 
crotonitrile and methacrylonitrile indicated that E corresponds to meth- 
acrylonitrile, and the mass spectrum is consistent with this interpretation. 
Confirmation was obtained by degrading a sample of polymethacrylonitrile 
(which is knownZ4, 35 to degrade to its monomer); the degradation product 
was shown to have the same retention time as peak E. Methacrylonitrile, 
rather than vinyl acetonitrile is therefore one of the principal products of 
polyacrylonitrile pyrolysis. This conclusion is supported by the work of 
Takayama 2z and Ming 21 who also report methacrylonitrile as a significant 
degradation product. 

Peak A~ was not observed in the chromatograms from the larger-scale 
degradations, and it has not yet been identified. Peak A2 was shown to cor- 
respond to ammonia; its retention time in both the flame-ionization and 
katharometer apparatus was the same as that for an injected sample. 

(4.2) 'Limiting yields' of  volatile products 
When polyacrylonitrile is degraded at a specified temperature under 

nitrogen, the yields of the volatile products initially increase with time but 
tend asymptotically to limiting values corresponding to rather small total 
yields of volatiles (see section 4.3 and below). 
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Figure 2 Variation of the quantities of volatile products with sample thickness. 
A, acrylonitrile; B, methacrylonitrile 

A 

The results shown in Figure 2 demonstrate that this phenomenon is not a 
function of the thickness of the samples used (400-3000 A), and suggest that 
the effect might be utilized to obtain information about the chemistry of the 
degradation processes. 

The variation with temperature of the limiting yields of three of the 
principal products, monomer, methacrylonitrile and hydrogen cyanide, is 
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shown in Figure 3. (The yields of acetonitri le were much too small to provide 
significant results;  the yield of a m m o n i a  increased by abou t  60% over the 
same temperature  range.) These results suggest the processes leading to 
methacrylonitr i le  format ion  and  H C N  format ion  share some l imiting factor 
which is independent  of temperature  (above ~-~ 400°C), whereas the total 
available m o n o m e r  (and, to a lesser extent, the ammonia )  increases with 
temperature.  
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Figure 3 Dependence of the limiting yield of the volatile products on degradation 
temperature: A, acrylonitrile; B, methacrylonitrile; C, hydrogen cyanide 

In  order to ob ta in  absolute figures for the l imiting yields of volatiles, the 
f lame-ionizat ion detector response factors must  be known for the condit ions 
used. These factors were determined for different sample sizes; the results are 
shown in Table 1. No reliable value for hydrogen cyanide could be obtained 
since injections of dilute aqueous  hydrogen cyanide (4 ~ )  gave inconclusive 
results. The factor for H C N  was therefore arbi trar i ly assumed to be similar 
to that  for ammonia .  Bearing in mind this assumption,  the total l imiting yield 

Table 1 Response factors of degradation products 

Response of different sample s&es (g per unit area) 
Compound 0'05/~1 0.1/zl 0.2 ffl 0.5 ffl 

Acrylonitrile 3.0 x 10 -8 2.9 x 10 8 3.3 7. 10 8 2'7 x 10 -8 
Acetonitrile 3.7 x 10 -8 3-3 x 10 .-8 3.8 x 10 8 4.0 × 10 8 
Methacrylonitrile 2.8 x 10 -8 2.7 × 10 8 2.6 × 10 -8 2'4 x 10 -8 
Ammonia 2.0 x 10 -7 2.1 x 10 -7 2.3 x 10 -7 2.0 x 10 -7 
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at degradation temperatures of 300°C, 460°C and 850°C corresponded to 
about 10 ~ ,  18 ~ and 25 ~ total weight loss. These results suggest that some 
concurrent process is occurring which stabilizes the residue, at least at tem- 
peratures up to 850°C. A direct investigation of a controlled stabilization re- 
action is presented in a later section (4.6). 

Similar experiments were performed on polymethacrylonitrile for com- 
parison. Over the temperature range 275-340°C the sole volatile product is 
monomer, and the limiting yield is 90-95 ~ .  Clearly the concurrent stabil- 
ization process is less efficient for this polymer. 

(4.3) Rate of evolution of volatiles 
The pyrolysis-g.l.c, technique may be applied in two ways to obtain con- 

version curves for the evolution of volatiles: 
(1) A single polymer sample is degraded at a specified temperature for a 

short specified time and the chromatogram of volatile products obtained. The 
residue is then further degraded under the specified conditions and a second 
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Figure 4 Effect of sample thickness on the conversion curves for 
acrylonitrile formation. Sample thickness: A, 3000 ~; B, 750 ~ 

chromatogram recorded. Further degradations provide a complete sequence 
of data from which a cumulative graph of conversion against reaction time 
can be plotted. 

(2) In this method the conversion curve is obtained by plotting the results 
from a series of identical samples degraded for different times at the specified 
temperature. 
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Initial results obtained using method (1)are shown in Figure 4(A). The first 
few degradations were of 4-sec duration and the durations were later increased 
to 10 sec and 30 sec as the yields became smaller. Because the individual 
yields were small for each degradation, rather large samples (I0 6 g, thickness 

3000 A) were used in the experiment. The conversion curve has a sigmoid 
shape, quite different from those obtained in parallel experiments using 
method (2), described below. In order to check whether diffusion effects or 
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Figure 5 Conversion curves for the formation of volatile products from polyacrylonitrile: 

(a), acrylonitrile; (b), methacrylonitrile 

thermal conductivity effects were responsible for the unusual shape, the 
experiment was repeated using samples of decreasing thickness. The initial 
curvature eventually disappeared when the sample thickness had been reduced 
to about 750A; the curve obtained for a sample of this size is shown in 
Figure 4(B). No detailed explanation of the original initial curvature can be 
offered, though temperature gradients and diffusion effects in thick samples 
may be responsible 1. These results, however, underline the importance of 
investigating sample thickness effects at all stages in the work. Because of the 
sensitivity problems arising from the use of small samples and short degra- 
dation periods when this method is used, and because of the dangers of 
cumulative error (i.e. summation of all pre- and after-effects of the sequence 
of heating cycles), method (2) has been employed for all quantitative measure- 
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ments of the rate of evolution of volatiles, and samples of  750 A or less have 
been used throughout. 

Conversion curves for monomer  and methacrylonitrile evolution, obtained 
by method (2), are shown in Figure 5. The ordinate axes are in arbitrary area 
units, but the approximate scale can be deduced f rom the fact that at 300°C 
the limiting yields of  monomer  and methacrylonitrile were calculated to be 

I 'O  _ A ,  

~A~ 

I '~A3 I I 

E 3'O 

I '0 
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x 

B~ 

O IO 20 30 
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Figure 6 Graphs of In (a -- x) against time. Plots for acrylonitrile 
formation at temperatures of 305°C, 340°C, 370°C, are given by 
lines A1, A2 and A8 respectively; plots for methacrylonitrile for- 
mation at the corresponding temperatures are given by Bt, B2, B3 

about  3% and 1.5% according to the corresponding detector response 
factors. In the present work the kinetics of  volatilization have been considered 
f rom the point of  view of growth of volatiles to the limiting yields rather than 
from weight loss f rom the total sample. Thus, a first order process here is one 
in which In (a - -  x) plots linearly against time t, where x is the area of  the 
chromatographic peak corresponding to a degradation time of t seconds, and 
a is the limiting value of the peak area, i.e. the asymptote of  the conversion 
curve. Plots of  this kind for monomer  and methacrylonitrile evolution are 
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shown in Figure 6, and the corresponding rate constants listed in Table 2. 
These results indicate not only that the processes are probably first order, but 
also that the rate constants for the two processes are identical (within ex- 
perimental error) at each temperature, despite the fact that the two products 
attain different limiting yields. Results of similar accuracy could not be ob- 
tained for the evolution of acetonitrile, ammonia and hydrogen cyanide. 
However, it was observed in all cases that the limiting yields of ammonia and 
hydrogen cyanide had been evolved before 50~o of the limiting yields of 
monomer and methacrylonitrile had been obtained; it thus appears that the 
rate constants for HCN and NH3 evolution are significantly larger than those 
for monomer and methacrylonitrile. Acetonitrile was obtained in such small 
yields that no definite conclusions could be drawn, though the possibility that 
the rate constant could be comparable with that for monomer could not be 
excluded. From these results it therefore appears that the processes leading to 
the formation of monomer and methacrylonitrile (and possibly acetonitrile) 
involve some common mechanism, whereas HCN and ammonia are evolved 
by more rapid processes. A reconciliation of these findings with those in 
section 4.2 is presented in a later section (5). 

Table 2 Rate constants for polyacrylonitrile degradation (s -1) 

Acrylonitrile Methacrylonitrile 
Temperature (°C) formation [brmation 

305 0"060 ~ 0.008 0"074 :L 0"008 
340 0"11 ~ 0"01 0"13 zL 0-01 
370 0"22 _+ 0'02 0"21 t:  0"02 

[An Arrhenius plot of the data in Table 2 indicated an overall activation 
energy of about 14 kcal/mol. This figure may be compared with those ob- 
tained by Madorsky 5 and Davydov 7 (31 kcal/mol and 61 kcal/mol, respec- 
tively) by measuring the rate of weight loss from the polymer, and with the 
figure obtained by Monahan 8 (16 kcal/mol) by measuring the rate of evol- 
ution of HCN. However, it would be premature to draw any conclusions from 
these figures at the present stage because of the differences in experimental 
approach and the lack of knowledge of detailed mechanisms.] 

(4.4) Stoichiometric considerations 
With the exception of monomer, the volatile products obtained from 

polyacrylonitrile degradation are all hydrogen-rich with respect to the original 
polymer. If, for example, we consider the degradation at 300°C, the total 
available volatiles correspond to only 10~ by weight of sample; this 10~ is 
composed of monomer (3.2 ~),  HCN (3-0 ~),  NH3 (2-2 ~o), methacrylonitrile 
(1.6~) and acetonitrile (trace). From these figures can be calculated the 
relative molar yields of the products and thereby the relative numbers of 
atoms. Summation of these numbers gives the total relative number of atoms 
in the volatiles, which may be compared with the corresponding figures 
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relating to the same weight of bulk polymer. The results are shown in Table 3, 
in which the number of carbon atoms in the polymer is arbitrarily put at 100. 
These results show quantitatively that the total volatiles are considerably 
poorer in carbon content, and richer in nitrogen and hydrogen content, than 

Table 3 Polyacrylonitrile degradation at 300°C: comparison of 
relative numbers of atoms in the 10 7o limiting yield of volatiles and 

in a corresponding weight of polymer 

Relative number o f  atoms 
C N H 

Polymer 100 33.3 100 
Total available volatiles 68 57 140 

the polymer. Conversely, the residue is correspondingly rich in carbon, but it 
may be noted that it will be less so if the degradations are performed at higher 
temperatures, because of relative increase in the limiting yield of monomer 
with temperature (section 4.2). 

(4.5) Influence o f  water on the degradations 
The white-spot nitrogen, used as the carrier gas, was passed through a 

column of molecular sieve (BDH No. 5A) in order to remove any traces of 
water. Nevertheless, it was thought possible that water might become 
adsorbed on the sample or degradation chamber during the deposition of the 
sample and its insertion into the chamber. To test for any chemical effects of 
traces of water which could be present for that reason, water was deliberately 
introduced by three different methods. In the first method, water was de- 
posited on the polymer surface from a syringe and the excess allowed to 
evaporate off to leave an adsorbed film. The next method involved adding 
water to the polymer solution so that water would be trapped within the 
polymer film. The final method involved saturation of the carrier gas with 
water by bubbling the nitrogen through water before it reached the degra- 
dation chamber. No significant change in the product ratios was observed 
when any of the above methods was used. In particular, the ratio of NH3 to 
HCN yield was not detectably affected ; this is of interest because it indicates 
that the mechanism proposed by Monahan 8 for the formation of ammonia 

H20 + HCN -+ CO + NH8 

cannot be responsible for the bulk of the yield of ammonia. Ammonia must 
therefore be regarded as a primary product of the degradation. 

(4.6) The stabilization o f  polyacrylonitrile at low temperature 
The possibility of a concurrent stabilization reaction was mentioned in 

section 4.2. It has in fact been known for some time (e.g. references 4, 6, 7) 
that polyacrylonltrile can be stabilized to thermal degradation by pre-heating 
the polymer at low temperature (e.g. 150-200°C) for several hours. However, 
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there has been no detailed work published on the subsequent degradation 
behaviour of polymer pre-treated in this way; an examination of the evolution 
of individual volatile products during high-temperature degradation of pre- 
treated polymer has therefore been carried out in the present study. 

Polymer samples were pre-treated by coating the pyrolysis filament with 
sample and then passing an appropriate current through the filament to main- 
tain it at 200°C for the chosen duration. Unless otherwise stated, the pre- 
treatment was carried out in an atmosphere of nitrogen. This method has the 
advantage of pre-treating the sample in situ so that no further handling or 
exposure to air occurs prior to any subsequent investigation of the high- 
temperature degradation behaviour. 

In order to check whether volatile material was evolved during the long 
periods of pre-treatment (over 20 h), a large sample (50 rag) was given the 
same treatment for 24 h and the total weight loss was measured. The decrease 
in weight of sample was found to be less than 0-3 ~, which was attributed to 
the loss of adsorbed solvent, since solvent peaks corresponding to a fractional 
weight loss of this order are normally observed when samples deposited from 
solution are initially heated on the filament. 

Pre-treated samples were degraded by the previously described method of 
repeatedly heating the single sample for short time intervals, and the chro- 
matograms were examined to detect the extent to which the pre-treatment had 
caused changes in (a) the nature of the volatile degradation products, (b) the 
limiting yields of the volatile products, and (c) the rates of evolution of the 
volatile products: 

(a) The nature of the degradation products. Each of the products evolved from 
conventional samples was evolved from pre-treated samples; moreover, no 
new degradation products could be detected from the pre-treated samples. 
Samples pre-treated in air again yielded the same products. 
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Figure 7 Effect of pre-heating on the available yield of volatile products. 
(Pre-heat temperature 200°C; degradation temperature 3IO°C) 

589 



F. A. BELL, R. S. LEHRLE A N D  J. C. ROBB 

(b) The limiting yields of the degradation products. Pre-treatment causes a 
decrease in the total available volatiles at a specified degradation temperature. 
This is illustrated in Figure 7, in which for degradations performed at 310°C 
the ratio of the total limiting yield of volatiles for a pre-treated sample to that 
for an untreated sample is plotted against the duration of pre-treatment. From 
the figure it is evident that whilst short periods of pre-treatment cause large 
reductions in available volatiles, after 20 h pre-treatment the stabilization 
effect appears to be approaching a limit corresponding to about 50% of the 
volatiles available from an untreated sample. No significant changes in the 
relative yields of the various products with pre-treatment could be detected, 
from which it can be inferred that the stabilization process is not specifically 
inhibiting one of the degradation processes, but is effectively causing sections 
of the polymer to be inert to thermal degradation at moderate temperatures. 

(c) The rates of  evolution of  the volatile products. Because of the smaller yields 
of volatiles obtained from pre-treated samples, it has been possible to obtain 
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Figure 8 Effect of pre-heating on degradation rates; (a) methacrylonitrile, (b) acrylonitrile. 
Pre-heat time (hours) indicated beside each line 
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conversion curves which are quantitatively reliable only for the products 
monomer and methacrylonitrile. These are shown in Figure 8, where the pre- 
heating time (200°C) of each sample is shown alongside the corresponding 
curve. As before, first order plots of these curves were drawn by plotting 
In (a -- x) against degradation time t, and these are shown in Figure 9. (Note 
that the value of 'a ' ,  as previously defined, is different for samples which have 
been pre-treated for different times, since 'a' corresponds to the limiting yield 
of product for the specified sample.) With the possible exception of the 
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Figure 9 Graphs of In (a - x) against time for pre-heated samples. 
Graphs A1, A~, As and A4 are for acrylonitrile pre-heated for 0, 3, 
5~ and 16 hours respectively. Corresponding graphs for meth- 

acrylonitrile are given by B1, B2, B3 and B4 
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sample pre-heated for 3 h, the rate constants (i.e. gradients of the log plots) 
are identical, within experimental error, for all the pre-treated samples, and 
indistinguishable from that of the untreated sample (i.e. that with zero hours 
pre-treatment). These findings are in accord with the conclusion at the end of 
paragraph (b) above. 

Spectroscopic examination of pre-treated polymer films. Films of poly- 
acrylonitrile, 0.02 mm thick, were pre-heated at 200°C in the absence of air, 
and mounted in a Perkin-Elmer Model 21 IR spectrophotometer or a Unicam 
SP 800 ultra-violet spectrophotometer. The infra-red spectra of the pre-heated 
polymers showed changes consistent with the development of cyclic (ladder) 
structures of the type proposed by Grassie, Hay and McNeil136. The ultra- 
violet spectra suggested, from comparison with Takata's u.v. spectra of model 
compounds 37, that the length of the ladder structures does not exceed about 
five monomer units, and that increasing the duration of pre-heating does not 
increase the ladder length. Full details of these spectroscopic studies are 
presented elsewhere 3s. 

5. D I S C U S S I O N  

Any discussion about mechanisms must be consistent with the following 
results and conclusions from section 4 above: 

(1) At low temperatures (200°C and below) there are no volatile degradation 
products evolved from polyacrylonitrile; in this temperature range structural 
modifications occur which lead to sections of the polymer becoming inert to 
degradation at higher temperatures. These sections are probably ladders up 
to 5 monomer units long, and do not increase in length if the heating is 
prolonged at 200°C. The unstabilized parts of the polymer degrade at higher 
temperatures to yield the same products, at the same rate, as polymer which 
has not been pre-heated at 200°C. 

(2) At higher temperatures (up to 850°C) a number of volatile products are 
evolved: ammonia, hydrogen cyanide, acrylonitrile and methacrylonitrile are 
the major products, and acetonitrile is evolved in trace amounts. Ammonia 
is a primary degradation product and does not result from any reaction of 
HCN with traces of water. 

(3) At any specified pyrolysis temperature the yields of the volatile products 
tend asymptotically to limiting values as the degradation time is increased. 
The total limiting yield of volatiles is rather small ( ~  10 ~ at 300°C, 25 ~ at 
850°C). 

(4) The limiting yield of monomer increases with temperature, whilst the 
limiting yields of HCN and methacrylonitrile do not. (Over the same tem- 
perature range the limiting yield of NHa showed a small increase). 
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(5) The evolution of monomer and methacrylonitrile (expressed as a fraction 
of the limiting yield of monomer or methacrylonitrile) is first order, and the 
rate constants for the two processes are identical at each temperature studied. 
Whilst it is possible that the evolution of acetonitrile may also have the same 
rate constant, the rate constants for the evolution of HCN and ammonia are 
certainly larger. 

(6) The total volatiles are considerably richer in nitrogen and hydrogen con- 
tent, and poorer in carbon content, than the original polymer. The residue is 
correspondingly richer in carbon content, but this effect is less marked at 
higher degradation temperatures. 

On the basis of the above we tentatively postulate that four independent 
processes occur when polyacrylonitrile is pyrolysed: 

l The stabilization reaction 
This is tbe only process occurring at low temperatures and probably cor- 

responds to the formation of short ladders with the structure 

H H . H  H H 

I I I 
/ C ~ ' ~ N / C ~ N / C  %N j 

The absence of conjugation along the main chain has been demonstrated zg. 
Possible mechanisms for the process have been reviewed by Beevers 16 and 
Reich. 1~ The reaction has been studied in detail by Kirby, Brandrup, and 
Peebles 9-1z, and further studies are in progress (e.g. ref. 14). 

l I  The ammon& reaction 
Ammonia is one of the major products of the reaction (,~ 7 0 ~  of the 

monomer yield at 300°C), and its evolution does not appear to be linked 
kinetically with the formation of the other degradation products (i.e. the 
variation of its limiting yield with temperature is unique, and its specific rate 
of evolution is greater than that for monomer and methacrylonitrile). No 
satisfactory mechanism can be postulated which would be consistent with 
large yields of ammonia evolved at high rates, but it is tempting to propose a 
stepwise elimination reaction along the chain to give a residue structure of 
the type 

j C  C C,~N/C C C~ N/C'= 

+NH 3 +NH 3 +NH 3 +NH 3 
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Such a residue is of course carbon-rich with respect to the original polymer 
and its structure would be consistent with the spectroscopic data previously 
published 4 and attributed to structures of the type 

H H H H 

N//C~N//L~'N//C~N//L''' ' 

Hay a0 has suggested that ammonia may be produced by aromatization of 
a 'ladder-end', i.e. 

H H 
I H ,  I H ,  H H ,  

c f c : " c / c  z. , , c~C . . . c  / c :.. 
I I - I II 

/ C ~ N / C ~ N  H / C ~ N / C H  

+ NH 3 

or the chance interaction of two 'ladder-ends', (see also ref. 18), i.e. 

H u H . H , H H H 

-~ C /C  ~ ,c /C :-..C / C~.C./ c - -L - -~  - - I  
I I I I I II II I 

/ C ' ~ N / C ~ \  / C .  N//C~. / C ~ N / C  ~ . N / C - .  N//C~. 

N N I 
I I H 

H H + NH3 

If either of these reactions were predominantly responsible for the ammonia 
evolution, it would be expected that higher ammonia yields would be ob- 
tained by degrading pre-treated samples, but no evidence for this effect has 
been obtained in the present work. We therefore propose that ammonia 
evolution occurs as suggested earlier, i.e. during the propagation of a ladder, 
to give a different type of stabilized residue containing five-membered rings. 

III  The hydrogen cyanide reaction 
Hydrogen cyanide is evolved in large yield by a rapid process not kin- 

etically linked to monomer formation. It is possible that a random elimination 
reaction of the type proposed by Stromberg 4° for the elimination of HCI from 
poly(vinyl chloride) is responsible: 
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H H H H H 

I I I I I 
CN CN CN CN CN 

+ CN" 

CN- 

H H H 14 H [C 21  ;- 2 ! I  ~ H, 

+ * 

I I t I 
CN CN CN CN 

+ HCN 

H H, H H H H H 
. / / C ; ~ . ~ . . 5 C . I  ~ C "  I 

C ~'C ~" 
I I I 

CN CN CN CN 

H H H H H H H 

I I I 
CN CN ( N  

+ C N "  

This reaction would thus result in the formation of isolated double bonds 
throughout the chains. The fact that the limiting yield of HCN does not in- 
crease with temperature suggests that there may be only a small number of 
initiation centres in the polymer for the first step in the elimination, and that 
these are rapidly consumed. The loss of HCN (to yield isolated double bonds 
in the chains) by this mechanism can be related to the similar temperature 
dependence of the limiting yield of methacrylonitrile. This will be considered 
in section IV below. 

The above mechanism leaves two important questions open: (a) what are 
the initiation centres responsible, and (b) why is HCN not evolved by a 
similar process during the pyrolysis of polymethacrylonitrile ? If it is proposed 
that HCN is lost only at head-to-head sites in the polymer chain, plausible 
answers to these questions may be given. First of all, it is clear that number of 
such sites is limited, and this would determine the yield of HCN without the 
necessity of proposing a small number of initiation centres. Secondly, it is, 
probable that the number of head-to-head sites formed during the synthesis 
of polymethacrylonitrile will be very small, due to steric reasons. Hence the 
yield of HCN on pyrolysis could be negligible. Further consequences of the 
head-to-head mechanism will be considered in the next section. 

Watt's original intermolecular mechanism zl for HCN evolution was later 
withdrawn after studies of the fibre modulusJ 9 

IV The chain reaction and chain transfer reactions 
The high yields of mcthacrylonitrile monomer obtained when polymeth- 

acrylonitrile is thermally degraded suggest the occurrence of an unzipping 
chain reaction, in which transfer is discouraged because of the methyl sub- 
stitution at the a-carbon atom. In polyacrylonitrile there is no such sub- 
stitution and chain transfer is therefore more probable. The fact that monomer 
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is evolved at the same specific rate from polyacrylonitrile whether the 
polymer is extensively laddered or not, indicates that the sections of polymer 
between the ladders are available to continue the depropagation; this would 
be the case if intermolecular chain transfer were a frequently-occurring 
process. Our studies do not provide any information about possible initiation 
mechanisms for the depropagation reaction, though the fact that the limiting 
yield of monomer increases with pyrolysis temperature may indicate that 
different initiating centres, with different activation energies, are present. 
Possible sites would be ends of molecules (either 'normal' ones or those 
resulting from transfer to solvent during the synthesis), double-bonded ends 
(created during a transfer process followed by scission during the degra- 
dation, see below), or chain scission centres. The latter could be head-to- 
head sites in the polymer chains, or double bond sites formed by loss of HCN. 
It is unlikely that 'ladder ends' within the chain provide initiation centres, 
since if this were the case the rate of monomer evolution would be greater 
for pre-heated polymer, and this effect is not observed. 

Accepting that chain transfer is very probable in polyacrylonitrile degra- 
dation, one can speculate that the products acetonitrile and methacrylonitrile 
might be formed indirectly as a result of intermolecular and intramolecular 
transfer processes. Thus, an intermolecular transfer process will convert the 
unzipping polymeric radical into a dead molecule with the transferred 
hydrogen at the end: 

H H H 

CN CN CN 

If a second initiation occurs such that this molecule unzips from the left, the 
free electron at all stages will most probably be sited on the a-carbon atoms, 
and the ultimate fragment will be a cyanomethyl radical. This will be an 
extremely reactive entity and will probably collect a hydrogen atom very 
quickly from any polymer chain by a transfer process, giving acetonitrile: 

• CH2CN + H-R ~ CHsCN 

The fact that two distinct unzips are required to produce one molecule of 
acetonitrile would be consistent with the observed very low yields of this 
product. Acetonitrile could also be formed as a result of intramolecular 
transfer during the unzip (or immediately following scission): 

/ H H \~ H 
I H I H I H / H  

CN CN CN CN 
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H , H  H 

H ~  (scission) 

CN i , , 
CN CN CN 

,H 

CN CN 

H H 
~ (unzip) 

CN CN 

I 

• CH2CN + monomer  
• CH2CN -}- H - R  ~ CHaCN (transfer) 

Intramolecular transfer may be favoured when the depropagation reaches 
a double bond produced by previous loss of  HCN:  

/ x 

i \ 

IH H H H ; H H 

CN CN CN 

The following sequence could then result in the formation of methacrylo- 
nitrile : 

H ,H H 

~ ~  (scission) 

H CN CN CN 

H 
H 

H • + H-R (transfer) 

H CN H 
CN 

It is assumed that the vinyl acetonitrile product isomerizes at the high tem- 
peratures to methacrylonitrile. (The presence of ammonia  as an independent 
degradation product may catalyse this rearrangement.) 

An alternative mechanism for methacrylonitrile formation involves 
scission adjacent to a double bond resulting from HCN loss. Thus, we can 
write 
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H H H 

if the HCN has been evolved from normal sites, and 

H H CN 

CN 'CN H H 

if the HCN has been evolved from a head-to-head site. 
possible product of the scission is the radical 

CN CN 

which at the first stage of unzip will tend to form 

H H 
H H 

~ ' ~ ,  + • • 

CN L CN 

In either case a 

Methacrylonitrile may well be the most stable form of the entity in paren- 
theses. These mechanisms, in which methacrylonitrile production is linked to 
HCN evolution, are consistent with the experimental results on limiting yields, 
i.e. we suggest that the rapid evolution of  HCN has determined the number of 
methacrylonitrile molecules formed by reactions occurring at the resulting 
double bonds. 
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Book Reviews 

Thermal stability of polymers, Vol. 1 

Edited by R. T. CONLEY 

Marcel Dekker, New York, 1970, 644 pp., £21.75 

This is the first of two volumes on the subject of polymer stability and is devoted principally 
to the thermal and oxidative degradation of polymers. On page 17 it is mentioned that 
solvolysis and degradation by radiation and mechanical means will be treated in detail in 
the second volume but no further information is given. The contributors are all recognised 
experts in the field and Professor Conley himself is either the sole or joint author of six 
of the fourteen chapters. 

After an introductory chapter in which polymer degradation processes and the effect on 
them of some structural features are briefly reviewed, the whole question of the relation- 
ships between structure and stability is considered. Three further chapters on the Mech- 
anism and Kinetics of Thermal Depolymerization, Random Scission Processes, and The 
Fundamental Reactions in Oxidation Chemistry, complete what may be regarded as a 
broad, general and very effective introduction to the thermal and oxidative degradation of 
polymers. Thereafter individual classes of polymers are considered in separate chapters. 

Chapters 6-8 are devoted by and large to the common high tonnage thermoplastics 
under the titles: Thermal and Oxidative Degradation of Polyethylene, Polypropylene and 
Related Olefin Polymers; Thermal and Oxidative Degradation of Natural Rubber and 
Allied Substances; Vinyl and Vinylidene Polymers. Thereafter there are chapters on the 
following topics: Fluorocarbon Polymers; Thermal and Tbermo-Oxidative Degradation of 
Polyamides, Polyesters, Polyethers and Related Polymers; Thermosetting Resins; Thermal 
and Tbermo-Oxidative Degradation of Cellulosic Polymers; Heterocyclic Polymers; 
Degradation of Inorganic Polymers. 

In his preface Professor Conley states that, owing to the nature of the field and the 
interests of the contributors, a number of polymer types are omitted, some treated in 
cursory fashion and some in great detail. Nevertheless the present reviewer finds the book 
comprehensive, comprehensible and remarkably uniform in style. Detailed descriptions 
of a great deal of the earlier pioneering work is often omitted but adequate references are 
given to allow a more complete survey of the literature to be made. 

It is to be expected that a book of this kind should be accepted as authoratative and 
reliable and workers in the field will wish to use it as a source of basic facts in order to 
obviate prolonged perusal of original papers. This places a heavy responsibility on authors 
of this kind of review to report accurately. Factual inaccuracies in the text will inevitably 
be perpetuated because the great majority of readers will not consult original papers. It is 
therefore with considerable misgivings that the reviewer finds on pages 225 and 226, where a 
topic in which he has special knowledge is discussed, that a succession of completely 
wrong facts are given, adding up to a completely erroneous picture of the thermal degrad- 
ation of poly(methyl methacrylate). This seriously marred the otherwise pleasurable 
experience of reading this book. 

On the assumption that this is an isolated aberration on the part of the authors, this book 
is recommended to all with academic, commercial or industrial interests in the stability 
or degradation of polymers as a pleasantly readable, up-to-date and fairly comprehensive 
account of the present state of the subject. One suspects that it will be largely confined to 
libraries, however, since its price will severely inhibit purchase by individuals. 

N. GRASSlE 
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Studies in heterocyclic polymers." 
Part 2. The thermal degradation of some 

macrocyclic polymers 

R. J. GAYMANS, K. A. HODO and W. A. HOLMES-WALKER 

Isothermal weight loss and thermogravimetric studies have been made of 
macrocyclic polymers derived from pyromellitic tetranitrile and a number 
of aromatic diamines and compared with polyimide. The results have been 
used to calculate the apparent activation energies and Arrhenius factors of 
thermal degradation of these polymers. An analysis of the results showed that 
macrocyclic polymers have a lower resistance to thermal degradation than 
has polyimide. The thermo-oxidative degradation of the macrocyclic polymer 
derived from pyromellitic tetranitrile and 4,4'-diaminodiphenyl ether has 
been studied using differential thermal analysis (d.t.a.) combined with mass 

spectrometric analysis of the gases evolved. 

INTRODUCTION 

MACROCYCLIC POLYMERS have a ladder structure of the type shown in Figure 
1. Part 1 of  this study 1 reported the results of thermogravimetric analyses of 
macrocyclic polymers in terms of the 10% weight loss temperatures. The 
polymers were derived from pyromellitic tetranitrile and a number of aro- 
matic diamines. These results and those reported elsewhere 2,3 suggest that 
macrocyclic polymer is a system of high thermal stability. 

~ N  N - R - N  

R ~ N  -~n 

Figure 1 Structure of macrocyclic polymers 

To confirm this conclusion and to obtain an indication of the maximum 
service temperature of this type of polymer a series of isothermal weight loss 
studies were conducted on macrocyclic polymer, where R (Figure 1) is 
derived from 4,4'-diaminodiphenyl ether (MPI), using both powder and 
moulded samples. 

The thermograms of some other macrocyclic polymers were analysed to 
obtain degradation rates using Doyle's method 4. 

For  the purpose of comparison some isothermal and thermogravimetric 
weight loss measurements were also made on polyimide. 
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In an attempt to gain a fuller understanding of the mode of thermal 
oxidative breakdown of macrocyclic polymer the volatiles generated when 
polymer MPI is heated were analysed mass spectroscopically. 

EXPERIMENTAL 

Preparation of macrocyclic polymers 
Macrocyclic polymers were prepared by the methods reported previously 1. 

Moulding of macrocyclic polymers 
Macrocyclic polymer powder was moulded into simple bar forms using 

a platen temperature of 370°C and a pressure of 6,89 × 107 N m -2 and a 
heating period of 5 rain. The specimens were allowed to cool to ambient 
temperature under pressure. 

Polyimide 
Polyimide derived from pyrometallic dianhydride and 4,4'-diaminodiphenyl 

ether was provided by Dr J. Idris Jones of  the National Physical Laboratory. 

Weight loss studies 
Thermogravimetric analyses. These were conducted on a Stanton Thermo- 

balance TR01 in air and nitrogen using a heating rate of 4°C/rain. 
Isothermal analyses. These studies were made in air using a Stanton 

Thermobalance TR01 controlled by a Stanton-Redcroft LVP CA10 pro- 
grammer on a 60 mg 100-mesh samples of  the macrocyclic polymers and 
polyimide. 

Differential thermal analyses (d. t.a.) 
All the d.t.a, studies were made using a Stanton LDTA in air or helium 

at a heating rate of  8°C/min. 

Mass spectrometry (m.s.) 
Effluent gas analyses were made using an AE!  MS 10 mass spectro- 

meter linked by a stainless-steel capillary tube, 2 m long × 0.32 mm i.d., 
to the head of the Stanton LDTA. The capillary was heated to about 150°C 
to prevent the condensation of volatile products. 

The MS10 was fitted with a 4.1 kg magnet which gives it a mass limit of 
220. Runs were made with the voltage set for a limited number of  m/e ratios, 
so that d.t.a, runs were made for seven mass ranges between m/e 16 and 
m/e 205. 

The d.t.a./m.s, combination was calibrated for H 2 0  as follows. Samples 
of CuSO4.5H20 of increasing weight were heated on the d.t.a./m.s, to 
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250°C under the same conditions as were used for the polymer studies. The 
peak area for m/e 18 was plotted against the calculated content of sample 
weight to give a correlation between mass spectrometric signal and the 
calculated weight of water evolved. 

Using samples of NaHCO3 and the same procedure, a similar correlation 
was obtained between m/e 44 peak area and the calculated weight of CO2 
evolved. 

The correlations for both HzO and CO2 were found to be linear, within 
the sample weight ranges measured and the peak signals used for the analyses. 

Using an AEI MS 902 mass spectrometer, analyses were made of the 
breakdown products generated by the polymer when it was heated at fixed 
temperatures within the range 285-315°C in high vacuum. 

Infra-red spectra 
All i.r. spectra were recorded on a Hilger and Watts Infragraph using 

KBr discs. 

RESULTS AND DISCUSSION 

The isothermal studies on the powder samples of polymer MP1 and poly- 
imide revealed that the former loses weight faster than polyimide in the 
temperature range 300--375°C (Figure 2). From these data the degradation 
processes were found to be first order. 
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HETEROCYCLIC POLYMERS (2) 

The Arrhenius equation expresses the relation: 

E 
log k = log A -- 2--303 RT (1) 

where k is the apparent rate constant of degradation, E the apparent activa- 
tion energy and A the apparent frequency factor. Figure 3 shows a plot of 
log k vs. 1/T derived from the isothermal data for MPI and polyimide. 

Because of the time-consuming nature of isothermal studies, complete 
analyses of the other macrocyclic polymers were not made by this technique. 
Instead their thermograms were analysed, to obtain rates of degradation 
using Doyle's method 4. 

Each point on a thermogram is an expression of the relation between T 
and k. According to Doyle 4 k can be expressed as: 
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HETEROCYCLIC POLYMERS (2) 

dh 1 
k = f (h )  - a t  (2) 

where B is the heating rate in °C/min and h is the active weight. 
Using equation (2) and the data obtained from the thermograms of MPI 

and polyimide, values of  k at different temperatures were obtained for each 
polymer. These values, included in Figure 3, can be seen to fall upon the 
same lines as the results from the isothermal studies. From this we conclude 
that this method has an accuracy comparable with the isothermal technique. 

This analysis was also applied to thermograms obtained for other macro- 
cyclic polymers derived from pyromellitic tetranitrile and the diamines 
listed in Table 1. The values of k obtained for different values of T are 
presented in Table 1, and plotted in Figure 4 as log k vs. I/T. The values 
of A and E were calculated from Figures 3 and 4 using the Arrhenius equation. 
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polyimide (see Table 1) 
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Figure 4 shows that all the macrocyclic polymers lose weight faster than 
polyimide in air at temperatures below 420°C. All have lower apparent 
activation energies of degradation than polyimide so that despite the greater 
stiffness conferred upon them by their ladder structure the net result is a 
reduction in their thermal stability. The lower apparent activation energies 
of these polymers may be attributable to the strained macrocycles which 
form part of the macromolecules. 

The apparent activation energy of degradation for polyimide derived 
from Figure 3 is 1.42 x 102 kJ mol 1. This figure compares closely with 
values reported elsewhere in the literature for polyimide, e.g. Bruck reports 
1.38 x 102 kJ mo1-1 for kapton H film 5 and Kolesnikov 1.42 x 102 kJ 
tool-1 6 

MPI has the highest apparent activation of the macrocyclic polymers but 
in comparison with polyimide (Figure 2) its performance is inferior and not 
consistent with that required of a thermally stable polymer. In order to 
confirm this impression and to assess the influence that exposed surface 
area and the possible presence of unreacted functional groups, e.g. amino 
groups, might have on isothermal weight loss, studies were made on moulded 
samples of MP1 in air at 300°C (Figure 5). During the course of heating the 
samples lost weight, also cracked and crazed very badly. 

D.t.a. studies of macrocyclic polymers in air suggest the development 
of degradative exotherms at relatively low temperatures 1. A closer study of 
this exotherm was made for MP1 using a mass spectrometer linked to the 
d.t.a, apparatus which enabled volatiles produced during the exotherm to 
be analysed. The volatile species giving the strongest signals were water and 
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Figure 5 I so thermal  weight  losses at 300°C ~: 2°C in air o f  a mou lded  sample  (10 x 5 
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t -  

u3  

[3- 

carbon dioxide (m/e 18 and 44 respectively). Figure 6 shows graphs of their 
profiles in conjunction with the d.t.a, trace. The small peak in the water 
trace at about 100°C corresponds precisely to a d.t.a, endotherm. This is 
due to the evolution of absorbed water, since MPI is hygroscopic t. Other mass 
species detected included m/e 30, 58, 78 and 91 but their peak strengths were 
very weak. 

Of especial interest is the absence of m/e ratios attributable to nitrogen- 
bearing molecules. The ratio m/e 17 to m/e 18 peak heights remained con- 
stant over the temperature range 20-450°C and hence no ammonia was 
evolved. Further, no role 30 NO ~ was detected and so the possibility that 
N20 + was formed was discounted and the m/e 44 peak attributed solely to 
CO2. The peak height of m/e 32 02 fell during the d.t.a, exotherm from 
250°C onwards, and is evidence of oxidation occurring. The level of m/e 28 

<:3 

/C, 

B C 

HETEROCYCLIC POLYMERS (2) 

Exothcrmic 

Endothcrmic 
I 

o IOO 
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Figure 6 Combined d.t.a., m/e 18 and m/e 44 curves for MP1 heated 
in air. A, d.t.a.; B, m/e 18; C, m/e 44 
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(N2) was so high as to make it impossible to detect m/e 27 (HCN) reliably. 
A quantitive estimate of the mass spectrometric analyses of m/e water and 

carbon dioxide was made having first calibrated the d.t.a./m.s, apparatus 
with CuSO4.5H20 as a water source and NaHCOa as a source of carbon 
dioxide (Figure 7). 

From Figure 7 it may be seen that the hydrogen is lost from the polymer 
at a lower temperature than the carbon. Most of the hydrogen in the macro- 
cyclic structure is attached to the diphenyl ether groupings. Kolesnikov 6 
has pointed out that in the thermo-oxidative degradation of a series of 
polyimides having increasing diphenyl ether content, at least 50 ~ of the observ- 
able weight loss can be ascribed to the breakdown of the aryl ether moiety. 
Thus in the case of macrocyclic polymer it seems reasonable to assume that 
the oxidative degradation of the diphenyl ether segments occurs in the early 
stages of the breakdown of the polymer. 

Studies of the breakdown products liberated by macrocyclic polymer 
heated in helium were also made using the coupled d.t.a./m.s, equipment. 
When the polymer was heated to 500°C in helium the degradation exotherm 
observed in air did not develop and neither water nor carbon dioxide was 
detected in significant amounts mass spectrometrically. 

However, macrocyclic polymer does degrade when heated in an inert 
atmosphere as can be judged from Figure 8 which compares the polymer's 
thermograms in air and in nitrogen. From these it may be seen that about 
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Figure 8 Thermograms of MP1 in (A) air and (B) nitrogen 
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Figure 9 A typical mass distribution obtained by heating MPI at 
310°C in MS 902 
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10~ of the polymer's weight is lost below 515°C in either case. Studies 
made, using the MS 902, of the volatiles produced in vacuo in the range 
285-315°C are reported in Figure 9 as m/e peak values. The majority of these 
peaks can be related to the 4,4'-diaminodiphenyl ether moiety of the structure 
(Table 2). From these studies it is concluded that the breakdown of macro- 
cyclic polymer at high temperature in an inert atmosphere liberates the 
constituent diamine. This may be generated by a completion of the macro- 
cyclization process (Figure 10). Alternatively, Elvidge 7 has reported the 
formation of 1,1-dimethylbis (isoindigo) from 1,3-dimethyldiiminoisoindolene 
(Figure 11), and it is possible that derivatives of aromatic amines and di- 
iminoisoindolene undergo this rearrangement at higher temperatures. 

Table 2 Composition of the breakdown products derived by heating MP! in vacuo at 310°C 

Mass Formula Structure 

65 C5H5 [ ~  

69 C~H9 

78 C~H6 Q 

80 CsH6N [~L'NH: 

~ NHa 

93 C6H7N 

108 CoH6NO O ' = = ~  NH2 

149 CllH17 

171 CllHllN2 ~ NH2 

NH2 

200 C12H12N20 H 2 N - - ~ O - - ~ N H 2  

213 CI3H13N20 H 2 c ' ~ H - - ~  O - - ~ N H 2  
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R. J. GAYMANS, K. A. HODD AND W. A. HOLMES-WALKER 

Such a rearrangement involving macrocyclic polymer can be expected 
to generate a poly(isoindigo) structure (Figure 12) in the residue, together 
with diaminodiphenyl ether. 

The changes observed in the i.r. spectrum of MP1 when it is heated in air or 
nitrogen are in agreement with the proposed rearrangement although the 
spectra exhibit the progressive broadening of absorption bands usually 
encountered when degrading a polymer. In particular the spectra of polymer 
heated up to 500°C in air or in nitrogen are closely similar. In each case 
there is no absorption attributable to carbonyl (1720 cm -1) and the imino 
absorption ( > C = N -- ) at 1640 cm -1 weakens as the temperature of 
degradation is increased. 

HNk l (  ) r  

H N ~ N H  ~ "~ 

+ 2 * N - ~ O - ~ N ,  

Figure 12 The rearrangement of MP1 to an isoindigoid structure 

CONCLUSIONS 

The thermogravimetric analyses show that macrocyclic polymers degrade 
faster in air than polyimide at temperatures up to 420°C. The use of d.t./m.s. 
analysis confirms that macrocyclic polymer undergoes an exothermic 
breakdown in air at temperatures above 250°C and suggests that in the early 
stages of this breakdown the diamine component suffers oxidation. When 
macrocyclic polymer is heated in an inert atmosphere the diamine is liberated 
which may result in the formation of an 'isoindigoid' structure. 
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Study on crystallization of nylon-6 
(polycapramide)." Part 1. 
Isothermal crystallization 

E. TURSKA and S. GOGOLEWSKI 

The kinetics of primary isothermal crystallization of nylon-6 have been studied 
dilatometrically over the temperature range 201-213°C. Below 200°C the 
kinetics were impossible to measure because of the high rate of crystallization 
from the melt. Investigations were made with polydispersive samples of var- 
ious origins. The different samples crystallized at different rates in the same 
temperature conditions. Exponent n in the Avrami equation (except BASF 
sample) was constant and equal to 4 at temperatures of 210-213°C, and 
changed below 210°C. It was ascertained for all samples, assuming that n = 4, 
and that the melting point rises with crystallization temperature, that there are 

linear relations for log K against both TraIT(AT) and T2m/T(AT) 2. 

INTRODUCTION 

SEVERAL IMPORTANT technological properties of polymers used in manufac- 
turing processes depend to a considerable extent not only on the crystalline 
phase content but also on the type of morphological forms occurring in 
polymers during crystallization from the melt. Nylon-6 is such a polymer 
and many workers have examined crystallization kinetics with a view to 
determining rate and growth constants at different temperatures, the mech- 
anism of nucleation and growth, and the effect of various factors on the 
crystallization process. Such investigations have been carried out by various 
methods; the following are the most common: the dilatometric method of 
measuring the changes in relative volumO -6, the methods of measuring the 
changes in density taking place during crystallization 7,8, the microscope 
method of measuring the growth rate of spherulite radius and light- 
depolarization method 9-11. 

Most of  the published data have been interpreted with the aid of the 
well-known Avrami equation12,1a: 

0 ~ exp [ - -Kt  n] (1) 

where 0 is the fraction not yet transformed, K contains the nucleation and 
growth constants, and n has integral values between 1 and 4 depending on 
the nature of  the nucleation and of the growth processes. The equation, 
developed for metals, may be used for examining the crystallization of poly- 
mers provided that several restrictions are made according to the assumptions 
which are the basis for the equation. 

In the present work results of dilatometric examination of the crystalliza- 
tion kinetics of  nylon-6 samples from various manufacturers are given. 
Experiments were performed to find out whether different origins of samples 
and consequently differences in amount of residual impurities affect the 
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CRYSTALLIZATION OF NYLON-6 (1) 

kinetic parameters. Investigations were also carried out at temperatures 
close to the melting point of the polymer, when it was possible to obtain 
programmed supercooling in the samples. Small quantities of samples (50-100 
mg) ensured uniform temperature distribution throughout the samples. 
Examination of the crystallization from the melt instead of from the glassy 
state enabled the less-known effect of supercooling of the melt on crystalliz- 
ation mechanism to be avoided. 

EXPERIMENTAL 

Materials 
For the investigations fibre-forming polycapramide samples from the 

following firms were used: Toyo Rayon (Japan), Du Pont (USA), Steelon 
(Poland) and BASF (Germany). The samples from Toyo Rayon, Du Pont 
and BASF were unstabilized; the sample from Steelon was stabilized with 
acetic acid. The characteristics of the samples, which contained no titanium 
dioxide, are given in Table 1. 

Measurements of viscosity were carried out in 98% sulphuric acid at 
25°C using solutions of the polymer (0.25 and 0.35 g/100 ml). Intrinsic 
viscosity, viscosity-average degree of polymerization/~v and viscosity-average 
molecular weight were calculated from the Matthes equations 14. The ratio 
Mw/Mn was calculated from the gel permeation chromatography data 
provided by Waters Associates, Inc., Framingham, Mass., USA. 

Table 1 Materials used for the experiments 

Aianufaeturers I-q] -P,, NI~, _ 2 (g.p.c.) Tm (~C) 
m~ 

Steelon 1.10 242 27 400 1.64 220 

BASF 1.14 258 29 200 1.52 223 

Toyo Rayon 1.16 264 29 800 1.48 221 

Du Pont 1.30 306 35 000 1.76 225 

Examination of thermal degradation 
Unextracted samples were put into glass ampoules and dried at 100°C in 

a vacuum of 10 -6 mmHg (1 mmHg ~ 133.3 N/m 2) and then annealed at 
160°C for periods from 1 to 7 h. 

To determine the resistance of samples to the action of various media 
used for treatment and crystallization, melting was carried out in sealed 
ampoules under vacuum, nitrogen and silicone oil. The samples were melted 
for 30 min at 261 °C. The results of annealing and melting on Pv, under various 
conditions, are shown in Figure 1. The values of Pv for all samples after all 
crystallization runs have also been determined, in order to find whether 
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maintaining the samples at temperatures above 200°C under mercury for 
prolonged periods had any effect on molecular weight. The results are 
presented in Figure 1 as the mercury points. 

306 

302 

264 

26( 

,a." 

258 

25( 

242 

235 

a 

06 o z ~ , - - , , ~ - x ~ -  

b 
- . a3o .x . , sc l l - -~o -~c~x . .~ : ;qm~,~oo  x ~ x- 

C 

• - 0  0 - × - - 0  O - × . . < > - X - - ~ - ~ - - ~ -  

d 

I I I I I I I 

I 2 3 4 5 6 7 

Time (h) 

Figure 1 Effect of thermal exposure on viscosity-average degree of 
polymerization for samples listed in Table l. (a) Du Pont, (b) Toyo 
Rayon, (c) BASF, (d) Steelon. O, nitrogen; ©, silicone oil ; •, vacuum; 

x, mercury 

Crystallization conditions 
For kinetic investigations samples of  cylindrical shape having no empty 

spaces were used; they were formed by extruding melted polymer under 
vacuum. The samples were put into a dilatometer of special construction 15,10 
with precision bore measuring capillary of 0.50 mm diameter. For control 
purposes the measurements were carried out in two dilatometers simul- 
taneously in thermostats containing silicone oil DC-F-6-7024,  maintaining a 
constant temperature within + 0.02°C. The construction of  the thermostats 
allowed the process of crystallization to be observed in dilatometers immersed 
fully under the surface of  silicone oil. Further details regarding the sample 
extruding, filling the dilatometers and construction of thermostats have been 
given previously 16. 
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CRYSTALLIZATION OF NYLON-6 (1) 

Choice of temperature and duration of melting and temperature of 
crystallization 

To select the temperature and time for melting the samples before crystal- 
lization, the data of Magill 1° were used. Magill has found that after having 
melted nylon-6 at 260°C or above for 30 min, the 'melting' is substantially 
completed. Below 260°C there is definite dependence of the nucleation rate 
on melt conditions. These results have been confirmed in this work and 
therefore, all the samples were melted at 261 ~'C for 30 min. Crystallization 
temperatures of 201,204, 206, 210 and 213°C were chosen, the range being 
slightly below the melting point of polymer and that allowed to carry out the 
dilatometric measurements under conditions of programmed supercooling. 
At temperatures lower than 200°C, crystallization of samples begin before 
they are cooled to the proper temperature. These observations are in agree- 
ment with the results of Inoue 4. 

Calculation of the kinetic data 
The Avrami equation for the dilatometric measurements may be represented 

a s  4: 

h t - -  hoo 
)io--h~ ~ exp [ --Kt" ] (2) 

where ht represents the mercury height at time t, ho the height during the 
induction period and h~ the height after the isotherm has levelled off. The 
parameter n was calculated from the differentiated form of equation (2), 
according to the method proposed by Hay iv. Values for the constant K were 
determined from values of half-times of crystallization 01/2) both for variables 
n found experimentally and for constant n -- 4: 

In 2 
K - (3) 

t" 

R E S U L T S  

Examination of the thermal degradation 
The results of examining the effect of thermal treatment on viscosity- 

average degree of polymerization Pv are given in Figure 1. No polymer was 
found to anneal and melt under silicone oil nor did mercury change its 
molecular weight. 

The sample of Toyc Rayon did not undergo any changes under the con- 
ditions studied. The polymer of BASF showed a slight increase in P~,, on 
annealing under nitrogen. The polymer of Du Pont like that of BASF showed 
an increase in Pv which is in agreement with the data of Valko and Chiklis 18. 
The polymer of Steelon was degraded under nitrogen and vacuum. The reason 
for the different behaviour of samples annealed under the same conditions 
of temperature seems to be in differences in quantity and type of impurities. 
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Isothermal crystallization 
The exemplary relationship between 0 : ht--h~ / ho--h~ and log t is illus- 

trated in Figure 2, for the Toyo Rayon sample. 
The relationship between log (--log 0) and log t for these samples is illus- 

trated in Figure 3. 
The effect of temperature on the crystallization rate is shown in Figures 

4 and 5. 
The relationship between exponent n and temperature of crystallization 

for various samples is given in Figure 6. 
Temperature dependence of rate for all samples is shown in Figures 7-10. 
The relationship between the crystallization temperature and calculated 

melting points is illustrated by small diagrams within Figures 7-10. 

I'O 

0 © 
(Dos o ~  o, o o 

A o 8~  c'~ DO E ° 
0 0 
o ° o 

B 8 o o 

0 l 
I0  I 0 0  

T ime (rain) 

Figure 2 Crystallization isotherms of 0 vs. log(time) at various crystal- 
lization temperatures for Toyo Rayon sample: A, 201 °C; B, 204°C; C, 

206°C; D, 210°C; E, 213°C 

D I S C U S S I O N  

Rate of crystallization 
It is clear from calculated values of constant K and half-times of crystal- 

lization for various samples at different temperatures that, within the range 
of temperatures close to the melting point of polymer, the crystallization rate 
increases with decrease of temperature. The order of magnitude of the 
constant K is slightly different from the data of Inoue 4 and Rybnik~i~ 19 for 
the crystallization of polycapramide under similar conditions of super- 
cooling. The differences may result from the differences in procedure of 
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- 0 . 5  

A 

(9 
c m  
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I 

C D  
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- 2 - 0  
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i 
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Figure 3 Dependence of log( -log 0) vs. log(time) at various crystal- 
lization temperatures for Toyo Rayon sample. A, 201°C; B, 204°C; 

C, 206°C; D, 210°C; E, 213°C. 
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0 - 0 6  

~- 0 ' 0 4  
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O 
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Figure 4 Half-times of crystallization vs. temperature for samples of nylon-6 from different 
sources: O, Steelon; O, BASF; x,  Toyo Rayon; /~, Du Pont 
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-5- 

-6 

._1 - 9  

-IC 

- I I  

490 4 8 0  470 
lOS/re (K-') 

Figure 5 Arrhenius plots for nylon-6 using rate constants as a function 
of temperature: (3, Steelon; ~ ,  BASF; O ,  Du Pont; ×,  Toyo Rayon 

thermal treatment before melting, temperature and duration of melting as 
well as from differences in the values of molecular weight of samples. 
Comparison of the results obtained by us with the data of other authors 
was not possible because they used a different method for kinetic measure- 
mentsg,10. 

It is seen from Figures 4 and 5 that the crystallization rate of the samples 
examined under the same conditions of supercooling is highest in the case of 
Steelon polymer and is decreasing successively foi samples of BASF, Toyo 
Rayon and Du Pont. The differences in rate may be due to differences in 
molecular weight and polydispersity of samples and to differences in the 
preparation method. Such a possibility has been pointed out by Sheldon 20 
and McLaren 21 in the case ofpoly(ethylene terephthalate) and nylon-6,6. 

The differences in rate may then result from type and concentration of 
industrial impurities left in the sample during the production process, from 
their melting point, size, molecular weight, resistance to the action of heat at 
the temperature of melting before crystallization, etc. Ability of rejection of 
impurities into intercrystalline spaces by the growing crystallization fronts 
may also affect the crystallization rate 22. 

Mechanism of crystallization 
It can be seen from the values of the exponent n that the mechanism of 

nucleation and growth of crystals in polycapramide samples under investiga- 
tion depends on temperature which is shown by different values of n for 
various crystallization temperatures. 

It was found that there is an interval of temperature which demarcates 
two different nucleation mechanisms. That interval includes temperatures 

622 



CRYSTALLIZATION OF NYLON-6 (I) 

from 209°C to 210°C. At temperatures lower than the limiting one, including 
the range 201-209°C, variable values of 2.3-3 were obtained which cor- 
responds to three-dimensional growth and heterogeneous or instantaneous 
nucleation. 

At temperatures of 210-213°C, these being higher than the limiting ones, 
constant values of n = 4 were obtained, which corresponds to three-dimen- 
sional growth from sporadic nuclei. An exception is the sample of BASF, for 
which n -- 3 at 210°C, the growth being three-dimensional from instantaneous 
nuclei. 

The reason for different behaviour in the BASF sample under identical 
conditions c.f crystallization may be the result of differences in the type of 

t -  

O CL 
X 
U.I 

I l I I [ I I I I i I I I 

S 
I I I I I I 1 I I I I I I I 

° ° 

I I I I I I J I I I I I I I 

© 

201 2 0 4  2 0 6  21© 213 
T c ( °C )  

Figure 6 Dependence of  Avrami exponent n vs. crystallization 
temperatures for various samples. (a) Steelon, (b) BASF, (c) Toyo 

Rayon, (d) Du Pont 
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impurities in the samples being used. These impurities probably cause 
lowering of the extent of supercooling with simultaneous rise of the melting 
temperature of the polymer connected with an increase in volume of 'crystal- 
line' region and more perfect configuration of crystalline forms of higher 
resistance to the melting conditions2Z, 2a. 

The obtained values of exponent n for samples of Steelon, Toyo Rayon and 
Du Pont are in agreement with the data of Inoue 4 who has obtained similar 
values for n, and has observed the occurrence of limiting temperature of 
changes in the nucleation mechanism from sporadic to instantaneous one, in 
polycapramide of Toyo Rayon crystallized from the melt. On the other hand, 
the results are different from those of Rybnik~if 19 who has obtained constant 
n = 4 at crystallization temperatures of 194 to 214°C. 

Different values of exponent n given in the literature for the chemically 
identical polymer may be due to differences in thermal treatment of samples 
and inaccuracy of the measurement methods used. 

Differences in the n values, particularly in the case of measurements of 
crystallization kinetics from the glassy statet0, it may result from a less-known 
effect of freezing of the melt on crystallization mechanism which is revealed 
by generation of internal stress, nuclei and ordered regions zS. 

r ~  
10 2 

T (AT) x 
5 IO 
J , l l 

20 
-6 ~ .  205 2 i o 

~' ~ ,  Tc (°C) \ ,  \, 
\ 

-8 \ 

5 I0 2 
Tm 

T{A T) 2 

Figure 7 Temperature dependence of rate constant Kfor Steelon sample 
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Fractional values of  exponent n obtained at 201-206°C may be a result of 
either simultaneous or successive crystallization processes each of which has 
a different mechanism 26, simultaneous formation of crystals from sporadic 
and heterogeneous nuclei z6 or superimposition of effects of primary and 
secondary crystallization 3. 

Temperature dependence of  rate 
According to the theoretical assumptions 27 the relations between the 

crystallization rate and temperature shown in Figures 7-10 should have a 
linear course. For the crystal growth from secondary two-dimensional nuclei, 
the dependence of log K on Tm/T(AT) should be a straight line. Accordingly, 
for the growth from secondary three-dimensional nuclei the dependence of 
log K on T,]/T(AT) 2 should be linear in character. However, in all the cases 
at n = 4 and at constant Tin, the straight lines obtained have characteristic 
bends (dotted lines). This is due to the fact that the value of melting tem- 
perature accepted for calculation does not correspond to the value of 
equilibrium melting point T,~. The bends may also be a reflection of changes 

-6 

.J 

1 

-I© 

i 

Tm x[©2 
T(AT)  

5 I0 
I I 

Tc (oc) 

2 

T,. 
T(AT) ~ 

Figure 8 Temperature dependence of rate constant K for BASF sample 
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in the surface free energies involved in forming the critical secondary nuclei 
of two different forms of crystals with different densities 28. The calculated 
values of melting point necessary to obtain a linear shape of the above- 
mentioned relations within the whole range of investigated crystallization 
temperatures, illustrated by the plots of dependence between Tm and Tc, 
increases with crystallization temperature. The increment is particularly 
clear within the range of temperatures at which was observed change of 
crystallization mechanism from instantaneous to sporadic. 

Similar phenomena have been found for polycapramide 4, polypropylene 
and polycarbonates 29, polypropylene and polybutene 28 and for poly(deca- 
methylene terephthalate) ~o. 
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Study on crystallization of nylon-6 
(polycapramide)" Part 2. Effect 

of molecular weight on isothermal 
crystallization kinetics 

E. TURSKA and S. GOGOLEWSKI 

Further studies of the kinetics of primary isothermal crystallization of fractions 
of nylon-6 with viscosity-average molecular weights ranging from 17 000 to 
49 000 are reported. The results were analysed in terms of the Avrami equa- 
tion to give rate constants and the mechanism of crystallization. In accordance 
with theoretical assumptions the crystallization rate decreased as molecular 
weight and temperature increased within the investigated range of molecular 
weight and crystallization temperature. The relation between the logarithm 
of half-time of crystallization and the molecular weight is linear. The Avrami 
exponent n depends on the crystallization temperature and molecular 
weight of the fractions. Above 210"C the Avrami exponent n was constant 
and equal to 4-6 for various fractions, corresponding to spherical and sheaf- 
like growth from sporadic nucleation. Below 210~C, n was equai to 2.8-5, 
corresponding to spherical and sheaf-like growth from pre-determined 
nuclei. It has been found that the Avrami exponent n depends on the molecular 
weight starting from the limiting value of 32 500. For fractions with a lower 
molecular weight, the exponent n was not dependent on that parameter. Above 
that value exponent n decreased as the molecular weight increased for all 
crystallization temperatures. For all samples, assuming n = 4 and rise of 
crystallization temperature is accompanied by rise of melting temperature, 
linear relations for log K against T,, /T(AT)and T',2,,/T(AT) 2 were obtained. 

INTRODUCTION 

DURING RECENT years much attention has been paid to the problem of 
crystalline region formation in polymers and to the effect of various factors 
on the crystallization processes. Many of the published papers are concerned 
with investigations of the isolhermal crystallization kinetics of polymers 
including also polyamides. Results obtained are interpreted with the aid of 
the Avrami equation1,2: 

0 --:- exp [-- Kt n] (1) 

where 0 is the fraction not yet transformed, K contains nucleation and growth 
constants, and n has integral values between 1 and 4 depending on the nature 
of the nucleation and the growth processes. 

One of the important factors affecting the crystallization process of 
polymers is their molecular weight. Only a few reports have dealt with this 
in detail. The more important of these are on polyethylene a-v, poly(ethylene 
adipate) 8-1°, poly(tetramethyl-p-silphenylene)siloxane u, poly(ethylene tere- 
phthalate) and polycarbonatestL Some authors have discussed the effect of 
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molecular weight on the crystallization kinetics of polyamides 13 19,81. How- 
ever,except for the work of McLaren 1~ on nylon-6,6, the data in these papers 
are only fragmentary. There is also a lack of data in the literature on the 
crystallization kinetics of fractionated samples of polyamides, although it is 
known that both the polydispersity and the nature of molecular weight 
distribution have an effect on the course of crystallization. 

The aim of the present work was to verify the application of the Avrami 
equation for fractions of nylon-6 of varying molecular weight, and to deter- 
mine the relation between molecular weight and the parameters K and n in 
this equation. The melting time and temperature and crystallization tempera- 
ture of samples were so selected as to eliminate the effect of 'thermal history' 
on the crystallization process and to make possible measurements under 
conditions of programmed supercooling. The use of the dilatometric method 
allowed a high reproducibility of the results to be obtained. 

E X P E R I M E N T A L  

Materials" 
Nylon-6 (without titanium dioxide) from Toyo Rayon was used for frac- 

tionation; it was obtained by hydrolytic polycondensation of caprolactam. 
As found out previously 2°, the polymer has the highest resistance to the 
thermal treatment used. The fractionation was carried out by the method of 
distribution between two liquid phases21, 22 in the system phenol-tetra- 
chloroethane as solvent and n-heptane as non-solvent. 

From sixteen fractions obtained by this method, five were selected with 
viscosity-average molecular weights of 17 000, 23 000, 32 500, 37 000 and 
49 000. Characteristics of the original polymer and selected fractions used 
for kinetic measurements of crystallization are given in Table 1. 

Table 1 Characteristics of samples used for investigations 

Viscosity-average [7] /~  hT/v ~7/w Tin(°C) 
molecular weight )fin 

17 000 0"80 151 17 070 1 "35 220 
23 000 0"98 203 22 980 1 '33 221 
32 500 1 "23 288 32 585 1 "30 222 
37 000 1"34 326 36 815 1-30 222 
49 000 1 "62 432 48 850 1"31 225 

Whole polymer 1.16 264 29 800 l '48 221 

Viscosity measurements were carried out in 98 ~ sulphuric acid at 25°C 
using polymer solutions containing 0.25 and 0.35 g/100 ml. Intrinsic viscosity, 
viscosity-average degree of polymerization-Pv, and viscosity-average mole- 
cular weight 3(tv were calculated from the Matthes equations 2z, and the ratio 
iglw/~Vln from the gel permeation chromatography data. 

The obtained fractions were extracted with water, dried to constant weight 
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and dissolved in 85 ~o formic acid. From this solution the films were obtained 
at 25 °C. It was found that the above procedure did not cause any degradation 
of" the samples. 

Thermal degradation 
The fractions were annealed at 160°C under a vacuum of 10 -6 mm Hg 

(1 m m H g  =-- 133.3 N/m 2) for periods f rom l to 7 h, then mercury or silicone 
oil was distilled in and the samples were melted for 30 rain at 261 °C. 

Crystallization conditions 
Kinetic measurements were carried out in dilatometers containing about 

70 mg of the polymer. The diameter of precision bore capillary tubing was 
0.48 ram. The dilatometers were placed in thermostats maintaining constant 
temperature to within ±0-02°C. More details on the sample moulding, 
construction of the dilatometers and thermostats have been given previously ~4. 

Melting conditions and crystallization temperatures 
The fractions were melted at 261°C for 30 rain. These conditions, as 

stated previously for the case of polydisperse samples z0, destroy 'the crystal- 
line memory' .  The crystallization was carried out isothermally at 201, 205, 
206, 207, 209, 210 and 213°C. At temperatures below 200°C, the crystalliz- 
ation occurred before reaching the state of programmed supercooling. 

Constant in the A vrami equation 
The Avrami equation is commonly used for interpretation of the crystal- 

lization isotherms. For dilatometric measurements4: 

ht -- ho~ 
h0 Z h l  exp [ -  Kp t] (2) 

where ht represents the mercury height at time t, h0 the height during the 
induction period and hoo the height after the isotherm has levelled off. The 
exponent n was calculated from equation (2) after differentiation against n: 

-- tdht/dt 
n = ( h ,  - h ~ ) l n ( h 0  - h ~ ) / ( h ,  - -  h ~ )  ( 3 )  

The values of constant K were calculated f rom values of half-time of crystal- 
lization for variable n obtained from measurements and for constant n ~ 4. 

In 2 
K -- (4) t~ 

RESULTS 

Thermal degradation 
The annealed and melted samples treated under the conditions described 
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and the samples taken from the dilatometers after the crystallization run did 
not show any change in molecular weight. 

I so thermal  crystall ization 
Dilatometric measurements provided data for calculating the values of 

0 = ht --  h~/ho -- h~o needed to draw plots of  O against log t and log(-- log 0) 
against log t. Examples of typical crystallization isotherms for fractions 
My--~ 23 000 and 37 000 are shown in Figures 1-4. Calculated values of 

l'O 

(D 0'5 

O I 
I0  I00 

t {rninl 

Figure 1 Crystallization isotherms of 0 vs. log(time) at various 
temperatures for the 23 000 fraction: A, 201 °C; B, 205 °C; C, 206 °C; 

D, 207°C; E, 209°C; F, 210°C; G, 213°C 

kinetic parameters for all the samples are given in Table 2. 
The effect of temperature on the crystallization rate is illustrated in Figure 5 

which shows the dependence of reciprocal half-time of crystallization on 
temperature. The relationship between the logarithm of half-time of crysial- 
lization and molecular weight is shown in Figure 6. 

The dependence of exponent n on temperature and molecular weight is 
illustrated in Figures 7 and 8. Exemplary temperature dependence of rate for 
fractions 23 000 and 37 000 are shown in Figures 9 and 10. Small plots 
within Figures 9 and 10 illustrate the dependence of melting temperature on 
temperature of crystallization. 
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-0.5 

o - t . O  
I 

O 
. .J  

-t.5 

- 2 ~  

A 

O 

, I 

0.5 t.O t '5 
Log t (min) 

Figure 2 Dependence of log(--log 0) vs. log(time) at various 
temperatures for the 23 000 fraction : A, 201 C ;  B, 205"'C ; C, 206 C ;  

D, 207°C; E, 209C; F, 210°C; G, 213 C 

DISCUSSION 

Crystallization rate 
The crystallization rate of  the nylon-6 fractions decreased with rise in 

temperature and increased with molecular weight (Figure 5). These results, 
being in agreement with theoretical assumptions 29 may be explained by an 
increase in viscosity of the polymer melt owing to increase in molecular 
weight and accompanying decrease in mobility of crystallizing macromole- 
cules, thus, by reducing the transport  of macromolecules to and from the 
crystal surface. The relationship shown in Figure 6 has a rectilinear character 
within the whole investigated range of crystallization temperatures and 
molecular weights. The straight lines for crystallization temperatures of 
210°C to 213°C are parallel to each other, similar to those for temperatures 
of  205°C to 209°C. However, these groups of lines have different angle 
coefficients. The line for 201 °C has the greatest slope and is the most remote 
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I'0 

0"5 

I 

I0  K]O 

t (rain) 

Figure 3 Crystallization isotherms of 0 vs. log(time) at various 
temperatures for the 37 000 fraction. A, 201 °C; B, 205 °C; C, 206 °C; 

D, 207°C; E, 209°C; F, 210°C; G, 213°C 

from the other lines, which may be evidence that unlike the case of poly- 
dispersive samples z0 the crystallization of the fractions may occur at the 
initial stage under non-isothermal conditions. Because of the increase in the 
homogeneity of the fractions, the crystallization rate is so high at 201 °C that 
the crystallization takes place in the sample before attaining the temperature 
of the crystallization bath. The dilatometric variations observed under these 
conditions are due to overlap of crystallization and cooling processes of the 
samples. 

A linear relation between the half-time of crystallization and molecular 
weight of polypropylene has been found by Chiu 25, while MagilP 1 has ob- 
tained a rectilinear relation between the growth rate of spherulites and the 
logarithm of molecular weight of TPMS fractions. 

The values of constant K obtained for the nylon-6 fractions are considerably 
higher than those for polydispersive samples of similar molecular weight 2° 
crystallized under the same conditions of supercooling. This is due to higher 
homogeneity of fractionated samples, the reason being in agreement with 
the Keith and Padden theory 26. 

Crystallization mechanism 
It was found that exponent n varies with the crystallization temperature 

and molecular weight of the samples. For fractions 17 000, 23 000 and 32 500 
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O 

-0"5 

A - I  'O  
(D 

8' 
I 

~ - I  '5 

-2-C 

I I I I 
1.0 1.5 2.0 

Log t(min) 

Figure 4 Dependence of log( log 0) vs. log(time) at various 
temperatures for the 37 000 fraction. A, 201 'C; B, 205 'C; C, 206°C; 

D, 207°C; E, 209~C; F, 210~C; G, 213 C 

constant values of n = 6 were obtained at 210-213°C, and n = 5 at 201- 
209°C. Such values of  n, according to the theory of Avrami t,2 and Morgan 2v 
correspond to sheaf-like growth f rom sporadic and instantaneous nucleation, 
respectively. This growth is a result of  completion of the primary crystalliz- 
ation at the initial stage of sheaf-like aggregation without growing further 
into spherulites. The improvement of homogeneity of samples due to frac- 
t ionation may increase the mobility of macromolecules under conditions of 
crystallization f rom the melt and facilitate their penetration into clusters of 
super-critical dimensions. This causes an acceleration of nuclei formation; 
and, particularly in the case of lower molecular weight fractions, such a 
considerable increase in their concentration in the melt occurs that the 
crystals formed cannot attain such perfect shapes as those of spherulites, 
owing to mutual interaction. 

For fraction 37 000 n --  5 was obtained at 210-213°C, corresponding to 
sheaf-like growth from instantaneous nuclei. At 201-209°C n was equal to 
3.9 which corresponds to spherical growth f rom sporadic nucleation within 
the limits of  calculation error. 
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CRYSTALLIZATION OF NYLON-6 (2) 

e,i 

O'1 
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Figure 5 Half-times of crystallization vs. temperature for various fractions: ©, 17 000; 
O, 23 000; A, 32 500; "<, 37 000; [], 49 000 

2 -  

A 

B 

E 
F 

G O 

2 0  30 4 0  

f~'v x I 0  -3 

Figure 6 Dependence of log(half-times of crystallization) vs. viscosity-average molecular 
weight: A, 201 °C; B, 205°C; C, 206°C; D, 207°C; E, 209°C; F, 210°C; G, 213°C 

The values o f  n for fract ion 49 000 were equal to 4 at 210-213°C which 
corresponds to spherical growth  f rom sporadic nuclei, and equal to 3 at 
210-213°C which corresponds to spherical growth f rom instantaneous 
nuclei. 
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Figure 7 Dependence of  Avrami exponent n vs. crystallization 
temperatures for various fractions. 37/v: O, 17000; [], 23000; 

O, 32 500; A, 37 000; x, 49 000 

6 

5 

4 

3 

O O 

w 

I I I 
2 0 30  4 0  

My x I0 -~ 

Figure 8 Dependence of Avrami exponent n vs. viscosity-average 
molecular weight for various fractions. O, Tc 210-213°C; 

O, Tc 201-209°C 

It is clear that  exponent n for fractionated samples varies within the given 
range of crystallization temperatures of 209-210°C, as in the case of  poly- 
dispersive samples 20. Above that range the growth of crystals occurs from 
sporadic nuclei, and below the range f rom instantaneous nuclei. The change 
in the crystallization mechanism may be due to the nucleation rate and criti- 
cal dimensions of  nuclei being highly sensitive to the supercooling condi- 
tions. A slight drop in the crystallization temperature causes such a consider- 
able rise in the formation rate of  nuclei that they are formed simultaneously 
and growth of crystals occurs from instantaneous nuclei. 

The fraction of  molecular weight 37 000 is exceptional, in that at tem- 
peratures higher than the limiting one the sheaf-like growth occurs from 
instantaneous nuclei, and at lower temperatures the spherical growth occurs 
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Figure 9 Temperature dependence of rate constant, K, for the 
23 000 fraction 

from sporadic nuclei. It is possible that in the fraction 37 000 a higher degree 
of crystalline order was created, which is not completely destroyed even by 
prolonged treatment of the melt at 261 °C. It may be assumed that the regions 
of the highest order may remain in the melt and cause either sporadic or 
instantaneous nucleation depending on the crystallization temperature. 

At higher crystallization temperatures the dimensions of critical nuclei are 
relatively large and need a relatively long time for their formation. Under 
these conditions the remaining nuclei of sub-critical dimensions grow in 
size and become nuclei of instantaneous nucleation. 

At slightly lower temperatures the critical dimensions of nuclei are smaller 
and the rate of their formation much higher. The number of them quickly 
exceeds that remaining in the melt and the nucleation proceeds as sporadic. 

It is clear from Figure 8 that the value of n rises with decrease in molecular 
weight from the value of 2.8 for the fraction 49 000 to the value of 5 for the 
fraction of 32 500 at 201-209°C, and from 4 to 6 respectively for the same 
fractions crystallized at 210-213°C. 

On the basis of the results it may be concluded that for the samples under 
investigation, a molecular weight equal to about 32 500 is a limiting value 
below which there is no distinct effect of molecular weight on the crystal- 
lization mechanism determined by the exponent n. 
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Figure 10 Temperature dependence of rate constant, K, for the 
37 000 fraction 

An increase in the value of n with decrease in molecular weight has been 
observed by Banks and co-workers 4,5 in the case of polyethylene and by 
Parrini and Corrieri 19 in polypropylene. 

Temperature dependence of rate 
Figures 9 and 10 illustrate the dependence of log K on TraIT(AT) and T~/ 

/'(AT) 2, where T~ is constant or higher than the determined one. 
In both cases for all the fractions, similar to the case of polydispersive 

samples 20, rectilinear relations were obtain, taking into account in the 
calculation that the rise of the crystallization temperature was accompanied 
by rise of the melting temperature and that n ~ 4. The character of changes 
in the calculated values of melting temperature to get rectilinear plots of 
the change of crystallization temperature is illustrated by the inset graphs 
in Figures 9 and 10. 

The acceptance of constant value of Tm for calculations results in charac- 
teristic curves (broken line) in plots of log K against Tm/T(AT) and T~/T 
(AT) 2. 

Similar relations have been found for polypropylene and polycarbonates 2s, 
polypropylene and polybutene 29, poly(decamethylene terephthalate) 3° and 
polycapramidO4,20. 
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Oligomers & polytetrahydrofuran 

J. M. ANDREWS and J. A. SEMLYEN 

The oligomeric content of samples of polytetrahydrofuran has been investi- 
gated. The polymers were prepared by monomer-polymer equilibrations in 
the bulk, and in solution in toluene, using boron trifluoride diethyl etherate 
and epichlorohydrin. Two series of oligomers were found to be present in the 
polymers. Both series are believed to consist of linear chain molecules. Their 
concentrations were far higher than those predicted for polymers with a most 
probable distribution of chain lengths. Cyclic oligomers (CH2CH2CHzCH20)x 
were not found to be present in the equilibrated polymers, and it is concluded 
that macrocyclic oxonium ions were not formed during the polymerization 

reactions. 

INTRODUCTION 

TETRAHYDROFURAN polymerizes under the influence of a wide range of Lewis 
acids and their salts to give polytetrahydrofuran, with the repeat unit 
-CH2CHzCH2CH20 -1-4. The polymer is also called poly(tetramethylene 
oxide). The polymerization process is reversible and an equilibrium between 
monomer and polymer may be established in the undiluted polymer 5-s or in 
solutiong, TM. There have been a number of studies of the kinetics of the 
polymerization process and detailed reaction mechanisms have been sug- 
gested 4. The polymer has been characterized by conventional polymer 
techniques and it is generally accepted that polytetrahydrofuran is a linear 
polymer, although there have been no reports of the analysis and charac- 
terization of individual molecular species. 

In this paper, we report the results of  an investigation into the nature and 
concentrations of oligomers in undiluted and solution equilibrates of poly- 
tetrahydrofuran. At present, we are investigating the concentrations of 
cyclic molecules in a number of polymeric systems including polyethers, and 
this study of polytetrahydrofuran was directed primarily at investigating 
whether or not cyclic oligomers are present in the equilibrated polymer. 

EXPERIMENTAL 

Materials 
Tetrahydrofuran and toluene were dried over sodium wire and calcium 

hydride respectively, and fractionally distilled before use. Boron trifluoride 
diethyl etherate, epichlorohydlin and diethylamine were obtained from 
B.D.H. and they were used as supplied. 

All operations involving tetrahydrofuran, including its purification, were 
carried out in an atmosphere of dry, oxygen-free nitrogen. 
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Polymerizations 
Undiluted and solution polymerizations were carried out on a 200-250 ml 

scale. Boron trifluoride diethyl etherate and epichlorohydrin were added to 
flasks containing tetrahydrofuran in toluene. The flasks were shaken to 
ensure homogeneity and maintained at constant temperature. All the poly- 
merization reactions were quenched by the addition of small amounts of 
diethylamine. 

Extraction of oligomers 
Oligomers were extracted from the polymers using the following procedure. 

Each quenched polymeric product was dissolved in a solution of methanol and 
acetone ( 2 : 1 v/v) at a polytetrahydrofuran concentration of ~1 2  ~ (w/w) by 
warming the mixture. The solution was allowed to stand at 273 K overnight, 
so that the polymer precipitated slowly. The supernatant solution was then 
decanted off and the solvent was removed on a rotary evaporator to yield 
~ 2 ~  (w/w) of the polytetrahydrofuran in the form of oligomers. The 
procedure was repeated several times, successively smaller quantities of 
oligomers being obtained. After five precipitations, the total material extracted 
amounted to less than 0.2 ~, (w/w) of the polymer. The oligomeric content of  
each extract was investigated by gas-liquid chromatography; and the polymer, 
before and after extraction, was analysed by gel permeation chromatography. 
The chromatograms showed that after five extractions, effectively all the low 
molecular weight oligomers had been removed from each polymer. 

After extraction of the oligomers, the residual polymers were dried in a 
vacuum oven at 313 K. The amounts of monomer converted to polymers in 
the polymerization processes were calculated from the weights of residual 
polymers together with the weights of extracted oligomers. The results were 
in good agreement with the values published for monomer-polymer equi- 
librates of polytetrahydrofuran in the bulk and in solution 5 10. The intrinsic 
viscosities of the polymers were measured, and their molecular weights were 
estimated using the Mark-Houwink equation for polytetrahydrofuran in 
toluene at 301 K published by Ali and Huglin 11. 

Molecular distillation oJ oligomers 
The first four oligomeric extracts from a sample of polytetrabydrofuran 

polymerized in the bulk at 273 K were combined and dissolved in a methanol 
and acetone mixture by warming. The solution was cooled to 273 K. About 
half the material precipitated. A lg sample of the oligomers which were 
recovered from the supernatant solution was separated into fractions by 
distillation at 10 -z mm Hg using a molecular still with a cooled glass probe. 
The still was maintained at successively higher temperatures in the range 
373-511 K for periods of 24-72 h. Five fractions (each weighing 0-05-0.11 g) 
were obtained, together with a residue weighing 0.6 g. Each fraction was 
analysed separately by gas-liquid chromatography and in some cases by gel 
permeation chromatography. No detectable decomposition of the oligomers 
occurred during the molecular distillation. 
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Gas-liquM chromatography 
A Pye-Unicam (Series 104) gas-liquid chromatograph fitted with a heated 

dual flame-ionisation detector was used to analyse the oligomers. The 
sample and reference columns were 4 ft × 3 mm i.d. glass tubing packed with 
Embacel (treated beforehand f0r the removal of polar groups by the method 
of Bohemen et al. 12) and coated with 6 ~ (w/w) OV17 (supplied by the Field 
Instrument Co.). Injections were made with a 10 /zl hypodermic syringe 
through a serum cap into a flash heater. 

The oligomers of polytetrahydrofuran were found to be thermally stable, 
and a comparison of gas-liquid chromatograms at elevated temperatures 
with gel permeation chromatograms (obtained at 303 K) showed that the 
main oligomeric components did not decompose in the gas-liquid chromato- 
graphic columns. In addition, the thermal stabilities of oligomeric mixtures 
were tested by adding weighed amounts of a thermally stable standard, and 
carrying out the gas-liquid chromatographic analyses at different rates of 
temperature programming. Response factors for the oligomers were esti- 
mated by using the fractions obtained by the molecular distillation described 
above. 

Gel permeation chromatography 
A gel permeation chromatograph 13 fitted with a Waters Model R4 dif- 

ferential refractometer detector was used to examine the molecular weight 
distributions of some of the polymeric and oligomeric samples. 

Mass spectrometry 
A combined A.E.I. MSI2 mass spectrometer/Pye-Unicam (Series 104) 

gas-liquid chromatograph was used to produce mass spectra of some of the 
individual oligomers. 

RESULTS 

Gas-liquid chromatograms of the extracts from bulk and solution equilibrates 
of polytetrahydrofuran, prepared as described above, showed two series of 
thermally stable oligomers. These oligomers had retention times characteristic 
of two separate homologous series. A combined extract from a bulk equi- 
librate of polytetrahydrofuran at 273 K was fractionated and distilled ivto a 
number of fractions as described above. Gas-liquid chromatograms of the 
first four fractions are shown in Figure 1. The weight fractions of the two 
series of oligomers in a bulk equilibrate and a solution equilibrate of poly- 
tetrahydrofuran at 273 K are shown in Figures 2 and 3.* Both series of 

* Other oligomers were also observed in small amounts  in the gas-liquid chromatograms 
of extracts from the polymers. Their elution times were all greater than those of the 
species c and C shown in Figure 1. Their concentrations were very small in all the 
oligomeric extracts and they will not  be discussed in detail here. Attention will be confined 
to the two oligomeric series present in the highest concentrations. 
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l ~ Fractiont 
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D 
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D f g hH 15 C A ,~ _ d k ]  L ._~ /v  L___/u  ~ 
t t t t t t 

549 K 579 K 603K 627 K 643 K 673 K 

Figure 1 Gas-liquid chromatograms of fractions obtained by the molecular distillation of a 
combined oligomeric extract from polytetrahydrofuran polymerized in the bulk at 273 K. 
Oligomers are labelled A, B, C . . . .  and a, b, c . . . .  The column temperature was increased 

at intervals as shown 

oligomers are believed to be chain molecules of the type X-(CH2CH2CH2- 
CH20)u-X' where X,X' denote terminal groups and y - -  1,2,3 . . . .  Their 
weight fractions are considerably in excess of those calculated for a most 
probable distribution of chain lengthsl4,15. 

The conclusion that the oligomers are chains, and not the cyclics (CH,)- 
CH2CHzCH20)z, is based on the following evidence: 
(1) The mass spectra of the first four oligomers (termed a,A,b,B, in Figure 1) 
did not correspond to those expected for the cyclics (CH2CH2CH2CH20)z, 
but they were compatible with the spectra expected for the linear molecules 
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- 6 ~°°,.fl::r 
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y y+l y+2 y*3 y*4 y+5 y+6 y÷7 ),+8 
Number of monomer tmit~ 

Figure 2 Weight fractions of oligomers in polytetrahydrofuran 
polymerized in the bulk at 273 K shown as a function of the 
number of monomeric units. The oligomers are labelled as in 
Figure 1, and experimental weight fractions are denoted O. The 
weight fractions of linear chains calculated from the average 
molecular weight of the polymer by assuming a most probable 
distribution of chain lengths, and taking y = 1, are denoted 63. 

X-(CHzCH2CH2CH20)r-X'.  The spectra showed that all four oligomers 
contain chlorine, and A and B probably contain nitrogen as well. 
(2) The weight fractions of all the higher molecular weight oligomers are 
considerably lower than those predicted for macrocyclics by the Jacobson 
and Stockmayer 16 equilibrium theory of cyclization. Furthermore, there is 
no decrease in the weight fractions of the oligomers with increase in their 
molecular weights as would be expected for a macrocyclic series (see Figures 
2 and 3). 
(3) The relative amounts of the two series of oligomers were found to be 
the same within experimental error for undiluted equilibrates at 273 and 
323 K, and for concentrated solution and dilute solution equilibrates at 273 K. 
The molecular weights of all these polymer samples were high. If  one of  the 
series of oligomers were the cyclics (CH2CH2CH2CH20)x, raising the 
temperature of  equilibration above the melting point of the polymer or 
diluting with solvent would have been expected to have increased their 
weight fractions relative to the chains. 
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Figure 3 Weight fractions of oligomers in a polytetrahydrofuran 
equilibrate prepared by polymerizing tetrahydrofuran in toluene 
(in a ratio of 1.4 : 1) at 273 K. The experimental and calculated 
values, denoted • and O respectively, are defined as in the legend 

to Figure 2 

DISCUSSION 

Dreyfuss and Dreyfuss 4 have reviewed investigations into the mechanism of 
the polymerization of tetrahydrofuran in some detail. The propagating 
species in the polymerization of tetrahydrofuran by boron trifluoride diethyl 
etherate in the presence of epichlorohydrin are believed to be trialkyl 
oxonium ions associated with BF;. gegenions 

CI__CH2... / .~ ~ / C H , - - C H .  
CH--C.,  o - - c , , - - c . , - - c . . - - c . ,  o .  " I 

BY? 

Propagation is thought to occur by step-wise addition of monomer,  and 
depropagat ion by step-wise removal of  monomer. When polytetrahydrofuran 
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equilibrates are quenched by diethylamine, inactive chains containing both 
chlorine and nitrogen would be expected to result and these primary chains 
could be the oligomers denoted A,B,C . . . .  in Figure 1. Now, Meerwein I has 
suggested that termination could also proceed by reaction of the BF 4 
gegenion with the growing oxonium ion to produce chains terminated with 
fluorine. Furthermore, termination by traces of moisture could result in 
hydroxyl end groups, and epichlorohydrin may be involved in a termination 
reaction. Hence, it is possible to rationalize the presence of two series of 
chain oligomers in the polytetrahydrofuran samples, as well as the small 
amounts of the other oligomers that were observed. 

The absence of cyclics (CHzCH2CH2CHzO)x in the polytetrahydrofuran 
samples is surprising. Dreyfuss and Dreyfuss 4a7 have carried out detailed 
investigations into chain transfer reactions in polytetrahydrofuran polymeriz- 
ations involving acyclic ethers; and in related studies14,15 they have concluded 
that polymer oxygen atoms can react with trialkyl oxonium ions to produce 
broad molecular weight distributions. These authors have pointed out that 
polymer oxygen would be expected to react intramolecularly as well as 
intermolecularly and so produce macrocyclic oxonium ions, thus 4 

CH,--CH 2 

~ CH;-- CH,--(~)/ " 

CH2--CH --O--('HS'-('H,~ 

CH,-- CH z 
/ \ 

(,~H 2- ('H z-  O CH, 
t - 

C H ,  

k"~"-5~..~ CH2CH~ xCH2CH2~. ~ 
O 

Attack by tetrahydrofuran at the carbon atom (attached to the charged 
oxygen atom), that is not involved in the cyclic part of the oxonium ion, 
would then result in the formation of the cyclics (CH,)CH2CH2CH20),. 
Such cyclics were not found to be present in the polytetrahydrofuran samples 
investigated. Evidently, macrocyclic oxonium ions were not formed in the 
polymerization reactions. 

ACKNOWLEDGEMENTS 

We are indebted to the Courtaulds' Educational Trust Fund for a Research 
Scholarship (to J. M. A.). We thank Dr C. B. Thomas for help in the inter- 
pretation of the mass spectra. 

Department of Chemistry, 
University of York, 
Heslington, York YO1 5DD, UK 

648 

(Received 15 March 1971) 



OLIGOMERS IN POLYTETRAHYDROFURAN 

REFERENCES 

I Meerwein, H., Delfs, D. and Morshel, H. Angew. Chem. 1960, 72, 927 
2 'The Chemistry of Cationic Polymerisation', Plesch, P. H. (Ed.) Pergamon, Oxford, 1963 
3 Furukawa, J. and Saegusa, T. 'Polymerisation of Aldehydes and Oxides', Interscience, 

New York, 1963 
4 Dreyfuss, P. and Dreyfuss, M. P. Adz~. Polym. Sci. 1967, 4, 528 
5 Sims, D. J. Chem. Soc. 1964, p864 
6 Bawn, C. E. H., Bell, R. M. and Ledwith, A. Polymer, Lond. 1965, 6, 95 
7 Rozenberg, B. A., Chekhuta, O. M., Lyudvig, Ye. B., Gantmakher, A. R. and Medvedev, 

S. S. Polym. Sei. (U.S.S.R.) 1964, 6, 2246 
8 lvin, K. J. and Leonard, J. Polymer, Lond. 1965, 6, 621 
9 Vofsi, D. and Tobolsky, A. V. J. Polym. Sci. (A) 1965, 3, 2361 

10 Sims, D. Makromol. Chem. 1966, 98, 235 
11 Ali, S. M. and Huglin, M. B. Makromol. Chem. 1965, 84, ] 17 
12 Bohemen, J., Langer, S. H., Perrett, R. H. and Purnell, J. H. J. Chem. Soc. 1960, p2444 
13 Wright, P. V., D.Phil. Thesis, Univ. York, 1970 
14 Dreyfuss, M. P. and Dreyfuss, P., 159th Meeting of Amer. Chem. Soc., Houston, Texas, 

February 1970 
15 Dreyfuss, P. and Dreyfuss, M. P. Adz,. Chem. Ser. 1969, 91,335 
16 Jacobson, H. and Stockmayer, W. H. J. Chem. Phys. 1950, 18, 1600 
17 Dreyfuss, M. P. and Dreyfuss, P. J. Polym. Sci. (A-l), 1966, 4, 2179 

649 
P--2s 



Notes to the Editor 

Studies on cyclic tris(ethylene terephthalate) 

EIKO ITO and SABURO OKAJIMA 

Lattice spacings of tris(ethylene terephthalate) have been reported by a few 
authors TM but the results obtained are not all consistent. The reason may be 
insufficient purity of the samples and/or polymorphic behaviour of the 
trimer, because the crystalline form changes according to the condition of 
crystallization. 

EXPERIMENTAL 

Sample preparation 
Oligomers were extracted from a piece of commercial poly(ethylene 

terephthalate) (PET) film with dioxan, and recrystallized repeatedly as shown 
in Table 1 to give samples 1-3. Crystallization from DMF solution continued 

i-Samp lel  I 
( ~ 1  crystal) 

Table 1 Recrystallization scheme 

I PET film ! 

1 
Extracted with dioxan and precipitated by adding water 

l_ 
i I Oligomers [ 
. . . .  

Extracted with monochlorobenzene 
and stored at room temperature 

(slow evaporation) 

5 _  
!Crystalline material I 

Dissolved in DMF and recrystallized at room temperature 

[ ~ _ _  - -  _ 

I Sample 2 jr 
( ~ i k e  crystal) 

F 
I Sample 3 ~ 
(Wool-like crystal) 

- - - - - - ]  

Mother liquor 1 
I 
r 

Mother liquor 2 

I 
Mother liquor 3 
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for several days at room temperature, hence the three samples were gathered 
at three stages. When a part of this material (samples 1-3 were the same 
material, as mentioned later) was crystallized from monochlorobenzene 
solution, two kinds of crystals--platelet and needle-like--developed in the 
same mother liquor. 

Thin-layer chromatography 
The thin-layer chromatography was carried out on a plate of silica gel G 

sprayed with a chloroform solution of antimony chloride, using chloroform/ 
ethyl-acetate (9:1 v/v) and benzene/ethyl-acetate (8:2 v/v) as developing 
solvent. 

Gas chromatography 
The gas chromatography was performed using the mixed column 1~o 

OV-17 -- 1% SE-30 Chromosorb W-AW-DMCS at 325°C. 

High resolution nuclear magnetic" resonance (n.m.r.) 
High resolution n.m.r, spectrum (100 MHz) was obtained with a 4H-100 

spectrometer of the Japan Electron Optics Laboratory Co. Ltd, tetramethyl- 
silane being used as an internal standard in deuterochloroform solution. 

Infra-red spectrum measurement 
The infra-red spectrum of the sample was obtained by means of a potassium 

bromide disc method on a Hitachi EPI-2 infra-red spectrometer. 

X-ray diffraction measurement 
The x-ray diffraction measurements were carried out using a Weissenberg 

camera of Rigakudenki Co. Ltd. 

RESULTS 

Thin-layer chromatography exhibited only one spot corresponding to R~ 
0.65 for any of these three samples 1-3 irrespective of the developing solvents - 
benzene/ethyl-acetate and chloroform/ethyl-acetate. 

The gas chromatogram also showed only one peak for any sample. The 
i.r. spectra of samples 1-3 agreed exactly with one another. Hence the three 
samples are considered to be the same substance. 

Also the result of high resolution n.m.r, study showed that the intensity of 
the peak at ~- -- 1.82 of aromatic protons was equal to that at ~ --~ 5.29 of 
-O-CH2-CH,~-O- protons. At low magnetic field, no peak was observed 
suggesting the existence of a COOH group or a free OH group. 

The molecular weight, determined by the Rast method, was 600 and 
the elementary analysis 62 .3~ C and 3 .74~ H. This compares with the 
calculated value of 576 for the molecular weight of tris(ethylene terephthalate) 
and a calculated composition of 62.5~o C and 4.17~o H. Further, the i.r. 
absorption bands characteristic of the trimer such as 1458, 1364, 1167, 1094, 
1036, 899 and 877 cm -t  are clearly observed. These results afford evidence 
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that the samples are tris(ethylene terephthalate) and are satisfactorily pure. 
When a solution of needle-like crystals 4 of sample 2 in DMF was placed at 

room temperature and evaporated very slowly, many cylindrical crystals 
(shown in Figure 1) were obtained, which were similar to sample 1. The unit 
cell of  this crystal from the Weissenberg photograph is monoclinic: a---- 
16.84/~, b = 19.41 .A, c = 8.31 A, fl = 98°36 ' and space group Cc. The 
determined density in an aqueous solution of zinc chloride was 1.372 g/cm 3 at 
24°C. Accordingly, in the unit cell, four trimer molecules lie in general 
positions. These results agree well with those obtained by FarrowS: a 
17.13/~, b = 19.52/~, c = 8.288/k,/3 - 96.8 ° and density 1.363 g/cm a. 

When a dilute monochlorobenzene solution of samples 1-3 was evaporated 
very slowlY at room temperature two kinds of crystals, platelet as shown in 
Figure 2 and the needle-like crystals described in a previous paper 4, developed 
in the same mother liquor. The two forms of crystals were separated. 

Figure 1 Optical micrograph of single crystal obtained from DMF 
solution (× 100) 

In Table 2, the first and second lines indicate the indexing and the lattice 
spacings calculated f rom the present authors '  unit cell mentioned above and 
the lattice spacings of  needle-like crystal f rom DMF solution. It  is noted further 
that the patterns (0k0)do not appear when k are odd numbers; therefore, 
the unit cell may have a screw axis along the b axis and the space group is 
concluded to be Cc/2. 

Table 3 shows that the lattice spacings of  needle-like crystals obtained from 
monochlorobenzene solution do not agree with those of  the platelet crystal 
obtained f rom the same solution but are in good accordance with the one 
previously obtained in a similar way from monochlorobenzene solution 4. 
Hence the trimer seems to crystallize in two different crystal structures, al- 
though the precise conditions for this polymorphism are not clear at present. 
Thus the previous conclusion 4 that the needle-like crystal f rom monochloro- 
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N O T E S  T O  T H E  E D I T O R  

Figure 2 O p t i c a l  m i c r o g r a p h  o f  t h e  p l a t e l e t  c r y s t a l  o b t a i n e d  f r o m  

m o n o c h l o r o b e n z e n e  s o l u t i o n  ( ×  1 0 0 )  

Table 3 C o m p a r i s o n  b e t w e e n  t h e  l a t t i c e  s p a c i n g s  o f  t w o  k i n d s  o f  c r y s t a l  o b t a i n e d  f r o m  

m o n o c h l o r o b e n z e n e  ( M C B )  s o l u t i o n  ( v a l u e s  i n / ~ )  

Platelet Needle-like Crystal Platelet Needle-like Crystal 
crystal crystal fi'om crystal erystal from 

M C B  M C B  

6 . 6 1  - - 3 . 4 8  - - 

6 . 3 3  - - - 3 . 4 2  3 . 4 2  

5 . 3 1  - - - 3 - 2 5  3 . 2 5  

- 5 . 2 l  5 . 1 8  3 . 1 4  - - 

4 . 4 8  - - - 3 "01  3 " 0 3  

- 4 . 6 0  4 . 6 0  2 . 9 1  - - 

- 4 . 3 1  4 . 3 2  - 2 . 8 7  2 . 8 7  

- - 4 . 0 9  2 . 4 3  - - 

4 . 2 3  - - 2 . 1 4  - - 

- 3 . 9 6  3 . 9 6  2 . 0 7  - - 

3 . 8 6  - - 2 - 0 1  - - 

- 3 . 7 0  3 . 7 0  1 - 8 3  - - 

3 . 6 6  . . . . .  

6 5 4  



benzene solution is identical with the A-type crystal of Binns et al.2 is not 
correct; there may be a new crystalline form. 
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Simple preparation of solvent cast films 
for infra-red spectroscopy 

V. ROSSBACH AND D. NISSEN 

For the characterization of man-made fibres from poly(ethylene terephthalate) 
(PET), nylon-6 and nylon-6,6, a rapid technique for substance preparation 
for the purpose of TR spectroscopy was needed. For this reason the already 
known methods for preparing polymer-film+, requiring a lot of time and 
equipment, were improved as follows. 

PET was dissolved in trifluoroacetic acid, polyamide in trifluoroethanol or 
formic acid at room temperature. In addition, PET could be dissolved in 
1,1,2,2-tetrachloroethane at 120°C. Owing to the relatively high vapour 
pressure of the fluorinated solvents (CFKOOH: 37.O”C at 191 mm Hg2 ; 
CF~CHZOH: 37.8“C at 84 mm Hg3) it was possible to remove them almost 
completely by drying in vacuum (see Table 1). 

By casting the solutions on polyethylene-foil, previously soaked with the 
corresponding solvent, films were obtained which could be peeled off very 
easily, even when they were very thin or brittle. A preparation of the surface 
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Simple preparation of solvent cast films 
for infra-red spectroscopy 

V. ROSSBACH AND D. NISSEN 

For the characterization of man-made fibres from poly(ethylene terephthalate) 
(PET), nylon-6 and nylon-6,6, a rapid technique for substance preparation 
for the purpose of IR spectroscopy was needed. For  this reason the already 
known methods for preparing polymer-films 1, requiring a lot of time and 
equipment, were improved as follows. 

PET was dissolved in trifluoroacetic acid, polyamide in trifluoroethanol or 
formic acid at room temperature. In addition, t'ET could be dissolved in 
l,l ,2,2-tetrachloroethane at 120°C. Owing to the relatively high vapour 
pressure of the fluorinated solvents (CF3COOH: 37.0°C at 191 mm Hg2; 
CF3CH2OH: 37.8°C at 84 mm Hg 3) it was possible to remove them almost 
completely by drying in vacuum (see Table 1). 

By casting the solutions on polyethylene-foil, previously soaked with the 
corresponding solvent, films were obtained which could be peeled off very 
easily, even when they were very thin or brittle. A preparation of the surface 
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Table 1 Content of solvent in polymer films 

Compound Thickness o f  film (t~m) Voo F ~ CI 
(A) (B) 

Poly(ethylene 5 5.9-6.2 0.14 0.30 
terephthalate) 
Nylon-6 10 12.2-14.0 0,33 - 

(A) Mechanically determined; (B) determined by density 

of  the polyethylene-foil, as described for glass-plates (moistening with water, 
impregnation with a detergent or silicone fluid4), was unnecessary in view of 
the smaller surface adhesion. 

Since alcohols and organic acids cause polyethylene to swell, smooth 
films were not obtained due to the surface alteration. Therefore, inter- 
ferential effects were reduced. 

With the technique described it was possible to rapidly produce clear 
films, free of wrinkles and solvents from polyamide- and PET-fibres and the 
corresponding end-group-modified-derivatives (see Table 2). 

All spectra are characterized by excellent resolution and reproduceability. 

Table 2 End-group-modified-derivatives of polyamides and PEX (unpublished results) 

1. O-4-nitro-naphthyl-l-carbamoyl-polyethylene terephthalate 

NH--CO--[-O--CH2-- CH , - - O - - O C - ~ C O - ] -  O H 

NO2 

2. N-2,4-dinitrophenyl-polycapronamide 
NO, 

O 2 N ~ N H - - C H 2 - - C H 2 - -  CH 2-  CH2-- CH2--CO--]-.OH 

3. N-2,4-dinitrophenyl-polyhexamethylene adipamide 
NOz 

O 2N ~ N  H-- C H F-- CH2--CH 2--C H F-- CH 2--CH F--N H-- 

('()--CH 2-- CH2-- CH F-CH 2--C() --~,, O H 

4. N-acetyl-polycapronamide-hydrazide rsp.-hydroxamate 

5. N-acetyl-polyhexamethylene adipamide-hyclrazide 

6. Nylon-6 and nylon-6,6 reactive dyed with Remazolbrilliantblau 
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EXPERIMENTAL 

A polyethylene-foil (Lupolen 1810 D, without any additives, thickness of 
the foil 0.18-0.20 ram) is stretched over a glass-plate and then cleaned with 
chloroform and soaked with the corresponding solvent, being removed 
afterwards (for PET: l,l,2,2-tetrachloroethane and trifluoroacetic acid; for 
polyamide and derivatives: trifluoroethanol and formic acid). The polymer 
solution (5-10%) is then cast and spread out with a glass-rod. After careful 
evaporation of the solvent in a stream of warm air the formed films are 
scratched with a razor-blade and then taken off with a small, elastic, self- 
adhesive IR-frame made from Hostalen. Thus the film adheres without any 
wrinkles before the hole (see Figure 1). A self-adhering layer on the Hostalen- 
fi'ame could be obtained with double-adhesive Tesa-film. 

Figure 1 Removal of the film from the polyethylene foil 

I R - f r a  m e  

S o l v e n t  c a s t  f i lm 
- -  P o l y e t h y l e n e - f o i l  

G l a s s  - p l a t e  

Removal of residual solvents, CF3COOH, HCOOH, CF3CH2OH, CHCI2- 
CHCI2 is then achieved by drying at 50°C (1 mm Hg) over potassium 
hydroxide, calcium chloride and paraffin, respectively. As the analyses of 
fluorine and chlorine show, the films are nearly free of solvents. 
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The temperature dependence of  the optical anisotropy 
of swollen polydimethylsiloxane rubber 

N. J. MILLS 

In a previous publication 1 it was shown that the temperature dependence 
of the optical anisotropy of unswollen polydimethylsiloxane rubber is strong, 
and could not be satisfactorily explained in terms of the rotational isomeric 
chain model for this polymer 2. Recently it has become apparent that in bulk 
rubbers there is local ordering of polymer chains because of the high chain 
packing density 3. In crosslinked polyethylene the measured optical anisotropy 
of Kuhn and Grtin's 4 statistical segment falls when the rubber is swollen with 
decalin, and the anomalously high temperature dependence of this quantity 
disappears 5. Similarly in cis- and trans-l,4-polyisoprenes 6 the optical aniso- 
tropy of the statistical segment falls on swelling with a solvent having 
geometrically isotropic molecules. 

Samples of polydimethylsiloxane rubbers previously described 1 were 
swollen with tetrachloromethane (optically and geometrically isotropic). 
This has a refractive index ng ° = 1.466 close to that of the polymer so 
that form birefringence is minimized. Isothermal stress-birefringence 
measurements were made on rubber strips in an oven through which passed a 
thermostatically controlled nitrogen stream. The optical anisotropy of a 
statistical segment ys was calculated from the birefringence An, the tensile 
stress t, the mean refractive index ~, and the absolute temperature T by 

An 45 fi 
Y' = -t 2~rkT(ti2~- 2) ~ 

where k is Boltzmann's constant. 
Figure 1 shows the data of segment anisotropy plotted against temperature 
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Figure 1 Segment optical anisotropy versus temperature for 
polydimethylsiloxane swollen with tetrachloromethane. A,  5 ~ EP 
5687 hydride crosslinked, O,  10~  EP 5687. The line represents 

data for slightly crosslinked unswollen polydimethyl-siloxane 
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for two swollen polydimethylsiloxane rubbers prepared by silicon hydride 
crosslinking 1, the volume fraction rubber being 0.35 when the amount of the 
hydride containing component is 5~,,, and 0.71 when it is 10°/,,. These data 
are compared with the marked temperature dependence for unswollen 
slightly crosslinked rubber. The segment optical anisotropy has decreased 
on swelling with tetrachloromethane (as noted by Tsvetkov 7) and its tempera- 
ture dependence has also decreased. A single result at 20°C for a lightly 
peroxide crosslinked sample with Vj. 0.19 was ~.~ 1.0 ~; 10 ~ cm:L so 
it must be concluded that the dependence of ~,~ on the degree of crosslinking 
noticed for the unswollen rubber does not occur in the swollen rubber. 

Given that the optical anisotropy of the monomer unit is not known, 
then the rotational isomeric modeV of polydimethylsiloxane will now be 
capable of explaining the temperature dependence of the optical anisotropy 
of the swollen rubber. The ratio of gauche to trans rotational isomers 
increases with increasing temperature, causing both the chain dimensions 
and optical anisotropy to increase slowly. If this gradual uncoiling of the 
chains increases the short range orientational order in the unswollen rubber. 
this would explain the greater temperature dependence of optical anisotropy. 

Increased crosslinking in the unswollen rubber decreases 7,~ and its tem- 
perature dependencO, presumably by destroying short range order rather 
than through non-Gaussian behaviour as previously suggested. 
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Reviews in macromolecular chemistry Vol. 5, Part 2 

Edited by G. B. BUTLER, K. F. O'DR~sCOLL and M. SHEY 

Marcel Dekker, New York, 1970, 236 pp., £8.35 

This volume, as was the case with those which preceded it, contains a survey of a number 
of interesting areas of research in macromolecular chemistry and physics. The particular 
subjects covered are ring-chain equilibria (H. R. Allcock), occupied volume of liquids and 
polymers (R. N. Haward), application of electron spin resonance techniques to high 
polymer fracture (H. H. Kausch-Blecken von Schmeling), science of determining co- 
polymerization reactivity ratios (P. W. Tidwell and G. A. Mortimer) and block copolymers 
and related heterophase elastomers (G. M. Estes, S. L. Cooper and A. V. Tobolsky). 

The first chapter draws attention to the wide-spread occurrence of ring-chain equilibria 
in polymer chemistry. The subject has become intimately associated with the practical 
problems of the stability of high polymers and particularly the high temperature behaviour 
of inorganic and heteroatom backbone polymers. Most of the important known examples 
are discussed and general observations are formulated. In recent years a number  of theories 
have been proposed to describe the properties of polymers in the liquid state which make 
use of the concept of 'free volume'. The chapter on this subject describes the useful defini- 
tions of free volume and how this is related to the types of free volume theories being 
currently developed. 

A new tool for the investigation of polymer fracture has been added with the develop- 
ment of microwave resonance absorption techniques and Chapter 3 reviews the indentifi- 
cation of e.s.r, spectra obtained from ground polymers and fibres, the theory of thermo- 
mechanical activation of chain fracture and the influence of chain scission on crack initia- 
tion and growth on the surface energy and strength of fibres. 

In spite of the wide usage of the concept of reactivity ratios in copolymerization studies 
much of the published data is only of qualitative significance. This review examines the 
correctness of published data, the reasons for inconsistences in the published literature, and 
the best procedures for obtaining quantitative data. 

Recently there has been considerable interest in heterophase systems which possess 
enhanced physical properties in the elastomeric state. This article reviews that part of the 
subject dealing with block polymers and deals with the morphological, mechanical and 
viscoelastic properties which arise from chemical composition, physical modification and 
deformation history. The review is a valuable critical summary of the growing literature 
in this new field. 

The book as a whole is a valuable source of information on many new and important  
aspects of polymer science. 

C. E. H. BAWN 

Plastics and synthetic rubbers 

by A. J. GAIT and E. G. HANCOCK 

Pergamon Press, Oxford, 1970, 302 pp., £3.25 

This book forms part of the Chemical Industry series published by Pergamon Press in 
their International Library of Science, Technology, Engineering and Liberal Studies and 
intended as teaching manuals. 

An industrial bias appears intentional in the layout and presentation of material, the 
book commencing with a description of the more important polymer industrial companies 
and institutions together with a glossary explaining the industry's jargon. 

High polymer synthesis mechanisms, their processing and fabrication methods, are 
explained in clear, simple terms together with an outline of the commoner techniques used 
to characterize the molecular weight and mechanical properties of these materials. A series 
of chapters cover phenolic, amino, unsaturated polyester, epoxy resins, and the poly- 
urethanes each with respect to their basic chemistry, fabrication techniques, and product 
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outlets. This section forms a short, easily read description of the principal thermosetting 
plastics in common usage. In the same manner are covered the thermoplastics namely 
polyolefins, styrene-containing polymers, poly(vinyl chloride) and its copolymers, nylon, 
poly(vinyl acetate) and the like. Cellulose and casein are used as examples of natural 
plastics in commercial production and brief mention is made of natural resins such as 
shellac, rosin, bitumen, and lignin. 

Elastomers are described in terms of their chemical structure and one common manu- 
facturing polymerization process, some indication being given of the compounding and 
crosslinking systems necessary to transform them into useful rubbers. A brief glimpse of 
the future emerges at the end of the book when speciality polymers such as polyimides, 
poly(phenylene oxide), polysulphones and others are mentioned through the media of 
their chemical structure and one or two outstanding properties. 

This book should fulfill its purpose in providing a simple, easily read text for the general 
reader whose objective is an introduction to plastic and rubber materials with their related 
technology. Each chapter contains a selected reading list, unfortunately older text books 
predominate and no references are made to the many standard works of polymer science 
and technology which would enable this field to be pursued in greater depth by readers 
wishing to specialize. 

C. HEPBURN 

Epoxide resins 

by W. G. POTTER 

lliffe Books, for the Plastics Institute, London, 1970, 248 pp., £4.50 

Thermosets continue to receive much less attention than thermoplastics in the scientific 
literature, despite their great industrial importance. For that reason, an up-to-date survey 
of epoxide resins is welcome, and Dr Potter, who was for some years concerned with the 
marketing and development of these materials, is well qualified to write on this subject. 

This monograph aims to cover both the science and technology of epoxide resins, 
primarily written for those studying for the professional examinations of the Plastics 
Institute. This may seem to be a limited target, but in fact, the book will be of interest to 
all those connected with this department of polymer technology, either as manufacturers, 
intermediaries or users. This represents a very wide sector of industry, as a glance at the 
contents of this book will show. 

The treatment of the chemistry (so often the least satisfactory feature of this sort of 
book) is excellent, and provides most of the background information that the average 
reader will require. Generally speaking, the references stop short at 1968, but this is not a 
serious fault. One aspect of this sort of book is the extensive use of abbreviations. This is 
almost inevitable (and by no means to be deprecated) but it can lead to rather peculiar 
sentences such as the following (p 181): ' . . .  the aromatic amines such as DDM and the 
anhydrides HPA and NMA are systems needing elevated temperature curing, but providing 
higher H D T ' s . . . '  This is concise, and crystal clear to the expert, but the less knowledgeable 
reader may find it a bit forbidding. Dr Potter introduces in full each chemical which is 
described by an abbreviation, but after this has been done a few times the reader is left on 
his own. This is fair enough, and my only critiscism is that the index is not fully cross- 
referenced for these compounds. For example, 'polyazelaic polyanhydride (PAPA)' is listed 
thus in the index, but there is no separate glossary in which to find PAPA, nor is PAPA 
indexed in its own right. 

One problem in a book such as this on materials, is to maintain the correct balance 
between the chemistry, properties and applications. The chemistry, as I have said is well 
taken care of, as are the applications. This has led to some sacrifices of the treatment of 
properties, so that this is not the book to refer to for a detailed treatment of the mechanical 
or electrical properties of epoxide resins--such topics are beyond its scope. However, the 
various chemical and physical methods of modifying properties are given a separate chapter. 

Nearly half the book is devoted to applications, with which Dr Potter has had a great 
deal of first-hand experience. He provides an excellent survey of what is a very wide field. 
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outlets. This section forms a short, easily read description of the principal thermosetting 
plastics in common usage. In the same manner are covered the thermoplastics namely 
polyolefins, styrene-containing polymers, poly(vinyl chloride) and its copolymers, nylon, 
poly(vinyl acetate) and the like. Cellulose and casein are used as examples of natural 
plastics in commercial production and brief mention is made of natural resins such as 
shellac, rosin, bitumen, and lignin. 

Elastomers are described in terms of their chemical structure and one common manu- 
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contents of this book will show. 

The treatment of the chemistry (so often the least satisfactory feature of this sort of 
book) is excellent, and provides most of the background information that the average 
reader will require. Generally speaking, the references stop short at 1968, but this is not a 
serious fault. One aspect of this sort of book is the extensive use of abbreviations. This is 
almost inevitable (and by no means to be deprecated) but it can lead to rather peculiar 
sentences such as the following (p 181): ' . . .  the aromatic amines such as DDM and the 
anhydrides HPA and NMA are systems needing elevated temperature curing, but providing 
higher H D T ' s . . . '  This is concise, and crystal clear to the expert, but the less knowledgeable 
reader may find it a bit forbidding. Dr Potter introduces in full each chemical which is 
described by an abbreviation, but after this has been done a few times the reader is left on 
his own. This is fair enough, and my only critiscism is that the index is not fully cross- 
referenced for these compounds. For example, 'polyazelaic polyanhydride (PAPA)' is listed 
thus in the index, but there is no separate glossary in which to find PAPA, nor is PAPA 
indexed in its own right. 

One problem in a book such as this on materials, is to maintain the correct balance 
between the chemistry, properties and applications. The chemistry, as I have said is well 
taken care of, as are the applications. This has led to some sacrifices of the treatment of 
properties, so that this is not the book to refer to for a detailed treatment of the mechanical 
or electrical properties of epoxide resins--such topics are beyond its scope. However, the 
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Nearly half the book is devoted to applications, with which Dr Potter has had a great 
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It is not a serious criticism to suggest that the chapter entitled 'Laminates'  would better 
be described 'Composites'. In the field of materials science, it is preferable to confine the 
word laminates to two-dimensional arrangements of phases such as Formica. 

The book is well produced and has been carefully edited. Bearing in mind today's inflated 
prices, it is good value for money at £4.50. 

L. HOLLIDAY 

Progress in polymer science, Vol. H 

Edited by A. D. JENKINS 

Pergamon Press, Oxford, 1970, 279 pp., £5.50. $14.75 

The second volume of this series comprises four articles. The first of these, by C. G. East- 
mond, which reviews solid-state polymerizations, is not intended to be comprehensive and 
omits solid-state polymerization of aldehydes and solid-state polycondensations. The 
review is concerned mainly with the important aspects of solid-state polymerization and in 
particular the principles of the reaction mechanisms. In recent years there has been a 
significant advance in the preparation of heat-resistant polymers. One of the more import- 
ant groups of these polymers is the polyazoles and the chemistry and properties of these 
materials (up to the end of 1965) is thoroughly reviewed in the second chapter (J. P. Critch- 
Icy). The following article by L. Mandelkern discusses the thermodynamics and physical 
properties of polymer crystals formed from dilute solution. The special properties reviewed 
include density, enthalpy of fusion, infra-red absorption spectra, selective oxidation, 
crystallite size and thermodynamic stability. The experimental basis on which the major 
features of crystallite properties rest is clearly summarized and the chapter critically exam- 
ines the origin of the properties and the need for further study. The final contribution 
by Johnson and Porter on gel permeation chromatography is largely devoted to the 
theory of the mechanism of separation and instrumentation and does not review the scope 
or application of the method to specific systems. This book is clearly written for the special- 
ist reader. Each of the contributions deals with a recent advance in polymer science but the 
presentation is uneven in that some of the articles review only certain aspects of the subject 
under consideration. C . E . H .  BAWN 

Polymer solutions 
General Discussions of the Faraday Society, No. 49 

Faraday Society, London, 1971, 290 pp., £7.00 

This latest Discussion of the Faraday Society is a compilation of papers presented to a 
meeting of the Society held recently at the University of Manchester. This volume follows 
closely the usual format of the majority of previously published Faraday Society Discussions. 
There is an introductory lecture followed by presented papers on various aspects of the 
topic of the meeting, together with reported general discussion. It is axiomatic that this 
particular volume on polymer solutions is only likely to be of interest to the researcher in 
this or closely allied fields, and that the book is in general neither an introductory nor a 
comprehensive text on the subject of polymer solutions. 

An exception to these remarks is the introductory lecture, the fifteenth Spiers memorial 
lecture given by Professor Flory on thermodynamics of polymer solutions. Here we have a 
very lucid, instructive and thought provoking dissertation on a topic by one of the great 
experts. I found the lecture made fascinating reading and I recommend all those who 
aspire to, or are concerned with polymer science to read this lecture. 

There follows three sections labelled 'introductory',  'static properties of solutions' and 
'dynamic properties of solutions' in which twenty-one individual papers on a number  of 
allied topics are presented. The introductory section is concerned largely with theoretical 
models. Each section is followed by a reported general discussion which has the merit for 
the reader of highlighting difficult and/or controversial aspects of the presented papers. 
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crystallite size and thermodynamic stability. The experimental basis on which the major 
features of crystallite properties rest is clearly summarized and the chapter critically exam- 
ines the origin of the properties and the need for further study. The final contribution 
by Johnson and Porter on gel permeation chromatography is largely devoted to the 
theory of the mechanism of separation and instrumentation and does not review the scope 
or application of the method to specific systems. This book is clearly written for the special- 
ist reader. Each of the contributions deals with a recent advance in polymer science but the 
presentation is uneven in that some of the articles review only certain aspects of the subject 
under consideration. C . E . H .  BAWN 

Polymer solutions 
General Discussions of the Faraday Society, No. 49 

Faraday Society, London, 1971, 290 pp., £7.00 

This latest Discussion of the Faraday Society is a compilation of papers presented to a 
meeting of the Society held recently at the University of Manchester. This volume follows 
closely the usual format of the majority of previously published Faraday Society Discussions. 
There is an introductory lecture followed by presented papers on various aspects of the 
topic of the meeting, together with reported general discussion. It is axiomatic that this 
particular volume on polymer solutions is only likely to be of interest to the researcher in 
this or closely allied fields, and that the book is in general neither an introductory nor a 
comprehensive text on the subject of polymer solutions. 

An exception to these remarks is the introductory lecture, the fifteenth Spiers memorial 
lecture given by Professor Flory on thermodynamics of polymer solutions. Here we have a 
very lucid, instructive and thought provoking dissertation on a topic by one of the great 
experts. I found the lecture made fascinating reading and I recommend all those who 
aspire to, or are concerned with polymer science to read this lecture. 

There follows three sections labelled 'introductory',  'static properties of solutions' and 
'dynamic properties of solutions' in which twenty-one individual papers on a number  of 
allied topics are presented. The introductory section is concerned largely with theoretical 
models. Each section is followed by a reported general discussion which has the merit for 
the reader of highlighting difficult and/or controversial aspects of the presented papers. 
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All these sections require of the reader a not unconsiderable knowledge of the latest 
theoretical treatments of polymer behaviour in solution. 

As a collection of papers which represent the latest trends in understanding polymer 
solution behaviour this volume priced at £7 will only be of interest to the researcher 
involved with polymers in solution. The introductory lecture, as is so often the case in 
Faraday Society Discussions, will interest a much larger scientific public. Perhaps at 
some future date the Faraday Society will publish a collection of such past general lectures. 
Such a volume would interest many of us H. BLOCK 

Heat transfer and vulcanization of rubber 

by D. A. HILLS 

Elsevier, London, 1971, 133 pp., £3.80 

The Institution of the Rubber Industry encourages the preparation of specialist mono- 
graphs and this book extends the series being designed to serve the needs of industrial 
rubber technologists by presenting in collected form various techniques found useful in 
determining heat transfer and vulcanization characteristics of rubber. Simple equations 
and graphical techniques requiring only the assistance of a slide rule are employed, it 
being assumed that, as yet, few technologists have computer facilities readily available. 

A historical introduction to rubber vulcanization is followed by definitions and explan- 
ations of optimum cure, scorch, heat history, and the time-temperature dependence of 
chemical reactions occurring during cure. Most of the book (38 pages) concerns the manipu- 
lation of various equations and techniques suitable for the calculation of heat transfer and 
state of cure. Worked examples of specific heat transfer problems are detailed for the 
benefit of readers unfamiliar with these techniques. It would have extended the usefulness 
of this section if specific reference data had been quoted in the forms of tables giving 
thermal conductivity and diffusivity, specific heat, and density. A series of appendices of 
this nature would have been valuable in a book specifically concerned with heat transfer 
in this specialized application field. 

Interpretation of vulcanization characteristics is discussed for Mooney, Curometer 
and Oscillating Disc Rheometers together with descriptions of other curemeters now finding 
application in industrial laboratories namely the Viscurometer, Cepar Apparatus and 
Agfa Vulcameter. These newer instruments have caused a quiet revolution over the past 
five years in the measurement and control of vulcanization parameters and especially 
useful is the description of all commonly available instruments in the one book. 

Chapter 5 deals with practical curing processes relating the basic heat transfer theory and 
cure assessment techniques of earlier chapters to plant operational practice. All classical 
techniques are described as exemplified by stress strain properties, porosity, free sulphur 
contents, swelling characteristics together with methods of calculating shrinkage, temp- 
erature gradients in thick-walled products, and similar. 

This book is very readable being clearly and concisely written with good illustrations 
and logical layout. Binding and printing are of good quality but the index is poor. It is 
well worth the attention of practising rubber technologists both as a text book and simple 
reference work. 

C. HEPBURN 

Introduction to polymer chemistry 

by RAYMOND B. SEYMOUR 

McGraw-Hill, New York, 1971, 437 pp., £'7.90 

This book is intended as a text for final year undergraduate students majoring in chem- 
istry or chemical engineering. We are told by the author that is has been classroom-tested 
in manuscript form for four successive years, and that rnany industrial chemists have 
also found it to be a useful reference work. It is the reviewer's impression that the author 
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word laminates to two-dimensional arrangements of phases such as Formica. 

The book is well produced and has been carefully edited. Bearing in mind today's inflated 
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contents, swelling characteristics together with methods of calculating shrinkage, temp- 
erature gradients in thick-walled products, and similar. 

This book is very readable being clearly and concisely written with good illustrations 
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has attempted, not entirely sucessfully, to serve the rather incompatible needs of both 
types of reader simultaneously. 

Undeniably, a large amount of information has been packed into this book. The prepa- 
ration, properties, characterization, processing and applications of polymers are covered 
in 16 chapters and two appendices, including chapters on natural and inorganic polymers, 
additives, test methods, historical and economic aspects. There are also several useful 
tables, approximately 1400 references (mainly to U.S. sources) and a good subject index. 

High information content is generally achieved at the expense of readability, and the 
style in this case is, to say the least, terse and demanding, though the persevering reader 
is occasionally rewarded by the discovery of unusual or little known facts embedded in an 
otherwise dense and uniform matrix. In view of the range of topics treated there are rela- 
tively few (approximately 50) diagrams, and the fact that some, of the graphical plots lack 
numerical labelling of axes diminishes their utility. The displays of chemical formulae are 
generally so encumbered with unnecessary hydrogen atoms as to obscure their essential 
significance. A more irritating feature is the absence of any numerical coupling between the 
text and the references listed at the end of each section. The latter provide the chief source 
of minor misprints, though some serious ones were noted in the rather inadequate chapter 
on Rheology and Solubility. 

The author 's  treatment of certain important topics (e.g. the choice of interfacial poly- 
merization to introduce the subject of polycondensation kinetics) may tend to confuse, 
rather than enlighten, some students. Elsewhere in the text occasional examples of mis- 
leading or disputable statements can be found. The more mathematical areas of polymer 
chemistry receive scant attention, a deficiency which some (though surely not chemical 
engineering students) may regard as a virtue. 

As a reference text for those working outside the field of polymer chemistry, or used as 
a basis for supplementing student's notes, this book will indoubtedly find a place in many 
libraries, but one would hesitate to recommend it to undergraduates here as a suitable intro- 
duction to the subject. 

The number  of good general textbooks on polymer chemistry is exceedingly small ; the 
reviewer reluctantly concludes that it remains essentially unchanged by the publication of 
this volume. 

P. F. ONYON 
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The geometry of tw&ning and phase 
transformations in crystalline 

polyethylene 

M. BEVIS and E. B. CRELLIN 

New theories of the crystallography of deformation twinning and phase 
transformations have been used to examine in detail for the first time the 
crystallography of twinning and phase transformation processes which have 
been reported to occur in crystalline polyethylene. Details of the analysis 
used. for the prediction of the shear modes, the results of the application of 
the analysis and a detailed comparison of theoretical and published 

experimental results are presented. 

1. INTRODUCTION 

DEFORMATION TWINNING and stress-induced phase transformations are con- 
sidered to be important modes of deformation in single crystal and bulk 
crystalline forms of polyethylene. Stress-induced phase transformations of  
the orthorhombic ( D ~ - P n m a )  form of polyethylene to the monoclinic 
( C ~ - C 2 / m )  form and {310} and {110} deformation twinning have been 
reported for both bulk and single crystal forms of polyethylenO -6. 

Kiho et alI have carried out the most detailed experimental study of the 
phase transformations and twinning processes which occur as a result of the 
deformation of polyethylene single crystals. In addition to some new shear 
modes Kiho et al t incorporated in their paper the shear modes published by 
Frank et al 4 and Tanaka et al 2 to describe the operative phase trans- 
formations and twins which occur in crystalline polyethylene. In a more 
recent paper Seto et al 3 presented the results of a more detailed examination 
of the transformation processes in the bulk form of polyethylene. The 
volumes of the unit cells of  the orthorhombic and monoclinic forms of 
polyethylene are equal or very nearly equal and it was assumed in the papers 
by Kiho et al I and Tanaka et al ~ that the shape deformation associated with 
the phase transformation process is a simple shear. At the time of publication 
of the results of  the four investigations of  the geometry of deformation modes 
in polyethylene 1-4 there were no procedures available for the systematic 
determination of shear modes which describe both deformation twinning 
and phase transformation shear processes which are most likely to be 
operative in a particular structure. 

The recent publication of new theories of  the crystallography of  defor- 
mation twinning and phase transformations by Bevis and Crocker and co- 
workers 7-1° now enables a systematic investigation of these shear systems to 
be made, and in this paper the theories are applied in detail for crystalline 
polyethylene. 
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In add i t ion  to being of  value in re la t ion to the classif icat ion o f  twinning 
and t r ans fo rma t ion  systems in polyethylene  this app l ica t ion  serves as an 
example  of  the p rocedure  which has to be used for invest igat ing the crystal-  
lography  o f  shear- l ike processes in any crystal l ine mater ia l .  

In section 2 of  the paper  we descr ibe the essential  features of  the analysis  
used for  the pred ic t ion  of  the shear modes.  In section 3 the analysis  is appl ied  
to the s t ress- induced phase t r ans format ions  which t r ans fo rm the or tho-  
rhombic  s t ructure  i l lustrated in Figure la  into the monocl in ic  s tructure 
i l lustrated in Figure lb. The analysis  is appl ied  to de fo rma t ion  twinning in 
polyethylene  in section 4, and in sect ion 5 the results presented in sections 3 
and 4 are c o m p a r e d  with those obta ined  in previous investigations1, :~,4 and 
with the avai lable  exper imenta l  observat ions.  

ce~ 

a 

O 

- "  P/ 
ct b 

Figure l A projection of the primitive unit cell of polyethylene: 
(a) Orthorhombic structure. The molecular chains are parallel to c3 which is the lattice 
basis vector normal to the plane of the paper. () and • each represent a (CH2-CHz) 
molecular unit which differ only in orientation. The dimensions of the unit cell as determined 
by Bunn are given by the magnitudes of the lattice basis vectors ci, c2 and e3 which are 
7.41 /~., 4-94 ~ and 2.53/~,, respectively. 
(b) Monoclinic structure (after Seto et al~). /~ and • represent differently orientated 
(CH2-CH2) molecular units. The basis vector t,3 is normal to the plane of the diagram. 
The dimensions of the unit cell are given by p~ -- 8.09 ,~, p2 = 4.79 ,~, p3 = 2.53 ,~ and 

107.9 ° 

2. THE PREDICTION OF TWINNING AND TRANSFORMATION 
SHEAR MODES 

It is convenient  to categorize into six types the p roduc t  lattices which can 
result  when a lat t ice (the paren t  lattice) undergoes  a simple shear. The six 
types are as fol lows:  

(1) A latt ice identical  with the paren t  lat t ice but  with an or ienta t ion  relat ion 
with the pa ren t  lat t ice o f  reflection in the shear  p lane or  a ro ta t ion  of  ~r 
abou t  the shear  direction.  The two types o f  or ien ta t ion  re la t ion describe 
type I and type IT twinning shears, respectively. 

(2) A latt ice identical  with the pa ren t  latt ice but  with an or ien ta t ion  relat ion 
different f rom those descr ibed in (1). This type of  shear is t e rmed a non- 
convent iona l  twinning shear 7. 

(3) A superlat t ice  of  the p roduc t  lat t ice p roduced  by the shear is identical  to 
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a super la t t ice  o f  the pa ren t  lat t ice and re la ted to it by one of  the or ien ta t ion  
re la t ions  descr ibed in (1). I f  a pr imit ive  cell o f  the superla t t ice  has a volume 
which is n t imes tha t  o f  a pr imi t ive  cell of  the paren t  lat t ice then the shear is 
t e rmed an m --~ n twinning shear. 

(4) As  for  (3) bu t  with an or ien ta t ion  re la t ion o f  the type descr ibed in (2). 

(5) The pa ren t  lat t ice is sheared into a p roduc t  lat t ice o f  the required lat t ice 
pa ramete r s  which are different f rom tha t  of  the pa ren t  lattice. 

(6) The pa ren t  lat t ice is sheared to p roduce  a lat t ice with a superla t t ice  which 
is ident ical  to a super la t t ice  o f  the p roduc t  lat t ice with the requi red  lat t ice 
parameters .  This type o f  t r ans fo rma t ion  shear  has an m value not  equal  to 
one. 

The {310} and  {110} twinning shear modes  given by F r a n k  et al 4 to 
describe twinning in polyethylene  are o f  ca tegory  (2) and  the t r ans fo rmat ion  
shear mode  given by T a n a k a  et al 2 to describe the s t ress- induced phase 
t r ans fo rma t ion  in polye thylene  belongs to ca tegory (6). Examples  of  the six 
categories  o f  shear  systems descr ibed above  are i l lus t ra ted schemat ical ly  in 
Figure 2 for the case o f  two-d imens iona l  square lattices. F o r  shears o f  
categories  (3), (4) and  (6) some latt ice shuffles 11 are  requi red  to res tore  the 
sheared s t ructure  to the desired p roduc t  structure.  In  the examples  shown in 
Figure 2 the modes  o f  categories  (3), (4) and  (6) are  m = 2 modes  and the 

:K ~ / \ , ) (  / ,'~,_ 11 • 

\ ,  / j , \  / ,  %,, , / × \ ,  , X, ~ 1  ', h" ~ 

l I"%.. " \ - 

I 2 3 

\ 
A ~ 

/ / / / 

,4 5 6 

Figure 2 Plane of shear plots representing the six categories of product lattice which can 
result when a parent lattice undergoes a simple shear. The parent lattice in these examples 
is taken to be a square lattice of side a and is represented by O. The product lattice is 
represented by A.  The lattice shuffles which are required to restore the lattice for shears 
belonging to categories (3), (4) and (6) are indicated by arrows. The unit cell of the product 
lattice in (5) and (6) has edges of lengths 1.1a and 1.2a which describe an included angle 

of 63 ° 
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lattice shuffles are indicated by arrows. In assigning the term 'twinning shear'  
to a shear mode we have used the general definition of a twin given by Bilby 
and Crocker 11, that is, a deformation twin is a region of a crystalline body, 
which has undergone a homogeneous shape deformation in such a way that 
the product structure is identical with that of the parent, but oriented dif- 
ferently. Shear modes in categories (5) and (6) will be referred to as martensitic 
transformations1°,12,13. The shape change associated with a martensitic 
transformation is in general an invariant plane strain which in the case of no 
volume change reduces to a simple shear. 

In a simple shear process the shear plane is both undistorted and unrotated 
and is therefore an invariant plane of the process. The shear plane is called 
the/<1 plane 12 and the shear direction is called the *71 direction. The other 
undistorted but rotated plane of the shear process is called the/ /2 plane, and 
the plane which is defined by the normals to the K1 and K2 planes is called 
the plane of shear. The *?z direction is defined by the direction of intersection 
of the plane of shear and the /<2 plane. The collection of shear elements 
K1, K2, *71 and *?2 is called a shear mode. The magnitude of the shear strain 
of the twinning shear is equal to s =- 2 cot ¢ where 4' is the angle between the 
K1 and K.) planes. The parameters K1, g2, *71, *?2, S and the plane of shear S 
are illustrated in Figure 3. The reciprocal shear mode has shear elements 
g l '  --  K2, K2' ~ K1, *71' z *?2 and *?,~' = *71 with magnitude of the shear 
strain equal to that of the mode K1, //2, *71, *?'~. 

- - -  ] 

s I 

I 
I 

7 /  / - 
l~;igure 3 Schematic diagram illustrating the relative orientations of the parameters KI,/<2, 

m, ~/2, s and ¢ which define a shear mode 

In this paper we describe a two-dimensional analysis which may be used 
for the determination of the shear modes giving rise to the six product 
lattice types described above. The analysis has been restricted to two dimen- 
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sions for the following reasons. The two-fold symmetry axis of the parent 
and product lattices of the phase transformation in polyethylene is invariant 
under the transformation. Further, the interplanar spacings of the planes 
normal to the two-fold axis are the same for  both structures. Although in 
principle it is possible to shear the parent lattice to obtain the required 
product lattice by shearing in a dixection other than in a plane normal to the 
two-fold axis and satisfy the requirements stated above, the severe restrictions 
placed on the form of the shear mode make this unlikely 1°. For convenience, 
contrary to the usual convention, the two-fold axis of the monoclinic struc- 
ture has been labelled p3 and the axis parallel to p3 in the orthorhombic 
structure has been labelled c3. Thus (001)c is invariant under the trans- 
formation and the shear plane and shear direction must be of the forms 
(hko)c and [kho], respectively. The (001)c and (001)~ lattice planes have a 
one-fold stacking sequence so that the problem of considering ways of 
shearing the orthorhombic lattice into the monoclinic lattice within the 
requirements mentioned above is essentially two dimensional in character. 
The plane of shear of the transformation modes will always be the (001)c 
plane. 

In crystalline polyethylene the chain molecules are parallel to c3 and p3 
and it is unlikely that the covalently bonded chain axes will be extended by 
a transformation or twinning strain. Thus it is reasonable to restrict the 
investigation to those shear modes which leave the [001]c direction un- 
distorted. This restriction is satisfied for transformation modes of the type 
discussed above. The general form of the elements of a shear mode which 
result from this requirement are that either K1 or K2 be of the form (hko)c. 
There is no restriction on the form of ,/1 and ,72. In the case of twinning the 
restrictions placed on the shear modes are not as restrictive as in the case of 
transformations because the lattice bases of parent and product are identical 
except for their difference in orientation. Three-dimensional twinning modes 
have been determined using the Bevis-Crocker theory 7,8 to investigate the 
possibility of twinning shears being operative in single crystals of polymers 
that could result in dimensional changes in the thickness of the crystal. 
These modes are presented in section 4 of this paper. 

The form of the analysis used for studying the phase transformation 
follows closely that given by Crocker and Ross 9 and described in detail by 
Acton et al lo. The analysis is a generalization of the theory of the crystal- 
lography of  deformation twinning due to Bevis and Crocker 7,8. Basically, 
the problem is as follows. In what ways is it possible to shear a parent two- 
dimensional lattice C defined by the vectors cl and c2 with included angle a to 
become the product lattice P defined by pl  and pz with included angle/3. 
Let the lattice P be deformed into itself so that a lattice vector p of P will 
become Up where the deformation U when referred to the basis pl,  p2 has 
components which are integers. If  P is to be obtained from C by a simple 
shear and there is a ! : 1 relationship between the lattice points of P and C, 
then the shear of a vector c given by Sc must be equal to RUp where R 
represents a rigid body rotation. For a shear mode of type (6) it is clear that 
all of  the components of U when U is referred to pl, p2 will not be integers. 
The exact form of the components for modes of a particular m value have 
been discussed previously 7. If the components of U with respect to pl, p2 are 
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HQ" : \U21 H22! 

then it follows that the vector [1, 0]c is sheared to become the vector 
[u11, u21]v, and the vector [0, 1]c becomes the vector [u12, H22]p after shear. 
Expressed in this way the matrix U = (u~j) is the correspondence matrix of 
the transformation. Given the lattice parameters of the parent and product 
lattices, and the correspondence matrix U then the indices of the shear 
plane K1, shear direction 71 and the magnitude of the shear strain s for the 
shear mode which will take the polyethylene orthorhombic lattice into the 
polyethylene monoclinic lattice are given by the following equations which 
are a particular two-dimensional form of equations given previously 10. The 
indices of K1 and 'r]l are taken to be (hi ,  h2, O)c and [ul, u2, o]~ respectively 
and in terms of u~j are given by the solution of the following equation : 

{(C1) 2 - -  (plUll) 2 --  2plp2UllU21 COS fl -- (p2u21) 2 } ( h 2 / h l )  2 - -  

2 {CLC2 cos a --  (pl)2UllU12 -- plp2(u21u12 + ul~u22) cos fl -- 
(p2)2u21u22}(h2/hl) -~- {(c2) 2 --  (pin12) 2 -- 

2plp2u12u22 cos/3 --  (p2u22) 2 } 0 ( I ) 

There are two solutions to this quadratic equation which will be represented 
by (hl+hZ +o) and (hi-h2 o). These two planes correspond to K1 and K2 so 
that the same correspondence matrix defines a twinning mode and the 
corresponding reciprocal mode. The full twinning elements for the twinning 
m o d e  K1, K2, ~/1, */~ are 

(hi +, h2 +, 0), ( h i - ,  ]/2 , 0), [h2 +, hi ~=', 0], [h2--, h i - ,  o] 

where the relative signs of hi +, hz +, h i -  and h2- are such that the angles 
¢,/_KlV2 and/_Kzvl  are all acute. There is a restriction on the correspondence 
matrices which can define a shear mode. The two dimensional form of this 
restriction called the shear criterion 10 is given by 10 

(C2) 2 {(pitt11) 2 -~- 2plp2UllU21 COS ]3 -~ (p2tt21) 2 } -~ 
(C1)2{(plUI2) 2 + 2plp2U12U22 COS/3 -~" (p2u22) 2 } 

-:  (C1)2{(p2ual-1)2 __ 2plp2U11-1UlZ 1 COS/3 + (plU12-1) 2} + 
(C2) 2 {(p2u21 1)2 __ 2plp2U21-1U22-1 COS/3 + (plU22 1)2 } (2) 

where the elements u~j -1 are the elements of the matrix U -1 which is the 
inverse of the matrix U. It  may be readily shown that all two-dimensional 
correspondence matrices satisfy equation (2), so that there are an infinite 
number of  ways of shearing one two-dimensional lattice into another. 
Equations (1) and (2) also apply for the case of  twinning where cl --  pl,  
c2 -- p2 and a =/3.  The magnitude of the shear strain associated with the 
shear process is given by: 

S 2 - (C l ) -2{ (P lUl l )  2 -I- 2plp2UllU21 COS/3 + (p2u21) 2} + 
(e2)-2{(plu12) 2 ÷ 2plp2u12u22 cos/3 + (p2u2z) 2 } -- 2 (3) 

Equation (3) provides a way of systematically investigating transformation 
and twinning shears because it relates the elements of  the correspondence 
matrix to the magnitude of the shear strain. For example, for a square lattice 
the magnitude of shear of a twinning mode is given by s 2 - -  ( / t11)  2 - ~  (/./12) 2 

+ (u2a) 2 -~- (u22) 2 --  2. Operative twinning and transformation modes have 
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always been observed to be associa ted  with relat ively small  magni tudes  o f  
shear  s t ra in  so tha t  the opera t ive  modes  are  those to be p red ic ted  f rom 
matr ices  whose sum of  the squares o f  e lements  is relat ively small.  A list o f  
two-d imens iona l  matr ices  which will predic t  all  m ----- 1 square lat t ice shear  
modes  with shears less than  (46~) are given in T a b l e  1. This table of  matr ices  

Table 1 The two-dimensional unimodular correspondence matrices 
which define twinning shears in a square lattice with magnitude of 
shear s < (46)½. When applied to a simple lattice basis the resulting 
shear modes will be m = 1 modes because the elements u~j are 

integers 

H l l  U12 R21 H22 

1 0 0 1 
0 1 1 0 
1 1 0 1 
1 0 2 1 
1 1 2 1 
1 3 0 1 
1 1 2 3 
3 - 1  - 2  1 
1 2 2 3 
1 4 0 1 
4 3 1 1 
1 - -3  --1 4 
1 5 0 1 
5 2 2 1 
1 6 0 1 
3 4 2 3 
3 5 1 2 
2 --5 --1 3 
5 4 I 1 
1 - -4  --1 5 

may  also be used as the basic da t a  for  invest igat ing shear  modes  in less 
symmetr ic  lattices. I t  is necessary in such cases, however,  to ensure tha t  the 
range  o f  matr ices  considered is sufficiently large to be sure of  predic t ing  all 
shear  modes  with magni tudes  o f  shear  less tha t  the desired l imit ing value. 
The mat r ix  var iants  ob ta ined  f rom each mat r ix  in T a b l e  1 by in terchanging 
mat r ix  columns,  mat r ix  rows and  the signs o f  rows and  columns will give 
rise to c rys ta l lographica l ly  equivalent  twinning modes  in a square lattice. 
F o r  lattices o f  less symmet ry  these opera t ions  give rise to cor respondences  

Table 2 Variants of a given correspondence for two-dimensional point lattices (a ~/3) 

Lattice type Notation Variants 

parallelogram u~l (a [3) ~ a, ± [3 = 1, 2 16 
rectangular u~l (a ~) a, [3 = 1, 2 4 
diamond t 
120 ° rhombus / uij (a [3) 4- a, i ~3 = 1 4 
square u~j 1 
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which define shear modes which are not  crystallographically equivalent.  The 
non-crystal lographical ly equivalent  variants of a two-dimensional  cor- 
respondence matrix are given in Tab le  2. a and/3  represent the co lumn and 
row of the original matrix which constitute the first co lumn and row respec- 
tively of the correspondence matrix which results from interchanging rows 
and columns.  

. ~ ",, • 

/ "  • 

2 / 0  o 
B 

~ o  o / 

T - / "  ~" " 
b 

Figure 4 Plane of shear plot of the {310} twinning mode: 
(a) As used by Frank et al 4 to describe (310} twinning in polyethyl- 
ene. Shuffles which are indicated by arrows are required to restore 
the lattice in a twin orientation. 

(b) When all (CH2-CHD molecular units are considered to shear 
individually. Lattice shuffles are not required to restore the lattice 

in this case if the molecular units undergo rotations 
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The above  t rea tment  of  twinning and  phase t r ans format ions  only takes  
into account  the space lattices o f  the pa ren t  and  p roduc t  structures.  In  
geometr ica l  t rea tments  o f  the type descr ibed above  which were deve loped  
ini t ial ly to predic t  twinning and t r ans fo rma t ion  modes  in meta l  s t ructures  it  
it assumed tha t  the mo t i f  uni t  shears as a whole and  the s t ructure  is res tored  
by  a tomic  shuffles. The complexi ty  o f  the shuffles will be de te rmined  to a 
large extent  by  the m value o f  the shear  mode.  As stated above  the {310} 
and {110} twinning modes  assigned by F r a n k  et al 4 to de fo rmat ion  twinning 
in polye thylene  bo th  have m = 2. The p lane  o f  shear  p lo t  of  the {310} mode  
is shown in Figure 4a. Latt ice shuffles are required to restore the lat t ice in the 
or ien ta t ion  re la t ionship  of  reflection in {310} observed exper imental ly .  
However ,  i f  one considers  each of  the molecular  units per  lat t ice po in t  to 
shear  individual ly  as shown in Figure 4b and  as considered by F r a n k  et al 4 
then the shuffles are quite simple. However ,  it  mus t  be stressed tha t  like mole-  
cules do  not  all  shuffle in the same way because the twinning  mode  is an 
m - -  2 mode.  To descr ibe the twinning process  in terms o f  dis locat ions  it is 
necessary for  uni t  twinning dis locat ions  to  p ropaga te  in pai rs  to ensure tha t  
the correct  o r ien ta t ion  re la t ion  results  f rom the twinning process,  i.e. it  is 
necessary to in t roduce  the concept  of  the zonal  twinning dis locat ion.  The 

c2 

C I 

b '~1 PI 

Figure 5 (a) Parent lattice basis vectors for both twinning and phase 
transformations. In the case of twinning the product lattice basis 
vectors are the same as for the parent lattice but differ in orientation: 
cl = 7-41 /~; c2 = 4"94/~,; a = 90°; ~1 = ~2 = 4'45/~; ~i = 112.6 ° 
(b) The product lattice basis vectors for phase transformations: 

pl : 2pl = 8-09 A;pz =pz  = 4.79 A;/3 =/~ = 107-9 ° 
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simplicity of the shuffle mechanism in Figure 4b indicates that it is valuable 
to consider in addition to the m --  1 modes for the simple orthorhombic 
lattice to also consider the m = 1 modes in the base-centred orthorhombic 
lattice which results if the difference in orientation of the molecular units 
A and B in Figure 4b is ignored. If  all pairs of the (CHz-CHz) molecular 
units in Figure 4b are replaced by points then the resulting lattice of points is 
completely restored in a twin orientation relation by the {310} shear. The 
{310 } twinning mode in this case may be compared directly with the operative 
{310} twinning mode in a-uranium which has a base-centred orthorhombic 
Bravais lattice. The same considerations also apply to the shear mode 
proposed by Tanaka et al 2 to account for the stress-induced phase trans- 
formation. In sections 3 and 4 the m 1 shear modes are determined for the 
space lattice of  the structure being considered and also for the lattice obtained 
when each of the (CH2-CH2) molecular units is replaced by a point. The 
sets of basis vectors used for the study of twinning and transformation shears 
are shown in Figures 5a and 5b respectively. The psuedo-space lattice bases 
are indicated by cl, e2 and pl ,  p2 respectively. The transformation of cor- 
respondence from the lattice basis (U) to the psuedo-lattice basis (0 )  may be 
shown to be: 

o)( O)io !) //All /A12 0 l l 0 / H i 1 U 1 2  0 ~ 

\o 0 0 0 0 0 

and 

i ) ( i  ° °'lull 0,t  ! i) o2, o,,,, = l o / / u , 1  u22 o / 1 1  
O o o ~ / \  o o 1 / \ o  o . 

for twinning and phase transformation respectively. 

3. APPLICATION TO THE STRESS INDUCED PHASE 
TRANSFORMATIONS 

The correspondence matrices listed in Table 1 and the variants represented in 
Table 2 have been used in equations (1), (2) and (4) to determine the m = 1 
shear modes which generate the lattices P and/3 from C and C respectively. 
The correspondence matrices, the indices of the corresponding shear planes 
K1 and/ (2  with respect to the basis el, c2 and the magnitudes of shears for 
those modes with magnitude of shear s < 1 are listed in Table 3. The shear 
mode will be referred to by the form given in the first column in the table 
where T indicates a transformation mode and the numerals 1-10 represent 
the place of the shear mode in the table. Subscripts l and 2 will be used in 
the text to distinguish between the mode listed and the reciprocal mode with 
elements K ' I  = K2, K'2 - -  K 1  etc. The correspondence matrices in columns 
2 and 3 in Table 3 are related by equation (5). A space in column 2 indicates 
that all molecular units are sheared to their correct positions but that the 
lattice is not restored by the shear. The true m value of the shear mode is 
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Table 3 Transformation shear modes with s < 1 

N U /..7 m K1 K2 s 

T1 1 0 2 1, 3.86, 0 --4.62, 1, 0 0.24 
0 1 

T2 1 0 --1 1 1 1, 2.34, 0 16.66, --1, 0 0.35 
1 1 - -1  0 

T3 1 0 1 1, --2"34, 0 16-75, 1, 0 0'36 
0 1 

T4 0 1 2 2'48, 1, 0 1-44, --1, 0 0"46 
- -1  1 

T5 --1 0 2 --1, 1"26, 0 1"28, 1, 0 0"78 
0 1 

T6 1 0 1 1, 1"264, 0 47'33, --1, 0 0"97 
2 1 

T7 1 0 1 --1 1 48"6, 1, 0 1, --1'237, 0 0'99 
- -1  1 0 1 

T8 0 1 1 1 1 --1.21, 1, 0 1, 1"52, 0 1'03 
--1 1 0 I 

T9 1 0 2 1'17, 1, 0 8"246, --1, 0 1"04 
--1 1 

T10 0 1 
1 0 1 1"22, 1, 0 --1, 1'566, 0 1"05 

g iven  in  c o l u m n  4 of  Table 3. A space in  c o l u m n  3 indica tes  t ha t  the shear  
m o d e  takes  all  la t t ice po in t s  to  their  correct  pos i t ions ,  b u t  tha t  all  m o lecu l a r  
un i t s  are n o t  sheared  to their  cor rec t  pos i t ions .  A ma t r ix  in  b o t h  c o l u m n s  3 
a n d  4 ind ica tes  tha t  la t t ice po in t s  a n d  m o l e c u l a r  un i t s  are res tored  to the i r  
cor rec t  pos i t ions .  The  (001)c p l ane  o f  shear  p lo ts  o f  the  t r a n s f o r m a t i o n  shear  
modes  TIa ,2-T101,2 are  s h o w n  in  Figure 6. 

4. APPLICATION TO TWINNING 

The  c o r r e s p o n d e n c e  mat r ices  l is ted in  Table 1 a n d  the va r i an t s  l is ted in  
Table 2 have  b e e n  used  to d e t e rmi n e  the m = 1 shear  m odes  which  genera te  
t w i n n e d  lat t ices f r o m  C a n d  C respectively.  The  d e f o r m a t i o n  t w i n n i n g  shears  
D l l , 2 - D 6 1 , 2  wi th  m a g n i t u d e  o f  shear  less t h a n  1-5 are l isted in  Table 4 in  the  

Table 4 Two-dimensional twinning shear modes with s < 1"33. D22, D41 and D62 restore 
the lattice to the identity 

N U 0 m K1 K2 'ql 'r/2 S 

D1 --I  1 2 310 1~0 130 110 0.25 
0 1 

D2 1 0 1 120 100 210 010 0.67 
1 1 

D3 0 1 --1 0 1 110 110 110 710 0"83 
1 0 0 1 

D4 1 1 2 ~10 1, 1"26, 0 110 1-2-'~, 1, 0 1"08 
0 1 

D5 --1 --1 1 1, 4"2, 0 3.37, 1, 0 4"--~, 1, 0 7, 3.37, 0 1.3 
1 0 

D6 1 0 2 --1 1 110 100 170 010 1.33 
2 1 1 0 
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TI I TI 2 

T31 

\ 

T3 2 

-O 

TS 2 

T21 

& 
"1-41 

161 

Tg.'~ 

w / j _ a  w 

/ 

T4 2 

I T 6 2  - - ~  

T91 T 9  2 TIO I TIO 2 

Figure 6 Plane o f  shear  plots for the  t r ans fo rmat ion  modes  T11, 2 T l0 t ,  2. The  (CHz-CH2)  
molecular  units  of  the product  s t ructure  are represented by ~ and  • .  • and  © shear  to 
• and  A respectively. In  cases where the final dis t r ibut ion of  tr iangles is different f rom 
that  in either Figure lb or when  the • and  ~ in Figure lb are interchanged,  then  the shear  
mode  is an  m = 2 mode.  Latt ice shuffles are required to restore the s t ructure  in such cases. 

This  can occur  if like molecules do not  all shuffle in the same way 
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same way as the t ransformat ion  shears are listed in Table 3. The (001)c 
plane of shear plots for the modes DII,2-D61,2 are shown in Figure 7. 

In  addi t ion to the two-dimensional  twinning modes listed in Table 4 the 

° 

[351 ~ 

D61 

I ti 
v 

0 6 2  

Figure 7 Plane of shear plots for the twinning modes DI t, 2-D61,2. The (CH2-CH2) mole- 
cular units of the product structure are represented by/k and • .  • and O shear to • and 
~ ,  respectively. In cases where the final distribution ;of triangles is different from that 
either Figure la or when the • and A in Figure la are interchanged, then the shear mode 
is an m = 2 mode. Lattice shuffles are required to restore the structure in such cases. 

This can occur if like molecules do not all shuffle in the same way 

m -  1 three-dimensional  twinning modes which leave [001]e undis tor ted 
have also been determined using the analysis described by Bevis and 
CrockerY, s. The correspondence matrices which define such modes must  be 
of the form 

U21 U22 

H31 U32 

and the resulting shear elements of the m = 1 modes with magni tude  of 
shear s < 1 are listed in Table 5. The i rrat ional  twinning elements have been 
approximated to rat ional  elements. I r ra t ional  elements are enclosed in 
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Table 5 Three-dimensional twinning shear modes with s < 1.0 and which leave [001],. 
undistorted 

N KI K2 r/t r/2 

6 

1 102 100 201 001 

u 

100 
010 
101 

2 100 010 
010 
011 

3 100 110 
010 
111 

4 =1, ½ 0* I10 
~o 

I 1 1 
5 100 101 

010 
201 

6 lOOt 001 
II0 
I01 

7 I00 
010 
211 

8 100t 
110 
201 

9 100 
010 
021 

10 010 
100 
II1 

*m 2 mode 
+m - I mode 

012 001 021 

m 

112 001 "18, 44, 31' 

51~ "31,~, 28' 132 

100 lOT 001 

s Type 

0.34 compound 
(compound) 

0.52 (compound) 
compound 

0.62 (11), I 

0.67 /, 11 

0.69 compound 
(compound) 

'7, 11,3' 110 211 0'75 (/), 11 

001 '18, 22,2"9' 

012 212 

001 O1T 

'337" l i t  

210 212 

100 '19, 18, 10' 

010 011 

110 '~31' 

0.86 ( I lL  I 

0-96 (/) 11 

1'03 (compound) 
compound 

1.04 1, 11 

inverted commas. The m = 1 mode also shears all molecular units to twin 
positions. For  m = 2 mode all molecular  units are sheared to correct twin 
positions. No symbol  indicates an m 1 mode in which only one-half  of 
the molecular  units are sheared to their correct twin positions. The twinning 
modes will be referred to by the letter and number  given in the first column 
of the table together with a subscript I or 2 as for the modes listed in Tables  
3 and 4. The or ientat ion relat ion associated with a twinning mode is deter- 
mined by the dis t r ibut ion of rat ional  and irrat ional  shear elements. In type I 
modes K1 and r/2 are rational,  and K2 or r/l, or both  K2 and r/1 are irrational.  
The or ientat ion relat ion in this case is reflection in Kt or rota t ion of ¢r abou t  
the normal  to K1. In  type 11 modes Kz and r/1 are ra t ional  and K1 or r/z, or 
both K1 and r/2 are irrational.  The or ienta t ion relationship in this case is a 
rota t ion of ¢r abou t  r/1 or reflection in the plane normal  to r/z. The type of a 
twinning mode is given in the last co lumn of Table  5, the first is the type for 
the mode indicated, and the second is the type of the reciprocal mode. 
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When all twinning elements are rational the mode is termed compound. 
Other distributions of rational and irrational twinning elements can arise7, 8. 
When all of the twinning elements are irrational the mode is termed non- 
conventional. Non-conventional twinning modes with/<1 and ~71 or K2 and 
~72 as irrational elements and with the remaining elements being rational can 
also arise. Examples of both types of non-conventional mode have been 
presented in Table 4. When the twin type in the last column of Table 5 is 
enclosed in parentheses the shear process restores the lattice to the identity 
and is not therefore a possible operative mode. 

5. COMPARISON OF PREDICTED MODES WITH EXPERIMENTAL RESULTS 

The lattice parameters of the martensitic phase in polyethylene have been 
determined by Tanaka et al 3, and they have been quoted in section 1 of this 
paper. The dimensions of the electron diffraction patterns obtained from 
deformed single crystals of polyethylene correspond closely to the lattice 
parameters determined from bulk polyethylene 3. It is reasonable therefore to 
assume that the structures of the product phases of the two-phase transfor- 
mations reported by Kiho et aP  are the same as those determined for the 
phase transformation observed by Tanaka et al 3 in bulk polyethylene. The 
orientation relations between the parent orthorhombic and product mono- 
clinic phases as determined by Kiho et al I and measured from diffraction 
patterns in their paper are as follows: 
Transformation 

Type 1 : 

Type 111 : 

A(0i0) (li0)c = 11 = 0 ° ± 1 ° 
/_(200)v(110)c = 12 = 3 ° ± 1 ° 

/ ( 2 i o ) v ( 2 O O ) c  = 1~ = 5 ° + 1 ° 

/_(010)~(110)c = 1111 = 0 ° -¢- 1 ° 
/ _ ( ~ 2 0 ) p ( o ~ o ) ,  = 111~ = 0 ° + 1 ° 

A ( 2 i 0 ) ~ ( l i 0 ) c  = 1113 = 7 ° & 1 ° 

Kiho et al I called the phase transformations in polyethylene type 1 and 
type 111 following the occurrence of each phase for particular directions of 
applied stress in the single crystal deformation experiments. We have adopted 
this notation here and have also used it to identify the angles which specify 
the observed orientation relations. The shear modes which were predicted in 
section 3 may be readily compared with the experimental results on noting 
that for phases 1 and 111 the planes (010)v and (1 i0)e and (I 10)e respectively, 
are parallel. 

Tanaka et al 2 used* only transformation mode T l l  in the form of a plane 
of shear plot to explain the crystallography of the phase transformation 1. 
There is no relation between the mode T l l  and a {310} shear process as 

*It is to be noted, however, that Seto et al in their later paper s did consider mode Tlz as a 
possible explanation of the phase transformation 
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implied by Tanaka et a l l  The correspondence matrix which defines the 
mode T1 a is, for example, not related in any way to the correspondence which 
defined the {310} twinning mode described by Frank et al 4. The orientation 
relation, between the parent and product phase for mode TI1 is given by 
11 = 7 °, Is -- 2'5 °, 13 12.5 ° and does not correspond very closely with 
that observed experimentally. The mode T l l  which has also been used by 
Kiho et al 1 to explain transformation 1 is open to question if the shape 
deformation associated with the transformation process is a simple shear. The 
following transformation modes correspond more closely to transformation 
1 than mode T l l  

11 12 13 
T7s 1 ~ 3 ° 5 o 
T81 1 ° 5.5 ° 3 o 
T91 5 ° 1 ° 8-5 '-) 

The modes T7s and T81 correspond very closely to the observed experimental 
relations and are probably within experimental error of  the results reported 
by Kiho et a l k  The modes T72 and T81 are more favourable as operative 
modes if restoration of the product lattice is an important factor. Both T% 
and TSa are m = 1 modes and in addition all (CHz- -CHs)  units are sheared 
to their correct positions by the shear. The modes T7 and T8 have large 
magnitudes of shear strain compared with mode T1 and if either of  these 
modes are operative they could account for the change in single crystal 
dimensions far more readily than T1 and therefore reduce the requirement 
for other modes of deformation to be operative. Operative deformation 
twinning modes in general have a small magnitude of shear and a small value 
of m and it is therefore rather surprising that such high magnitudes of shear 
strain be operative in the formation of the monoclinic phase. 

A comparison of the orientation relations associated with transformation 
11l  and the orientation relations associated with the transformation modes 
predicted in section 3 shows that the following modes correspond very closely 
with the experimental results: 

l l l l  I l l s  1113 
T21 2 '  2 ~' 9 ° 
T5z 1'  2 ': 7 '  

Kiho et al 1 did not give the magnitude of the shear strain or the shear elements 
of  the transformation mode they used to describe transformation 111. 
However, the diagrams they used to explain the transformation could cor- 
respond to mode T21. 

Transformation mode T21 is an m -- 1 mode and all (CHe-CHs)  units are 
sheared to their correct positions. This mode differs from the mode T 1 ~ which 
was used by Kiho et al 1 and Tanaka et al s to explain transformation 1 in that 
in the case of T21 the space lattice is restored by the shear. Thus all like 
(CHe-CHe) units undergo the same displacements which would appear to be 
more acceptable than the case where they do not. 
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The orientation relations between the two phases is best described by mode 
T52. Although all lattice points are restored to their correct positions by the 
shear some molecular-unit shuffles are required to restore the structure as in 
the case of mode T11 used by Tanaka et  a l  2 to explain transformation 1. It is 
not possible to uniquely assign shear modes to the transformations 1 and 111 

because of the multiplicity of modes which are consistent with the experi- 
mentally determined orientation relations. This problem of assignment of 
shear modes to the transformations is discussed further in section 6. 

Deformation twinning has been reported to occur in single crystals, see, 
for example, Kiho et  a l  1 and more recently Geil 6, and is associated with the 
orientation relations of reflection in {I 10} and {310}. {110} twinning is the 
predominant form of twinning in single crystals of polyethylene. A detailed 
discussion of the shear elements which are consistent with the observed 
orientation relationships has been given by Kiho et  aP .  However, these 
authors did not determine all of the possible twinning modes which are con- 
sistent with a small shear, and considered only the modes D1, D2 and D6 
of Table  4. 

The twinning modes DI I  and D12 were introduced by Frank et  a l  4 to 
explain twinning in bulk polyethylene for which both twin orientation 
relations have been observed, see for example Tanaka et  a114. These modes 
do not restore the orthorhombic lattice in a new orientation but do restore 
all (CH2-CH2) units to their correct positions, and are associated with the 
smallest magnitude of twinning shear strain of all the modes that we have 
determined. If the {I 10} fold plane is to remain undistorted as a result of a 
twinning shear then both D l l  and D12 satisfy this criterion as in the case of 
D l l  the K2 (undistorted but rotated) plane of the shear process is a {110} 
plane. Thus (110) and (310) twinning could be operative in the (110) sectors 
of a crystal and leave the fold plane undistorted. Modes D31 and D3z were 
not considered by Kiho et  a l  1 yet satisfy completely the requirements for 
restoring the lattice and the (CH~-CH2) molecular units correctly and also 
leave both (110) and (150) folds undistorted as/(1 and Ks are of the form 
{110}. The modes D31 and D32 which are crystallographically equivalent 
would therefore be expected to be able to propagate from one {110} sector 
to another. Kiho et  a l  1 considered modes D6 to also be likely operative 
modes. Although the magnitudes of the shear strains for these modes are 
large it is to be noted that mode D61 could propagate in both (110) and (100) 
type sectors, without distorting the fold plane. The (100) fold plane would be 
rotated by the (110) shear. It is to be noted that D62 restores the lattice to the 
identity and is therefore a degenerate form of twinning which can be related 
to simple slip shear. Modes D4 and D5 are of interest in that they are not 
compound modes. It should be noted that modes D41, D42, D5~ and D52 
are non-conventional in that they are associated with orientation relations 
which are not equivalent to a rotation of ~r about "ql or reflection in / /1  yet 
both shears restore the original lattice in a new orientation. Mode D4 has a 
{110} shear plane and would appear to be a possible description of (110} 
twinning. However, mode D4~ is a degenerate type of non-conventional 
twinning shear which restores the lattice to the identity. As stated in section 2 
it is possible to shear a polyethylene crystal in a direction other than that 
contained in the (001)e plane and to leave [001]c undistorted. The three- 
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dimensional twinning modes which satisfy this restriction are listed in 
Table 5. Twinning modes 41 and 101 of Table 5 are consistent with an 
orientation relation of reflection in { 110 }. However, the most likely descrip- 
tions of {110} twinning in polyethylene, which is the predominant twinning 
mode, are given by D12 and D31-D32 when consideration of such variables 
as magnitude of shear strain, complexity of shuffles and fold plane require- 
ments are taken into account. As in the case of phase transformations it is 
not possible to assign a unique shear mode to the {110} twinning process. 

6. CONCLUDING REMARKS 

The results of a detailed investigation of the crystallography of shear-like 
processes in the polyethylene crystal structure have been presented. A 
description of the procedure used for predicting the shear modes which 
describe twinning and transformation processes has also been presented. The 
procedure could be applied to any crystal structure. It must be stressed that 
both the parent and product lattice parameters have been used as data and 
all that has been determined are the ways of shearing the parent lattice into 
the product lattice. The orientation relations between parent and product 
lattices which are given for any predicted mode may be compared with the 
orientation relations determined experimentally. When there is correspon- 
dence between experiment and theory then the predicted shear mode is a 
possible macroscopic description of the shear process. In section 5 it was 
shown that for transformations 1 and 111 and for {110} deformation twin- 
ning there is a multiplicity of  shear modes which describe each of the observed 
orientation relations. To uniquely assign a shear mode to a transformation or 
twinning shear process it is necessary to obtain in addition to agreement 
between the experimentally and theoretically determined orientation relations, 
agreement between the experimentally and theoretically determined mag- 
nitude of shear strain and shear plane. 

It is not possible to compare experiment and theory in this way for the 
previously published experimental results. Detailed electron microscopy 
studies of deformed polyethylene single crystals which are currently in 
progress t'5 should enable a more definitive comparison of experimental 
results and the shear modes predicted in this paper to be carried out. The aim 
of the transmission electron microscopy investigation is to establish that the 
shape change associated with the transformation and twinning processes 
which result f rom the deformation of crystalline polyethylene is a simple 
shear or more generally in the case of transformations an invariant plane 
strain. An attempt will also be made to determine the shear planes and 
magnitude of the shear strains associated with the shear processes. In addition 
it is hoped that the investigation will indicate whether or not a transfor- 
mation microstructure is associated with the transformation process in 
polyethylene. Such microstructures are often operative in transformations in 
metallic materials 16 and a consequence of this is that any theory of the 
crystallography of transformation processes must make allowance for the 
presence of the microstructure. Theories which take into account a multiplicity 
of  microstructures as well as the volume change associated with the trans- 
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fo rma t ion  process  are now well established10,12,13,17, is. Only  when the 
character is t ics  o f  phase  t r ans fo rmat ions  discussed above  have been estab-  
l ished will it  then be realist ic to  consider  a more  deta i led mechanis t ic  m o d e l  
for  the t r ans fo rma t ion  processes in polyethylene.  
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Molecular-weight distribution and 
long-cha& branching of low-density 

polyethylene 

JOSEPH MILTZ and ARIE RAM 

The molecular-weight distribution curves, indices and frequencies of long- 
chain branching for some samples of low-density polyethylenes were obtained. 
The study was based on intrinsic viscosity data of the whole polymer and on 
gel permeation chromatography distribution curves, both for 1,2,4-trichloro- 
benzene solutions at 130°C. A correlation between the index of long-chain 
branching and the first molecular-weight dispersion index (ratio between 
weight and number average molecular weights) has been postulated. Results 

are limited to two models for branching used in this work. 

INTRODUCTION 

LOW-DENSITY polyethylene (LDPE) has been extensively studied with a view 
to determining its molecular structure--in particular the molecular-weight 
distribution (MWD) and the degree of long-chain branching (LCB), two para- 
meters apparently of major importance in determining flow properties and 
physical behaviour. Efforts were devoted either to the measurement of 
various molecular-weight averages and to the calculation of branching 
indices of the whole polymers 1-4 or to similar studies based on fractionsS-1L 
Since the advent of the gel permeation chromatograph (g.p.c.), the MWD 
analysis of polyethylene has been extended and refined 13 16. 

The difficulty in exact characterization of LDPE is due to the influence of the 
LCB on the experimental distribution curve of the g.p.c., the elution volume 
being related to the hydrodynamic apparent volume of the polymer chain (V) 
rather than to its mass (M). 

The modified Einstein equation: 

K V  
[~7] = ~M (1) 

(where [7] ~ intrinsic viscosity) leads to the conclusion that the product 
[~]M should be uniquely related to the volume of any polymer chain, linear 
or branched. The concept of universal calibration of the g.p.c, by correlating 
the product [~]M with the elution volume (Ve) has recently been adopted by 
several workers lv-19. This correlation is valid only for the given system, 
namely the number and type of the columns, the solvent and the temperature. 
In the case of linear polymers there is usually no need for measuring the 
intrinsic viscosity, provided a reliable equation of the Mark-Houwink type 
(equation 2) is available for conditions (temperature and solvent) identical 
to those of the g.p.c. : 

[7] ~ K M a (2) 

Thus fo~ linear polymers the universal curve yields the molecular weight 
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directly. For polymers with long-chain branching (such as LDPE), however, 
there is no single Mark-Houwink equation owing to the decrease of the 
hydrodynamic chain volume with the degree of LCB. The effect of the latter 
is allowed for through the factor g, defined as the ratio of the mean square 
radius of gyration of a branched chain and that of a linear one of the same 
molecular weight: 

~2b 
g -- ~,2l (g < 1) (3) 

The factor g was related by Zimm and Stockmayer z° to the weight-average 
number of trifunctional LCB, nw (the index of branching), by the following 
expression: 

6 (n w +210.5 in 2)0. 5 nwO. 5 -- 1 (4) 
g = n w  \ nw ] ( n w +  --  

The problem now is to find g by simple measurement, presumably through 
the intrinsic viscosity. 

According to Flory 21: 
Ra 

In] - ¢ ~ (5) 

where _R denotes the end-to-end mean length of the polymer chain and ¢ is 
an universal constant. If  the ratio of radii of gyration is replaced, albeit as 
an approximation, by the equivalent ratio of end-to-end lengths, g may be 
expressed through intrinsic viscosities as follows: 

/~z~ {[~]b]z/a (6) 

In addition to this simple model, alternative relations have been proposed. 
In general, 

[7]o ['q]z -- g' = gX (7) 

By equation (6), x should equal 3/2, and this value was initially adopted 22. 
Stockmayer and Fixman 23 proposed g ' =  h 3, with the latter graphically 
related to the branching factor g. More recent analysis of the branched model z4 
showed that x is very close to 1/2. The discrepancies between the branching 
indices obtained by the three approaches are quite considerable (cf. Figure 1). 
In spite of this controversy, there is good evidence 16, 25 of the validity of 
x ~ 1/2 in equation (7). Accordingly, equations (2) and (7) are combined 
in the form: 

[~7]b = K M a gl/2 (8) 

Finally, an assumption regarding the frequency of branching is called for. 
The simplest would be that the index of LCB (number of long branches per 
molecule) is proportional to the chain length (molecular weight), 

n = a M  (9) 

Thus the branching frequency (a) should be constant for the same polymer 
species (produced at similar conditions) independent of chain length. This 
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assumption was fairly well verified in studies on fractions~,12,16. Combined 
equations (4) and (8) yield: 

{ 6 [ 1 2 ( a M t + 2 ) ° ' 5  
[~]i K Mi  a aMi  " (a Mi)  °'5 In 

(a Mi + 2) o.5 -~- (a Mi) °'5 ] 10.5 
(a Mi ~- 2) 0.5 ~ (a Mi) °'5 -- l j ]  (10) 

The universal curve is related to individual polymer chains of molecular 
weight Mi, by: 

[ 6 [12(aMi+2)° '5  
[~/]i Mi == K M i  a+l  a Mi  " (a Mi) o'5- In 

( a M ~ 4 _ 2 ) o . 5 ~ _ ( a M i ) O . 5  ]}o.5 
( a M i  + 2) °'5 -- (a Mi) °'5 -- 1 (11) 

The intrinsic viscosity of the whole polymer is taken as the sum of the con- 
tributions of the individual chains: 

[-q] - S Wi [~7]i (I 2) 

where Wi is the weight fraction of species i in the polymer. Equations (10), 
(11) and (12) provide a working tool for determining, simultaneously, both 
the LCB and the MWD curve for whole (unfractionated) branched polymers 
from the predetermined g.p.c, universal curve. 

J'O I 
o.8l 

~, o-(~ 

0-4 

0'2 

" o  ~ .  

. - _ _  -----.___ . . . .  _ _ _  
0 • i i I I I I I I I I I , J I i i I J , z | I I 

I0 2 0  3 0  4 0  SO 
D W 

Figure I V ar i a t i on  o f  the  b r a n c h i n g  index,  n.,, wi th  p a r a m e t e r  g ' .  - -  ~ g ,  = : g , / 2  
_ _  g , '  _ h 3 ,  _ . . . .  g - "  g , 3 / 2 .  

The procedure for determining the characterization of LDPE is as follows. 
The chromatogram is obtained from the g.p.c, apparatus, and the intrinsic 
viscosity of  the whole polymer is measured for the same temperature and 
solvent 

In order to derive the MWD, the heights of the chromatogram, hi, at 
intervals of  0.5 counts (2.5 ml) of the elution volume, Ve, are measured. At 
each Ve, the weight fraction of the polymer is calculated by the ratio of h,: 
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to the sum of all the h~ values. The first guess of the molecular weight at 
each Ve is found from the curve relating the molecular weight of linear 
polyethylene with Ve (Figure 3). Combining equations (10) and (12) gives: 

{ 6 [ ~ ( a M ~ + 2 )  °'5 
[~7]br ~ ~ WiKM~ a ~M~ (=MOO. 5 In 

(aM, + 2)o.5 + (aMOO.5 ]}0.5 
(aMt + 2) o.5 -- (aMO °'5 -- 1 (12a) 

Having a set of preliminary values of M~ for each W~, the first value of a 
is calculated by trial and error from equation (12a). Using this a and having 
the set of the products [r/]~ M~ for each Ve from the universal calibration 
curve, a new series of Mi values is calculated from equation (11). The corrected 
M~ values are used in order to calculate a new value of a from equation (12a). 
This procedure is repeated until two successive distribution curves differ by 
less than 1 ~.  

E X P E R I M E N T A L  

Gel permeation chromatography 
A 'Waters' model 200 g.p.c, apparatus was used, with four columns packed 

with polystyrene gel in the following pore sizes: 700-2000 A, 1-5 × 104- 
5 × 104.A, 1.5 × 105-7 × 105A and 7 × 105-5 × 106A. 

The apparatus was run at 130°C, with 1,2,4-trichlorobenzene (Tca) as 
solvent, and calibrated with the aid of eight narrow distributed polystyrene 
standards under the same conditions. To avoid solvent evaporation in the 
syphon box, a Teflon tube was passed from the outlet of the sample line 
into the syphon, which was plugged by a suitable stopper. 

Instrinsic viscosity 
The intrinsic viscosity of a series of high-density polyethylene (HDPE) was 

measured in Tea and tetralin both at 130°C, using a Cannon-Ubbelohde 
viscometer. Three well-characterized samples of LDPE, designated PE-75, 
PE-76 and PE-77 (kindly donated by F. W. Billmeyer, Jnr) were also tested 
at 130°C and their MWD values were determined. The characterization of 
these three samples is discussed here; further analysis of other commercial 
grades will be dealt with in a subsequent paper. 

RESULTS A N D  D I S C U S S I O N  

Polystyrene standards were used in constructing the calibration curve, 
described as the extended chain length/~ (on a logarithmic scale) vs. the 
elution volume at the peak Ve. The molecular weights of these standards 
being known (their dispersion index, Dn = Mw/Mn is less than 1.1) and using 
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the following relationship for intrinsic viscosity of polystyrene in TCB at 
130°C TM, 

[ ~ll30~'C 8.95 × 10  5 M ° ' 7 2 7  (13) 
"IJTCB - -  

t h e  universal curve, [-o]M vs. Ve was first constructed. As regards the cor- 
relation of linear polyethylene under the same conditions, the only equation 
found in the literaturee0: 

['r]] 130C 1"5 × 10 a M0.6 (14) 
TCB 

appeared unreliable (its exponent being suspiciously too low) and the authors 
determined their own constants from the intrinsic viscosities of  the HDPE 
samples mentioned earlier. The correlation between the intrinsic viscosity 

l'C 

0"8 

0 '6  
U 
o 
0,-  

~ '0-3 

0'2 

0.1 
OI 0-2 0-3 0.4 

[xi] 130°C 
" T C B  

o 

I i 1 I i J i i I  I 

0-6 081 .0  2 

Figure 2 Correlation between intrinsic viscosities of HDPE 

in two different solvents (tetralin and TCB) is shown in Figure 2. The least- 
square equation is obtained as 

log [-] '3°~c 1-035 log r~113°°c (15) I/ tet z L'/JTCB 

Tung z7 proposed, for the intrinsic viscosity of  HOPE in tetralin at 130°C, a 
relation later confirmed by other workers: 

'1130°C 4"6 × 10 4/~w°'Tz~ (16) 
qJ  tet 

Equations (15) and (16) yield the following correlation for HDPE in TCB: 

[~7] 13°°c 5.96 × 10 -4 h~Cw °'7° ('17) TCB z 
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Recent data of Drott  and Mendelson 2s fit equation (17) fairly well. Using 
equation (17) and the universal curve, a direct calibration curve for HDPE 
was plotted (Figure 3). A similar curve is obtainable by multiplying the extended 
chain length by a Q factor of 11-4 (suggested for HDPE) but in view of the 
obvious discrepancy between the two curves, the use of a Q factor is not 
recommended. 
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Figure 3 Calibration curves for HDPE. (7) from the universal curve; 
O from Q factor = 11-4 

The intrinsic viscosities of the three LDPE samples, as measured in TCB at 
130°C, are given in Table 1, and compared with Billmeyer's original data in 
another solvent (a-C1N at 125°C). Figures 4, 5 and 6 describe the actual 
MWD of the three polymer samples, respectively, calculated according to the 
above-mentioned model and using a special Algol programme in an Elliott 
503 digital computer. The dotted lines in Figures 4, 5 and 6 describe the 
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distribution curves obtained by postulating a fictitious linear chain (either 
by using ct ~- 0 or employing a Q factor of 11.4). The calculated values of 
the major molecular weight averages, ) ~ ,  and ~rn, the index of LCB, nu,, and 
its frequency ~ are given in Table 2. Table 3 lists some dispersion indices, the 

Tabh, 1 Intrinsic viscosity of Lt)~'E 

Intrinsic viscosity (dl/g) 
Polymer TCB at 130°C rL-Chloronaphthalene 

at 125°C 3 

PE-75 0.800 0.795 
PE-76  0.730 0.757 
PE-77  0.985 0.961 

Table 2 Molecular weight averages and indices of kC8 

Present study 
Polymer f4,, Mn n,, a ~: 101 

PE-75  427 000 14 100 229 5"38 
PE-76  239000 15 100 110 4"61 
PE-77  456 000 19 800 148 3"25 

Billmeyer's data :~ 

500 000 I 0 700 23 
300 000 13 300 16 
550000 19 100 19 

Table 3 Distribution indices (dispersions) 

Polymer M,, /  Mn Mz/ M,,  Mz + t/ Mz 
Dn Dw Dz 

PE-75 30-2 7.62 1.98 
PE-76  15.8 9.91 2.60 
PE-77  23' 1 8'81 2.04 

most useful of which being represented by Dn--~ Mw/IQn. Billmeyer's 
molecular weight averages (included in Table 2) were obtained by light scat- 
tering (Mw) and cryoscopy (Mn). His osmometric data yielded excessively 
high values. Our own data were obtained from the chromatograms with the 
aid of a simplified Lea model and intrinsic viscosity correlations, and the 
close fit of the molecular weight averages (within 20 ~ )  is quite satisfactory. 
One of our samples (PE-76) was previously fractionated by Schneider et a111. 
These workers claim that it is almost impossible to obtain sharp fractions 
from LDPE by a single fractionation process because solubility is affected by 
LCB as well as by molecular weight. Therefore, they have represented two 
curves in their MWD description, one representing Mn and the other h4w. 
We have replotted their results of integral MWD and added our data for 
comparison (Figure 7). Taking into account that the osmotic /Qn values for 
the lower fractions are artificially too high, there seems to be a fair agreement 
for the same polymer derived by the two different methods. 
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We have refined the LCB model by postulating a lower bound for molecular 
weight below which no essential long-chain branching occurs. This new 
model may be described as: 

n = a'  (M --  M0) for M > M0 (18) 

Typical values for Mo were taken in the range of 8000-12 000 (received by 
extrapolating existing data). Moreover f rom the fractionation data of  Guillet 5 
it seems that below this range of molecular weight, the curves of  intrinsic 
viscosity against molecular weight for linear and branched polyethylenes 
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Figure 4 MWD of P E - 7 5 . -  true curve; . . . . .  assuming ~ = 0 (linear) ; . . . .  using 
Q = 11.4 (linear) 

coincide which shows that  our model is a more realistic one. It seems that 
this new model provides a better fit between the calculated molecular weight 
averages and Billmeyer's measured ones. This is shown in Table 4. 

Table 4 Molecular weight averages and indices of  LCB for a modified branching model 
(equation 18) 

Polymer Mw Mn nw a' x 10 4 

PE-75 A 431 000 13 300 238 5"5 
B 432 000 13 100 241 5"6 

PE-76 A 241 000 14 400 114 4"7 
B 242 000 14 200 115 4-8 

PE-77 A 457 000 19 000 148 3'2 
B 459 000 18 800 150 3"3 

A: Mo ~ 8000; B: Mo = 12 000 
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The main  discrepancy concerning the LCB indices (which differ by one order 
of magnitude) ,  has at least two reasons. The first reason stems from the 
fact that  this model  permits calculat ion 6f the branching  index, hw, averaged 
over all chains in a whole polymer (i.e. taking into account  the true MWD), 
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while Billmeyer a, who used molecular  weight averages, states that his bran-  
ching indices are 'unspecified lower averages dependent  upon  MWD'. The 
second reason is the exponent  x 1/2 in equat ion  (7) as against  Billmeyer's 
g ' ,  h 3. An  at tempt  to use g' _g3/'., yielded molecular  weight averages 
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()14w) about  3 to 5 times higher than those measured by Billmeyer. Figure 1 
shows that the branching index for g '  = h 3 is quite close to that obtained by 
ga/2. However, it is reassuring to note that our branching frequencies are of  
the same order of  magnitude as those obtained by Mendelson and Drot t  12 
for LDPE fractions, and recently also for whole polymers 2a. 

Both LCB models used in the present work assume a nearly constant 
branching frequency for the same polymer. In order to prove this model it 

oo I 

_=ol- ,¢;" / 
I l /  W 

I t ° / ' '  
• ~ [ Isl_sl" 
14°I , ' Y /  

0 t j 3 ~  S" 

10 4 IO s I 0  ~; i 0  "1 

M o l e c u l a r  we igh t  

Figure 7 Integral MWD of PE-76. - -  data from ref. 11 (black symbols ./9/n, white symbol 
~L,,); . . . .  our results 

is proposed to develop a new independent tool for LCB estimation by con- 
trolled pyrolysis-gas-chromatography (p.g.c.) and separating the short and 
long-chain derivatives from the pyrolytic products. It  is hoped that this 
further data would confirm the results described in this paper. Lastly, some 
relation between the MWD and LCB is called for, It  has been claimed ~9 that 
MWD widens as the index of branching increases. For low frequencies they 
actually calculated a linear relationship between the LCB index and the first 
dispersion index (Dn  ---- )9Iw/JPln). The latter is the most popular representative 
of  MWD, though more exact parameters (derived by adopting a mathematical 
model that fits the corrected distribution curves) should be preferred. Such 
distribution parameters for our data will be discussed in a further publication. 
As yet it is worthwhile to stiess that a simple correlation between the LC8 
index and the dispersion index, Dn, is exhibited in Figure 8, wherein additional 
data from recent literature 2a fit quite well. 

This relationship may be expressed as: 

Dn = M w / M n  = A -]- B log nw (19) 

The significance of equation (19) will be analysed in view of additional 
studies. 
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The measurement of molecular 
orientation in drawn poly(methyl 

methacrylate) by broad line nuclear 
magnetic resonance 

M. KASHIWAGI*, M. J. FOLKES and I. M. WARD 

Measurements have been made of the anisotropy of the proton magnetic 
resonance second moment at room temperature for a series of drawn non- 
crystalline poly(methyl methacrylate) samples. These data have been used to 
calcalate orientation functions, which characterize the molecular orientation. 
This was carried out on the basis of a model in which the polymer is regarded 
as an aggregate of transversely isotropic units. The structure of these units is 
based on considerations derived from the crystal structure of crystalline 
poly(methyl methacrylates). Orientation functions P2 (cos A) and P4(cos A) 
for all samples are shown to be close to those derived from a pseudo- 
affine deformation for re-orientation of the aggregate units in the drawing 
process. It is found that an excellent correlation exists between the measured 
birefringence and Pz (cos A) as expected from the aggregate theory. The 
pattern of mechanical anisotropy is shown to be completely explicable using 

the aggregate model. 

INTRODUCTION 

[N A NUMBER of recent publications1, ~', attempts have been made to predict 
the mechanical anisotropy in drawn semi-crystalline polymers on the basis 
of a model in which the polymer is regarded as an aggregate of anisotropic 
units which become progressively aligned during the drawing process. It has 
been shown that the mechanical anisotropy in drawn low-density polyethylene 
can be predicted to a good approximation using orientation functions 
[derived from either nuclear magnetic resonance (n.m.r.) or x-ray diffraction 
studies] characterizing the distribution of units about the draw direction. In 
this particular polymer it appears that the mechanical anisotropy relates to 
the orientation of the crystalline regions. 

Considerable interest exists, however, in the possibility of extending such 
considerations to polymers which do not crystallize. In this case the x-ray 
diffraction methods cannot be used. The present work concerned with 
poly(methyl methacrylate) (PMMA) was therefore undertaken with a view to 
establishing the application of the n.m.r, technique to amorphous polymers. 

EXPERIMENTAL 

Preparation of drawn material 
The drawn eMMA specimens were in the form of sheets, 3 mm thick, and 

were prepared by drawing a commercial type of isotropic material (Perspex) 

*On leave from Toray Industries, Inc., Basic Research Laboratory, Tebiro, Kamakura,  
248 Japan 
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in a tensometer at a variety of  temperatures to a fixed draw ratio. The 
specifications of the specimens in terms of birefringence and drawing tem- 
perature are shown in Table 1. 

Table 1 Specifications of the oriented poly(methyl methacrylate) samples. The birefringence 
values are of negative sign with respect to the draw direction 

Sample Drawing temperature (°C) Bire]Hngence × 104 

O - -  0 
AA 160 -- 2.2 
AE 140 --3 '5 
BF 123 -- 5'7 
AG 130 -- 8'8 
AN 95 --13.2 
AI  120 14.0 

Apparatus and second moment measurements 
All of the n.m.r, measurements were carried out using a Varian DP60 

spectrometer and the procedure was very similar to that described in an 
earlier publication 1. In the present work, measurements were made at room 
temperature only. 

As will be shown later, the anisotropy of the second moment  in PMMA is 
very much smaller than in polyethylene. As a result, additional care was 
necessary in order to enable accurate second moment  values to be obtained. 

The probe head modified previously 1 was reconstructed to enable the 
sample to be set more exactly at the correct orientation in the magnetic field. 
A Teflon sample holder was attached to the rotating part  of the goniometer, 
the rotating axis being perpendicular to the magnetic field. The specimens 
were punched from the plates in the form of a rectangle, the larger side of  
which was perpendicular to the draw direction. The rectangular specimens 
were then mounted on the holder with their longer edge parallel to the 
rotating axis. 

The n.m.r, spectrometer was operated under two conditions. First, to 
examine the fine structure of  the n.m.r, signal a modulation field of  small 
amplitude (peak-to-peak amplitude 0-4 gauss) was applied. Secondly, to 
obtain accurate second moment  values a modulation field of  large amplitude 
(peak-to-peak amplitude 1.90 gauss) was applied. Although the n.m.r, signal 
was considerably distorted by such a large modulation field, the trace so 
obtained contains sufficient information and has a greatly improved signal: 
noise ratio. An accurate second moment  value may therefore be obtained by 
using the Andrew correction for large modulation amplitude. In all cases a 
Time Averaging Computer  was used to store successive sweeps enabling the 
signal: noise ratio to be improved by a factor (N)~ where N = number of scans. 

The second moment  was calculated for each spectrum by measuring the 
derivative absorption intensity at small intervals from the centre of  the 
resonance, the data being programmed for computer calculation. The second 
moment  thus calculated had an estimated accuracy of d_0.1 gauss 2. Since 
the modulation field amplitude could be measured to ±0.1 gauss, the total 
accuracy of the second moment  values after the Andrew correction 3, was 
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estimated to be 4-0.2 gauss 2. This is adequate for determining the orientation 
distribution functions as shown later. 

The second moment  was measured for each sample at seven orientation 
angles 7, ranging from 0 ° to 90 ° in 15 ° steps, where 7' is the angle between the 
sample draw direction and the magnetic field direction. 

THEORY 

A previous paper I contains a full account of the theory of the second 
moment  anisotropy for a uniaxially oriented polymer regarded as an ag- 
gregate of units of structure and for this reason only the results of  this theory 
will be presented here. 

The value of the second moment  <AH~> for a drawn polymer when the 
steady magnetic field makes an angle 7, with the draw direction of the sample 
is given by equation (12) in the previous pape¢:  

4G 
(AH2> N ~ azStPz (cos 7,) Pt(cos A) (1) 

/==0,2,4 

where G = 3/211(1 ÷ 1)g2lzn 2, I is the nuclear spin number, g the nuclear 
g-factor, /,,, the nuclear magneton, N the number of magnetic nuclei over 
which the sum is taken and a0, az, a4 are numerical coefficients with values 
1/5, 2/7 and 18/35 respectively. The quantities Pl are Legendre polynomials 
and k is the angle between the symmetry axis of  the units and the draw 
direction. The orientation functions, defining the distribution of units about 
the draw direction, are given by Pl(cos k), the bar indicating that an average 
has been taken over the aggregate of  units. 

The quantities & are defined by the equation: 

St = ~ Pz(cos Ojk)rjlc ~ 
. , : ,  k 

and are the lattice sums. 0jk and r]x are respectively the orientation (with 
respect to the symmetry axis of  the unit) and length of the particular inter- 
nuclear pair. Sz can therefore be evaluated from a knowledge of the spatial 
coordinates of the resonant nuclei. 

For  a crystalline material, the lattice sums can be calculated directly from 
the crystal structure as determined by x-ray diffraction methods. Since our 
PMMA specimens are non-crystalline we must adopt  a different approach. 

The second moment  interactions consist of two parts: first the intra- 
molecular interactions, and secondly the intermolecular interactions. In the 
crystalline regions of crystalline polymers, although the intermolecular inter- 
actions are smaller than the intramolecular interactions, both interactions are 
anisotropic. This is because in the crystalline regions all the nuclei have 
definite spatial coordinates and produce anisotropic magnetic interactions. 
On the other hand, in an amorphous polymer even when it is oriented there 
is no exact correlation between molecules. We will therefore assume that the 
intermolecular interactions in an amorphous polymer are always isotropic 
and that the magnetic anisotropy arises from the intramolecular interactions 
only. 

To calculate the intramolecular interactions we will furthermore assume 
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that the local conformation of the molecule in the amorphous specimens 
which we have examined is identical to that in the crystalline regions of 
crystalline PMMA. There is, however, a further complication. There are two 
forms of crystalline PUMA: the isotactic and the syndiotactic form. For- 
tunately, it seems reasonable to assume that from the view point of second 
moment values at room temperature, the intramolecular interactions of the 
isotactic and syndiotactic configuration will be almost identical. This is 
because at room temperature, both the chain and ester methyl groups in the 
polymer are undergoing rotation, and by motional narrowing of the line 
width 4, their contributions to the second moment are small. 

At the moment only the isotactic structure has been determined by x-ray 
diffraction methodsS, n. We have therefore used the chain configuration of 
the isotactic PMMA as the basic anisotropic unit of structure. 

The isotactic PMMA chain has a 51 helix structure 6, (see Figure 1) from 
which the positions of the hydrogen atoms were calculated assuming that 
the C-C bond length is 1.54 A, the C-H bond length is 1.094 A and the 

Table 2 Atomic  coordinates  in the monomer  uni t :  

H(4) 

H(I) 
I 

- -  c ( 1 ) - -  
I 

H (2) 

(3)H-- C --H(5) 

C(2)-- 

C=O 

O 

(6)H-- C --H(8) 

of  the 51 helix 

H(7) 

of isotactic poly(methyl  methacryla te)  

Atom X (~)* Y (1~)* Z (,~)* 

C(1) 0'3760 1"1574 0'5700 
H(1) 0'7913 2"1051 0"2152 
H(2) --0"6537 1 '0553 0"2152 
C(2) 1 "2169 0.0000 0.0000 
H(3) 3"2637 -- 0'6906 0' 1300 
H(4) 3'0881 1 '0794 0' 1300 
H(5) 2.6767 O. 1449 1' 593 ! 

Average posi t ion of H(3), H(4) and  H(5) 3.0095 0.1779 0.6177 
H(6) -- 2-2883 -- 2.7133 0.7897 
H(7) 0.6591 -- 3"4273 0.7897 
H(8) -- 1.2724 2-6108 2.2520 

Average posi t ion of H(6), H(7) and  H(8) --1-4066 --2.9171 1.2771 
Direc t ion  of ro ta t ion  axis of chain methyl?  -- 1.6811 -- 0.1667 -- 0.5792 
Direct ion of  ro ta t ion  axis of  ester m e t h y l t  0.6781 1-5471 --0.5792 

* Coordinates referred to the orthogonal coordinate system X- Y-Z 
% This direction is not normalized. For the convenience of calculation of the lattice sums, the vector length is 
taken to be I.'/86 A equivalent to the proton-proton distance in a methyl group 
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tt3 
tt3 

O 

x I ~ F  

_ _  

I 

? 
X 

Figure / 5~ helix of isotactic poly(methyl methacrylate) 

H - C - H  angle is 109 ° 28', and by using the data for the ester group shown 
in Figure 2. On the b~sis of steric considerations it was assumed that the 
direction perpendicular to the O-CHs bond in the plane of the ester group is 
perpendicular to the axis of the helix, and the methyl groups are arranged 
with two protons perpendicular to this axis. The positions of the hydrogen 
atoms obtained from these calculations are shown in Table 2. In the Table 
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O ~ l l S  ° ~'0 

.I.46 

CH 3 

Figure 2 Atomic data for the ester group 

the average proton positions of each methyl group are listed, together with 
the directions of the axis of rotation of the methyl groups, which is per- 
pendicular to the plane containing the three methyl protons. 

The intramolecular lattice sum is divided into two parts: (i) the contribution 
of isolated rotating methyl groups; and (ii) all other contributions. 

The first part was calculated by using the directions of the axis of rotation 
of methyl groups on the basis of reference 4. The second part was calculated 
by assuming a structure in which a nucleus with three times the magnetic 
moment of a proton occupies the average position of the methyl protons. 

Table 3 Intramolecular lattice sums for isotactic poly(methyl methacrylate) 

So $2 $4 

0.11896 - 0.02042 0-01597 

The final computed lattice sums are given in Table 3. These are computed 
on the basis of the intramolecular interactions only. We assume that the 
intermolecular interactions are isotropic. This gives rise to an additional 
term in the So lattice sum. This extra part of So will be found from the 
experimental data, as described in the next section. 

R E S U L T S  A N D  D I S C U S S I O N  

Evaluation of  the orientation distribution functions from the n.m.r, data 
The orientation distribution functions were calculated from the computed 

lattice sums and the n.m.r, second moment data by the least squares method. 
In principle ~ A) and P4(cos A) can be obtained as two independent 
parameters by solution of equation (1) for any pair of orientation angles 7, 
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Figure 3 Variation of second moment with orientation angle y for various samples of 
PMMA. The lines represent the least squares fit to the experimental data--shown as circles. 

(a) AA; (b) AE; (c) BF; (d) AG; (e) AN; (f) A1 

as described previously 1. In the present work, because of the much smaller 
degree of magnetic anisotropy in PUMA as compared with polyethylene and 
the comparative inaccuracy of the lattice sums calculation it was not possible 
to obtain a good fit to the present data in this way. 

The experimental dependence of second moment  with orientation angle y 
for the six samples of  PMMA investigated is shown in Figure 3. It can be seen 
that there is a progressive increase in the measured anisotropy from sample 
AA to AI  which is expected from the birefringence results listed in Table 1. 
However, the maximum anisotropy recorded is still only ,-~! gauss '~ which 
again emphasizes the need for great accuracy in the second moment  values. 

As previously mentioned, the evaluation of So which fixes the magnitude 
of the isotropic second moment  is subject to error. In view of this we write : 

So S'0 + 

where S'0 is our approximate value based on intramolecular interactions 
only and ~ is a correction term. We now define a quantity ~: where: 

9°°(4GN }2 :~o {  Z azStP,(cos y)Pz(cos A) -- (AHe)exo 
~ , - o t  1 ~ 0,2, 4 

and regard P2(cos A), P4(cos A) and ~ as independent parameters which are 
chosen, by a computer programme, so as to minimize ~:. It was found that 
the value of So obtained using this method was constant to within 1% for all 
the samples investigated, justifying our procedure of adjusting the computed 
lattice sum S'0 in this way. The measured n.m.r, anisotropy of each sample 
together with the fit obtained by the least squares method is shown inFigure3. 

Table 4 shows the values of P2(cos A) and P4(cos A) obtained using the 
least squares method together with the isotropic second moment  obtained 
from So by means of our adjustment method. Also listed are the values of 
cos 2 A and cos 4 A calculated from P2(cos A) and P4(cos A) and the root mean 
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Table 4 Orientation distribution functions obtained from n.m.r, measurements 

Isotropic Root  mean 
Sample "Pz (cos A) /'4 (cos A) cos 2 A cos 4 A second square 

moment  G 2 deviation G 2 

AA 0'0518 --0-0079 0 " 3 6 7 9  0'2278 11"61 0'12 
AE 0"0546 --0-0306 0'3698 0'2242 11-63 0'08 
BF 0"1674 0 " 0 2 6 6  0 " 4 4 4 9  0"3017 11"69 0-07 
AG 0"2350 --0"0065 0'4900 0"3328 11"76 0'06 
AN 0-3070 0 " 0 4 8 6  0"5380 0"3865 11-75 0'06 
AI 0"3134 --0"0184 0 " 5 4 2 2  0"3749 11"82 0"10 

square deviation of the experimental points from the curve obtained by the 
least squares method. It is seen that the isotropic second moment is constant 
within experimental error for all the samples and is coincident with the 
measured second moment of  11-80 gauss 2 of isotropic PMMA (sample O). 

Comparison of second moment anisotropy witli optical and mechanical 
measuremen ts 

On the basis of the aggregate model, the birefringence An of a uniaxially 
oriented polymer is given by: 

An ~ Anmaxl(3 COS 2 A -- 1) = AnmaxP2(cos A) 

where Anmax is the maximum birefringence for a completely oriented polymer 
and A is the angle between the draw direction and the symmetry axis of the 
polarizable unit of structure. Thus, if the optical and magnetic anisotropy 
arise from the progressive alignment of similar units of structure, we would 
expect to obtain a good correlation between the measured birefringence and 
the values of Pz(cos A) obtained from the n.m.r, measurements. o6[ 

0 ' 5  

0"4 

~ 0"3  

oJO.2 

0.1 

0 

- A S j / j  

~:r~AE 
J ' - I  I I 

0 -5  - I0  -15 -20  

Bircfr ingcnc¢ ×104 

Figure 4 Variation of P~ (cos A), obtained from n.m.r, measurements, with the birefringence. 
Circles are experimental results while line is predicted from the aggregate theory 

Figure 4 shows a plot of P2(cos  A) against measured birefringence from 
which it is seen that there is a good correlation. Extrapolation to full orien- 
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tation gives a value Anmax of 43 × 10 4, which may be of value in further 
structural studies of PMMA. 

Next, the values of cos z A and cos 4 A obtained from the n.m.r, data were 
compared with values for these parameters predicted on the basis of a pseudo- 
affine deformation scheme 7, in which, during the orientation process the 
unique axes of the units of structure undergo the same changes of direction as 
lines connecting pairs of material points in a body undergoing uniaxial 
deformation, without change of volume. Usually a knowledge of the draw 
ratio of the material is required in evaluating cos z A and cos 4 A using the 
pseudo-affine model. Our samples were drawn at a number of temperatures 
to a fixed draw ratio and so this information is not known. However, we can 
predict the dependence of cos4A on cos 2A and compare this with our 
experimentally determined values thus avoiding a knowledge of the effective 
draw ratio for each sample. This is illustrated in Figure 5 where it can be 

0"6 

0-5 

0 4  

0-3 

0 2  

Predic t ion from Aggregate Theory 

A 

0-1 

1 I I 

• 2 0 -3  0 ! 4  d-s  o . 6  0 -7  

cos2A 

Figure 5 Comparison between the measured and theoretical varia- 
tion of cos ~ A with cos 2 A 

seen that the experimentally determined values of cos 4 A and cos ~ A are very 
similar to those expected from the pseudo-affine deformation scheme, al- 
though it may well be that the re-orientation processes are more complex 
than are envisaged by this scheme. 

We have finally attempted to predict the mechanical anisotropy of the 
samples using the n.m.r, orientation functions, on the basis of the aggregate 
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model. The elastic constants for the aggregate can be obtained in two ways: 
either by considering compliances or stiffnesses. One may assume that either 
we have a uniform stress throughout the aggregate, in which case the strains 
are not continuous or a uniform strain which gives rise to discontinuity of 
stress. The uniform stress approach implies a summation of compliance 
constants, and gives rise to the Reuss averageS; uniform strain implies a 
summation of stiffnesses and gives the Voigt average 9. It has been shown by 
Bishop and Hill 10 that these two averages represent upper and lower bounds 
respectively for the true compliances of the aggregate. 

The elastic constants of a partly drawn polymer regarded as an aggregate 
of units of structure are given by equations (5.3)-(5.12) of a previous paper 7. 
If the five independent elastic constants (either the compliance constants 
Sit, $12, $13, $88 and $44 or the corresponding stiffness constants) of the 
transversely isotropic unit of structure are given, the elastic constants 
(S'11, S'12 . . . .  etc.) of the partly oriented polymer can be calculated pro- 
vided that the orientation functions are known. 

To obtain the stiffness constants Cll, C12, C13, C33 and C44 in the present 
study, we used the results shown in Figure 6 for the measured behaviour of 
the stiffness constants C'H, C'a2, C'13, C'3a and C'44 for the partly oriented 

t - )  

t0  

£ 
© 

Voigl" ---~]" ]" 

~ C33 

ReUSSaverage----~ [ I 

o - ~ - C 1 2  

2 6 ( ] ,  ~ r "~L~ C44 
0 -4 - 8 -t 2 

Bircfringcnce xlO 4 

Figure 6 Stiffness constants of PMMA as a function of the birefringence 
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polymer as a function of the birefringence. We previously estimated the 
maximum birefringence to be --43 × l0 4. Linear extrapolation of the 
measured stiffness constants to this value of birefringence gave: 

Cll -- 7 × 101° dynes cm -2 
C1,~ -- 3.5 × 101° dynes cm -2 
C13 -- 5.9 × 101° dynes cm 2 
C33 -- 16-6 × 101° dynes cm -2 
C44 2.3 × 101° dynes cm -2 

while the corresponding compliance constants were calculated as: 

Sll - -  2.22 × 10 11 dynes-1 cm 2 
S 1 2 -  6.36 × 10-r2dynes 1 cm 2 
$13 -- 5.64 x 10 -12 dynes -1 cm 2 
S 3 z -  1.00 × 10 11 dynes l c m  2 
$44 -~ 9.35 × 10 -11 dynes -1 cm '~ 

by inverting the stiffness matrix. 
These values for the elastic constants were used together with the orien- 

tation functions obtained by n.m.r, to calculate the Reuss and Voigt averages 
for the stiffness constants. The results are shown in Figure 6, from which it 
can be seen that all the experimental data lie between the predicted Reuss 
and Voigt average values. 

Intuitively it is difficult to interpret the magnitude of each of the elastic 
constants for a single unit of structure in terms of the detailed morphology of 
the unit. However, one would expect a significant difference in either C~1 and 
Ca3 or S l l  and Saa since the former principally arises from weak van der 
Waals forces linking neighbouring chains while the latter is due to much 
stronger covalent forces directed along the chain axes. Indeed this simple 
physical reasoning is reflected by the values we obtain for these two elastic 
constants. A complete assessment of this problem must await further work. 

It can be concluded from this work that the application of the aggregate 
model in amorphous PMMA is reasonable and that we have obtained satis- 
factory extrapolated values, first for the maximum birefringence and secondly 
for the stiffness constants. 

It should, however, perhaps be emphasized that we have had to make a 
somewhat arbitrary choice of the molecular conformation of the aggregate 
unit, in order to undertake the quantitative calculations. Although the choice 
of the helical unit is reasonable in view of the considerations discussed in 
detail above, it must be accepted that structural studies (e.g. infra-red and 
n.m.r, spectroscopy) show that commercial PMMA contains substantial pro- 
portions of syndiotactic and atactic material. Fortunately, it is likely that the 
present calculations are not very sensitive to the finer details of the structure 
for the following reason. At room temperature, where both the chain and 
ester methyl groups are undergoing rotation the proton-proton interactions 
within a sphere of interaction of radius 5 A would be expected to be similar 
for helical structures which are not as regular as that assumed here. Inter- 
actions at distances greater than 5 ,~ do not make a significant contribution 
to the lattice sums, and this indeed justifies our treatment of the anisotropy 
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of the second moment  in terms of intramolecular interactions only. In the 
absence of other data, the isotactic model had to be chosen as a basis for the 
calculations, but it does seem likely that if further structural information can 
be obtained in future, it would then be worthwhile to generalize the model to 
allow for a range of re-orientating units of  structure. 

The shape of the distribution function 
The polar plots of the distribution function for samples AA, BF and A1 

are shown in Figure 7(a). These plots were calculated from equation (17) of  a 
previous paper 1: 

f(±) = Z (1 + 1)pz(cos ±)Pz(cos A) 
1 = 0 , 2 , 4  
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m e n t a l ;  (b) t h e o r e t i c a l - - b a s e d  on  pseudo-a f f ine  m o d e l .  - -  - - -  - A I ;  - -  B F ;  . . . .  A A  

708 



M O L E C U L A R  O R I E N T A T I O N  IN D R A W N  PMMA 

These can be compared with the plots shown in Figure 7(b) based on the 
orientation functions derived from the pseudo-affine deformation scheme. 
The shape of the distribution functions based on this model differs significantly 
at the highest drawn ratio (sample AI) from that predicted on the pseudo- 
affine deformation scheme. It is to be noted that quite small deviations from 
the values of P2(-c-~ A) and P4(cos A) from those predicted on this scheme 
give rise to very appreciable changes in the distribution function. 

The shape of the n.m.r, spectra for orientated PMMA 
Figure 8 shows the changes in the n.m.r, spectrum of highly oriented 

PMMA (sample AI) that occur when the orientation of the sample in the 

6 0  ° 

90 ° 

q 

I 0 -  g a u s s  

Figure 8 Change o f  the n.m.r, spectrum o f  oriented PMMA with 
angle -y between the magnetic field and draw direction 
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magnet ic  field is changed.  In  the present  work,  it  is conf i rmed f rom the 
magni tude  of  the measured  second m o m e n t  tha t  bo th  the chain  and ester 
methyl  groups  unde r t ake  ro ta t ion  at  r o o m  tempera ture .  This is in agreement  
with results ob ta ined  f rom studies of  the t empera tu re  dependence  o f  the 
molecu la r  m o t i o n  in i so t ropic  PMMA 11,12. 

Fu r the r  studies o f  molecu la r  mot ion  in or ien ted  PMMA will be under t aken  
in the future.  
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The melting and crystallization of 
copolymers of nylon-6,6 and nylon-6,10 

with poly(hexamethylene terephthalamide) 
(nylon-6T) 

E. D. HARVEY* and F. J. HYBART 

Rates of crystallization of copolyamides of nylon-6,6 and nylon-6,10 con- 
taining up to 20 and 15 ~ nylon-6T [poly(hexamethylene terephthalamide)] 
have been measured by a photometric technique, using a ho tstage microscope. 
Co-crystallization is confirmed for the nylon-6,6/6T copolymers and leads to 
an increase in the melting points from the melting point of nylon-6,6; there is 
a reduction in the extents of crystallization as shown by heats of fusion, and 
kinetic measurements show that the copolymers crystallize more slowly. In 
nylon-6,10/6T copolymers, the behaviour is similar to that already reported, 
when co-crystallization is not occurring; the nylon-6T units act as a diluent 

in the nylon-6,10 crystalline areas. 

INTRODUCTION 

IN MOST COPOLYMER systems, the copolymers show lower melting and crys- 
tallization temperatures than the homopolymers 1,'~. An exception is the nylon- 
6,6/nylon-6T copolyamide system which shows isomorphous crystallization 3, 
because the distance separation of the amide groups in the two copolymer 
constituents are nearly identical. 

EXPERIMENTAL AND RESULTS 

Melting behaviour 
The melting points of  nylon-6,6/6T copolyamides and nylon-6,10/6T 

copolyamides containing up to 20~o nylon-6T [poly(hexamethylene tereph- 
thalamide)] are shown in Figure 1. Two techniques were used for these 
measurements; for maximum observable melting points, the sample in thin 
film form was heated on the stage of a hot stage microscope at 2°C/rain, and 
the temperature of  the disappearance of the last trace of  birefringence was 
observed; for average melting points, a DuPont  900 Thermal Analyzer fitted 
with the D.S.C. cell was used, and the sample was heated in nitrogen at 5°C/ 
rain. In the nylon-6,6/6T copolymers, as the amount  of  nylon-6T comonomer 
is increased, the difference between these melting point values is increased, 
showing a wider range of melting. In the nylon-6,10/6T copolymers, a steady 
drop in melting point is observed as the comonomer  is introduced. 

* Present address: Department of Mechanical and Production Engineering, Trent Poly- 
technic, Nottingham. 
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280 
a 

275 - 

210- 

205 - 

2006 5 1 IO I 15 I 

Copolymer composition P/onylon-6Tl 

Figure I Melting points of (a) nylon-6,6/6T copolymers and (b) 
nylon-6,10/6T copolymers as a function of copolymer composition. 

x , hot-stage microscopy; 0, differential thermal analysis 

Table I Heats of fusion of nylon copolymers 

Copolymer composiiion 
-__~- 

Other 
Nylon-67’( %) component 

nylon-6,6 

Un-annealed 
heat of fusion 

( J/kg) 

80 800 
74 100 
52 700 
39 100 
29 300 

Annealed 
heat of fusion 

(J/k) 
-_ 

0 
5 

10 
1.5 
20 

105 200 
94 000 
84 300 
16 500 
64 800 

0 nylon-6,lO 79 000 
10 50 600 
i5 33 100 
20 19 200 

95 600 
63 100 
45 100 



M E L T I N G  A N D  C R Y S T A L L I Z A T I O N  O F  N Y L O N  C O P O L Y M E R S  

The heats of fusion of the copolymers were measured using the DuPont 
Thermal Analyzer and the results are shown in Table 1. Measurements were 
also made using samples which had been annealed in nitrogen for 5 hours at 
either 245°C (for nylon-6,6/6T copolyamides) or 200°C (for nylon-6,10/6T 
copolyamides). The reduction observed in the heats of fusion of the nylon- 
6,6/6T copolymers suggests a reduced level of crystallinity in these copoly- 
mers, by comparison with nylon-6,6 homopolymer. Isomorphous replace- 
ment of nylon-6T within the homopolymer is not completely effective. A sub- 
stantial recovery of the lost crystallinity occurs during the annealing process. 

Rates o f  crystallization 
The rates of crystallization of the copolymers have been compared by 

using the time for one half of the crystallization, t~, including the secondary 
process. The supercooling temperatures, AT, represent the difference between 
the crystallization temperature and the melting point from hot stage micros- 
copy. Rates of cr,,stallization were measured using a hot stage microscope 

80 

7C 

"~= 60 

E 5O 

CJ 

c 40  
O 

N 

3O 

2O 

tO 

0 I t t I :~ I 
16 20  24 28 32 6 4 0  

Extent of supercooling, AT (oc) 

Figure 2 Rates of crystallization of nylon-6,6 and nylon-6,6/6T 
copolymers. The effect of supercooling temperature on the crys- 
tallization half-time: (3, nylon-6,6; O, 2~ copolymer; [3, 5~ 
copolymer; m, 10~ copolymer; ~,  15~ copolymer; A, 20% 

copolymer 
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Figure 3 Rates of crystallization of nylon-6,10 and nylon-6,10/6T 
copolymers. Temperature dependence of half crystallization times: 

~ ,  nylon-6,10; [], 10~ copolymer; ©, 15~ copolymer 
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fitted with a recording photoresistor eyepiece attachment 4. Figure 2 shows the 
t~ values for nylon-6,6 and nylon-6,6/6T copolymers for various amounts of 
supercooling. As the crystallization temperatures giving t~ values of 20 rain 
for the 0 - 1 5 ~  copolymers only ranged from 243.5 to 245°C, the rates of 
crystallization of these copolymers are nearly identical with the nylon-6,6 
homopolymer rate measurements. For the 2 0 ~  copolymer, a 20 rain t~ 
value was obtained at a crystallization temperature of  247°C. The crystalliza- 
tion behaviour of  the nylon-6,t0/6T copolymers is comparable with nylon- 
6,6/6 copolymers 2, and AT is noticed to be approximately constant for a 
certain t~ value. In Figure 3 the observed t~ values are shown for various 
crystallization temperatures. 

Plots of log l/t~ against Tra2/T(AT) ~ are normally found to be linear for 
homopolymers,  providing that the thermodynamic melting temperature is 
taken for Tm '~. We have found that we may consider copolyamides using this 
treatment 2. The melting points which must be taken in order to obtain linear 
graphs may be considered as the copolymer thermodynamic melting points. 
With nylon-6,6/6T copolymers, we again find curves for the measured melting 
points which become linear at a temperature2-6°C abovethese values. Figure 4 

O'B 

I'C 

1"2 

~ 1 ' 4  
-k, 

0 

I 
1"6 

2"0 
0"3 o'.4 o'-s 0'.6 0'7 Oe 

7-m 2/r(z~r)2 
Figure 4 Temperature dependence of crystallization rates for a 
copolymer of 10~ nylon-6T/90% nylon-6,6. Graph showing 
- log 1/tl against Tm2/T(AT) 2 for three values of the melting tem- 
perature, Tin. A linear graph is obtained if the melting temperature 
is taken as 279°C. A, Tm= 279~'C; B, Tm = 276"5°C; C, T,,, = 

274~C 
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illustrates this for the copolymer  o f  1 0 ~  nylon-6T in nylon-6,6, which has 
an optical melting point  o f  274°C and an estimated thermodynamic  melting 
point  o f  279°C. Using this method,  the thermodynamic  melting points for the 
copolymers  were obtained, and the results are shown in Table 2. 

Table 2 Thermodynamic melting points_'of copolyamides 

Nylon-6T/6,6 copolymers: 
Nylon-6T(~) 0 2 5 10 15 20 
Measured melting point 268 270.5 272 274 277 281 

(hot stage microscopy) (°C) 
Thermodynamic melting point (°C) 274 275 277 279 281 284 

Nylon-6T/6,10 copolymers: 
Nylon-6T (~)  0 10 15 20 
Measured melting point (°C) 229 222 219 215 
Thermodynamic melting point (°C) 231 224 221 217 
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Properties of piperaz&e homopolyamide 
films 

LINO CREDALI and PAOLO PARR1NI 

Properties of films prepared from the following poly(piperazine amides) 
were examined: poly(2-methylpiperazine fumaramide); poly(trans-2,5-di- 
methylpiperazine fumaramide); poly(trans-2,5-dimethylpiperazine mesa- 
conamide); poly( trans-2,5-dimethylpiperazine terephthalamide); poly( trans- 
2,5-dimethylpiperazine isophthalamide); poly(trans-2,5-dimethylpiperazine 
adipamide). Mechanical properties of these films are good; they have in fact 
a high tensile strength and in accordance with the rigidity of the polymer 
chain, low elongations and a high modulus of elasticity. Optical properties 
are very good. Since the films have a high water absorption, permeability to 
water vapour is very high while treatment of the films in water causes lowering 
of mechanical properties. Resistance to thermal ageing in an atmosphere of 
nitrogen is good. Among the various films considered those obtained from 
polymers with an unsaturated acid (fumaric and mesaconic) seem to show the 

best properties. 

INTRODUCTION 

POLYAMIDES of piperazine and substituted piperazine are of  interest because 
of the general ease with which they may be transformed into films, and of 
some properties such as a high melting or degradation temperatme,  high 
water absorption, and high water permeability. 

These properties, del lying from the lack of a H atom at the amide nitrogen 
and f rom the rigidity given to the polymer chain by the presence of the 
piperazine ring, may be influenced by the nature of  the dicarboxylic acid, 
and by the degree of substitution of piperazine. 

Bruck 1 3, and Bruck and Levi 4 studied the thermal decay of homopoly- 
amides and copolyamides dmived f rom piperazine and from substituted 
piperazine. More recently Bruck 5 stressed the possibility of the potential use 
of  piperazine-derived copolyamides in medical implant applications, par- 
ticulady as a possible substitute for the cornea. 

In a previous study 6 we dealt with the properties of piperazine- 
derived polyfumaramides with different degrees of substitution; some 
properties of  films prepared from poly(2-methylpiperazine fumaramide) 
and from poly(trans-2,5-dimethylpiperazine fumaramide) have been con- 
sidered in particular. The properties of  films prepared from homopoly- 
piperazineamides deriving from fumaric, mesaconic, isophthalic and 
terephthalic acids are reported in the present study. The properties of the 
films are considered in relation to the polymer nature and to theil preparation 
process. 
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EXPERIMENTAL 

Preparation of  polymers 
Poly(2-methylpiperazine fumaramide) (2-MPF) and poly(trans-2,5-di- 

methylpiperazine fumaramide) (t-2,5-OUPV) were prepared by condensing 
fumaroyl dichloride and respectively 2-methylpiperazine and trans-2,5- 
dimethylpiperazine according to a method previously described 7. 

Poly(trans-2,5-dimethylpiperazine mesaconamide) (t-2,5-DMPM) was pre- 
pared by condensing mesaconyl dichloride and trans-2,5-dimethylpiperazine, 
according to a method previously described 8. 

• Poly(trans-2,5-dimethylpiperazine terephthalamide) (t-2,5-DMPT), poly- 
(trans-2,5-dimethylpiperazine isophthalamide) (t-2,5-OUm) and poly(trans- 
2,5-dimethylpiperazine adipamide) (t-2,5-DMP-6) were prepared by condensing 
the respective acid dichlorides with trans-2,5-dimethylpiperazine according 
to a method indicated by Morgan 9. 

Polymers used in the preparation of films showed the following inherent 
viscosity values: 

2-MPF 
t-2,5-DMPF 
t-2,5-DMPM 
t-2,5-DMPT 
t-2,5-DMPI 
t-2,5-OiP-6 

(at 30°C in HzSO4, 0.5 ~o) = 1.2 
(at 30°C in H2SO4, 0-5~) =- 2-2 
(at 30°C in H2SO4, 0.5~) = 1.1 
(at 30°C in H2SO4, 0-5 ~) = 1-6 
(at 30°C in m-cresol, 0"5~o) = 3.1 
(at 30°C in H2SO4, 0.5 7oo) = 1-5 

Film preparation 
Films were prepared by dry casting from polymer solutions. Before pre- 

paring the solution, polymers were dried at 105°C to constant weight to 
eliminate the moisture which had been absorbed. 

Films from formic acid (Carlo Erba RS) were obtained from a l0 wt. 
solution. The solution was prepared at room temperature and filtered under 
pressure through a G-3 type glass filter. The solution was spread on a glass 
sheet and the solvent was allowed to evaporate at 30°C. 

The films from the chloroform-methanol mixture (88:12) (Carlo Erba RS) 
were obtained by the same procedure from 5-6 wt. ~ solutions. During the 
evaporation of the solvent, particular care must be taken to avoid absorption 
of moisture which might cause polymer precipitation. The last traces of 
solvent were eliminated by a long treatment at 105°C under vacuum. 

Films with a thickness varying between 10 and 100 tzm may be obtained 
easily by controlling the polymer concentrations and the thickness of the 
casting knife spreading. 

The film properties have been determined on films of 25/~m thickness. 

Mechanical properties 
The tensile properties were determined by means of an Instron apparatus 

according to the ASTM-D-882 method. 
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The resistance to bursting (Mullen) was determined according to the 
ASTM-D-774-63 T method and the tear resistance by the ASTM-D-1922-67 
method. The folding endurance was determined according to the ASTM-D- 
2176-63 T method. 

Density 
Densities of films were determined by flotation in a mixture of toluene- 

carbon tetrachloride at 25°C. 

Optical properties 
Optical properties have been determined by means of a Gardner spectro- 

photometer following the ASTM-D-1003 method. 

Electrical properties 
The electrical resistivity was measured by a Teraohmmeter Ihare following 

the ASTM method D-257. The dielectric constant ~ and the dissipation factor 
tg8 were measured by a General Radio apparatus (Schering Bridge) following 
the ASTM method D-150 and the dielectric strength by an apparatus 
following the ASTM method (short-time test) D-149. 

Moisture regain 
Moisure regain was determined by exposing a dry sample to 65 O//o and 

98 ~ relative humidity atmospheres at 23°C for 24 h. Water absorption was 
determined by difference in weight. 

Water vapour permeability 
Water vapour permeability was determined by following the cup method 

in accordance with the ASTM-E-96 specifications, procedure B. 

Water resistance 
Water resistance was determined by dipping the film test sample in water 

and determining the loss of tensile properties with time. The film test sample 
dipped in water was taken out after successive intervals and wiped quickly 
between two sheets of filter paper, after which the properties were determined. 

Temperature resistance 
Thermal ageing was measured by treating the films at 150, 200 and 250°C 

in nitrogen in a closed system and determining the tensile properties after 
successive intervals. 
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RESULTS AND DISCUSSION 

The films we considered have been prepared respectively from the following 
polymers: 

poly(2-methylpiperazine fumaramide) (2-MPF) 

-1 HC--CO--N N ~ (I) ,~_/Jo 
CH3 

poly(trans-2,5-dimethylpiperazine fumaramide) (t-2,5-DMPF) 

~[~ CO--CH CH3 

n o -  c o -  Nk_/N (n) 
I ' - - -  

CH3 

poly(trans-2,5-dimethylpiperazine mesaconamide) (t-2,5-DMPM) 

-~ CH3 

HC -- C O -  N N (III) 

CH3 
poly(trans-2,5-dimethylpiperazine terephthalamide) (t-2,5-OMPr) 

CH3 

_~ C O ~  C()-- Nx~N --~- n (IV) 

CH8 
poly(trans-2,5-dimethylpiperazine isophthalamide) (t-2,5-DMPI) 

CH 3 

~o~~o_~ ~,, ~ ~ ,  

CH 3 
Some properties have also been determined on a piperazine polyamide 

derived from a saturated aliphatic acid: 

poly(trans-2,5-dimethylpiperdzine adipamide) (t-2,5-DMP-6) 

CH3 

~_~o_,c~,~o-~ ~ v 
CH3 
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Polymers (I) and (II) cannot be melted and have decomposition tem- 
peratures in nitrogen ranging from 350 to 380*C 7. 

Polymel (III) decomposes in nitrogen at 380°C s. 
Polymer (V) melts at 320°C while polymer (IV) does not melt until 420°C, 

and decomposes at 450-475°C 4. For polymer (VI) a softening temperature 
of 290°C has been reported 9. 

While polyamides (IV) and (V) are amorphous on x-ray analysis 4, poly- 
amides derived from fumaric acid, (I) and (II), are partly crystalline and for 
(1I) an identity period of 8.4 ~ 0.15 A has been determined along the 
polymer chain 7. 

Generally, films of the above-mentioned polymers may be prepared from 
solutions in formic acid but for t-2,5-DMPM and t-2,5-DMP-6 a chloroform- 
methanol mixture was preferred, t-2,5-DMPF has been cast as film from 
several solvents or couples of solvents; reported data about this polymer 
generally refer to films prepared from formic acid and from chloroform- 
methanol mixtures. 

Mechanical properties 
Mechanical properties of films prepared from formic acid and from 

chloroform-methanol mixture are given in Tables 1 and 2 respectively. 
Values for 2-MPF and /-2,5-DMPF are taken from a previous paper 6. 

Table 1 Tens i l e  p r o p e r t i e s  o f  p i p e r a z i n e  p o l y a m i d e  f i lms  c a s t  f r o m  f o r m i c  a c i d  s o l u t i o n s  

PolyamMe Conditioning* Water Yield Tensile Elongation Elongation Tensile 
content strength strength at yield at break modulus 
(wt .  %) ( k g / c m  2) at break (%) (%) ( k g / c m  2 

( k g / c m  2) < 10 3) 

2-MPr d r y  0 - -  1193 - -  6.5 3 2 . 1 0  
2-MPF c o n d i t i o n e d  8-3 - -  729 - -  3-0 29 .60  
t-2,5-DMPF d r y  0 - -  1220  - -  6"8 28"10 
t-2,5-DMPF c o n d i t i o n e d  6.1 890  810  3.5 5.0 31 .00  
t-2,5-DMPT dry 0 t t t + + 
t-2,5-DMPT conditioned 6.5 853 6.4 33.40 
t-2,5-DMP! dry 0 848 --  5.7 26.20 
t-2,5-DMPI conditioned 7-6 629 2.4 30.40 

*Conditioned at 23°C, 6 5 ~  r.h., for 24 h 
tToo brittle, no measurement was possible 

Measurements of mechanical properties have been made on samples of 
completely dry films as well as on conditioned samples. In each case there is 
a general reduction in toughness on passing from a dry to a conditioned 
sample, i.e. to one having a water content varying from 5 to 10~. 

Values given in Tables 1 and 2 confirm the excellent mechanical properties 
of polyamides derived from fumaric acid, in comparison to the corresponding 
isophthalic acid and adipic acid polyamides. The gleater toughness should, 
in fact, belong to the dry film of t.-2,5-DMPT but, in actual fact under these 
conditions, the films are so brittle that it becomes practically impossible to 
perform measurements on them. 
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The influence o f  the cast ing solvent  on the mechanica l  p roper t ies  was 
examined  for  t-2,5-DMPF. The solvents used were:  m-cresol ;  pheno l - t e t r a -  
ch lo roe thane  mix ture ;  m-c reso l - ch lo ro fo rm mixture ;  m e t h a n o l - c h l o l o f o r m  
mixture  and me thano l -me thy l ene  chlor ide  mixture.  In  all cases the tensile 

Table 2 Tensile properties of piperazine polyamide films cast from methanol-chloroform 
mixture (12:88) 

Polyamide Conditioning* Water Yield Tensile Elongation Elongation Tensile 
content strength strength at yield at break modulus 
(wt. ~)  (kg/cm z) at break (%) (%) (kg/cm 2 

(kg/cm 2) × 10 -3) 

t-2,5-DMPF dry 
t-2,5-DMPF conditioned 
t-2,5-DMPM dry 
t-2,5-DMPM conditioned 
t-2,5-DMe-6 dry 
t-2,5-DMP-6 conditioned 

0 - -  1203 - -  9-8 26'00 
5"5 870 835 3"8 7'8 28"00 
0 709 667 1 '3 11 '7 24'40 
8"7 737 637 3"4 23'7 35'60 
0 - -  855 - -  3"2 26'80 
6"4 - -  810 - -  3"8 27'10 

*Condit ioned at 23°C, 6 5 ~  r.h., for 24 h 

s t rength  values o f  films cond i t ioned  at  65 ~ relat ive humidi ty ,  a t  23°C for 
24 h fell between 800 and  850 kg /cm ~. 

The resistance to burst ing,  tear  s t rength and folding endurance  are given 
in Table 3. The values o f  resistance to burs t ing  and  tear  are  very interest ing 
as they are genera l ly  o f  the same order  o f  magni tude  as those o f  the best  
known  commerc ia l  films; t-2,5-DMPM gave the best  results. 

The stiff charac te r  o f  films is shown by the fo lding endurance  values;  the 
use o f  c h l o r o f o r m - m e t h a n o l  mixture  as cast ing solvent  enhances the values 
of  this p roper ty .  

Table 3 Bursting strength, tear resistance and folding endurance properties. Samples 
conditioned at 23°C, 65% r.h. for 24 h 

Polyamide Casting solvent Bursting strength Tear resistance Folding 
(Mullen test) (Elmendorf) endurance 

(kg/cm ~) (g/25/zm) (No.) 

2-MPr HCOOH 1 "2 12 200 
t-2,5-DMPF HCOOH 2"0 16 1 000 
t-2,5-DMPF CHCIz/CHzOH 2"8 15 20 000 
t-2,5-DMPM CHCls/CHzOH 4"5-7"3 20 1 100 
t-2,5-DMPT HCOOH * * * 
t-2,5-OMP~ HCOOH 2"8 15 450 

*Too brittle, no measurement  was possible 

Dens i t y ,  op t ica l  and  e lec t r ica l  p roper t i e s  
Table 4 gives the values o f  densit ies de te rmined  on dry  samples  at  25°C. 

The densi ty  values of  the var ious  films do  not  show any impor t an t  var iat ions.  
The value for  2-MPF is slightly higher.  
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Density measurements have not been made for films with different water 
contents or for heat-treated films as we believe their trend to be the same as 
that already determined for t-2,5-DMPF and previously reported °. For this 
polymer, we have already found that a water content of nearly 5 wt.i!.~ 

Teble 4 Densities at 25~C of piperazine 
polyamide dried films 

Polyamide Density 
(g/cm 3) 

2-NPF 1"285 
t-2,5-DMPF 1 '217 
t-2,5-DMPM 1 '221 
t-2,5-DMPT 1 "233 
t-2,5-DNPl 1"212 

increases the density value, but at higher water content density decreases. 
Optical properties are given in Table 5. Properties of t-2,5-DMPT films are 

not given in Table 5 because such films are generally opaque and milky. 
The films given in Table 5, prepared with formic acid as casting solvent appear 
perfectly transparent and brilliant. Films prepared with a methanol-chloro- 

Table 5 Optical properties of piperazine polyamide films. Samples conditioned at 23~C, 
65 o/r.h., for 24 h / o  

Polyamide Casting solvent Haze Luminous Gloss 
(%) transmittance (%) 

(%) 

2-MPF HCOOH 0"8 95 96 187 
t-2,5-DMPV HCOOH 1 "6 94-96 160 
t-2,5-DMPM CHCIa/CHzOH 9 90-94 135 
t-2,5-r)MPI HCOOH I 94-96 181 

form mixture generally have poorer optical properties, which are influenced 
more by the casting conditions. 

Gloss values for 2-MPF and t-2,5-OMPl are very good and higher than those 
of cellulose acetate or polyester films. 

Optical properties of  t-2,5-DMPM are of poorer quality as the film is obtained 
using a methanol-chloroform mixture as solvent. 

Electrical properties are given in Table 6 and are not very good as could 
easily be foreseen, given the hydrophilic nature of these polymers. They may 
be improved for films in the dry state, but this fact is not of practical 
interest. 

Resistivity is rather poor, and the polymers' polar character is revealed 
particularly by the rather high tg3 value. The dielectric constant varies 
between 3.5 and 4.5. The dielectric strength values are of the same order as 
those of traditional polyamides. 
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Table 6 Electrical properties of piperazine polyamide films. Samples conditioned at 23 °C, 
65 ~ r.h., for 24 h 

Polyamide Casting Resistivity Dissipation Dielectric Dielectric 
solvent (O • cm) factor* constant* strengtht 

(tg3) (~) (kV/25 t~m) 

2-MPF HCOOH 9 x 1012 0"4 x 10 -2 3"5 2"5 
t-2,5-DMPF HCOOH 2 X 1012 2 X 10 -2 3"7 1"0 
t-2,5-DMPM CHC18/CHaOH 3 X l012 1"5 X 10 2 3'9 2'5 
t-2,5-DMP[ HCOOH 2 x l012 1"8 x l0 2 4"5 2"5 

"106 Cycles 
1"50 Cycles 

Behav iour  to water  
One of the most interesting properties of piperazine homopolyamide films 

is their behaviour to water. This behaviour, which may be remarkably 
important for applications of these films, mainly derives from their high 
water absorption. 

Table 7 gives the moisture regain of film with 65 ~ and 98 ~ relative 
humidity. As can be seen from these values the regain of moisture by 

Table 7 Moisture regain of piperazine polyamide films at 65 ~ and 98 ~o r.h., after 24 h 
at 23°C 

Polyamide Casting solvent Moisture regain (% by weight) 
65~ r.h. 98~ r.h. 

2-MPE HCOOH 8.3 23.4 
t-2,5-DMPF HCOOH 6' 1 16"6 
t-2,5-DMPF CHCI3/CH3OH 5"5 16'5 
t-2,5-DMPM CHCIa/CHzOH 8"7 21 '9 
t-2,5-DMVT HCOOH 6"5 19'8 
t-2,5-OMPI HCOOH 7"6 23"6 

piperazine homopolyamide films is generally very high. Under the same 
conditions a cellulose acetate film with 39.8~ acetyl contents gave the 
following moisture absorption values: 4.3 ~ in weight at 65 ~ r.h. and 13.4 
in weight at 98 ~ r.h. 

The higher moisture regain shown by piperazine homopolyamides, in 
comparison with polyamides from primary diamines, may be related to the 
lack of a hydrogen atom at the amide nitrogen, which prevents hydrogen 
interchain formation links. 

Films derived from 2-MPF and t-2,5-DMPI have the highest moisture 
absorption values; t-2,5-DMPM has a higher value than t-2,5-DMPF, while we 
could expect the opposite given the greater number of methyl substituent 
groups of t-2,5-DMPM. 

Permeabilities to water vapour of the various kinds of films are given in 
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Table 8. These values show that permeabilities to water vapour of  piperazine- 
amide films are rather high. Under the same conditions a cellulose acetate 
film with an acetylation degree of 39.8 ~ gave a value of: 

g x c m  
0"154m'~ x mmHg × 24h  

Among the various films 2-MPF has the highest permeability value. On the 
contrary t-2,5-DMPI and t-2,5-DMPT give a lower value. 

A comparison between the values of Tables 7 and 8 show that, for every 

Table 8 Water vapour permeability at 25 'C of piperazine polyamide 
films 

Polyamide Casting soh,ent Water vapour permeability 
( g :  cm 1 

m 2 :~ mmH g 24 h/  

2-MPF HCOOH 0"350 
t-2,5-DMPF HCOOH 0"347 
t-2,5-DMPF CHC13/CH3OH 0"238 
t-2,5-DNPN CHCI3/CHaOH 0"270 
t-2,5-DMPT HCOOH 0' !40 
t-2,5-DMVl HCOOH 0' 177 

film, there is no correspondence between water absorption and permeability. 
In particular the high wate~ absorption of t-2,5-DMPi and t-2,5-DMPT com- 
pared with t-2,5-DMPF does not correspond to a higher permeability. [n first 
approximation such behaviour can be explained qualitatively, by considering 
that permeability depends on the solubility and rate of diffusion of the 
molecules of the diffusing substance in the medium in which it diffuses. The 
chemical structure of  the polymers considered may influence these two 
parameters differently leading to different relations between solubility and 
permeability values. A study of the relation between water permeability and 
polymer structure is under investigation and will be reported later. 

Values obtained for t-2,5-DMPF also show a considerable influence of the 
casting solvent on permeability. It is probable, in fact, that acid iesidues 
derived from formic acid used as casting solvent, considerably alter the 
permeability values. 

A special property of piperazine polyamide films is their mechanical 
behaviour after dipping in water; in fact, after water treatment these films 
become partly elastic and their mechanical properties tend to be lowered 
considerably. 

A series of test samples was dipped into water for a certain period ; after 
the samples were taken out of the water, and quickly wiped at their surface 
between two sheets of  filter paper, their mechanical properties were then 
determined. The results are given in Table 9. As may be observed from the 
values obtained after treatment of 24 and 720 h a general decrease of  the 
tensile strength occurred. At best this was only 3 0 ~  of the initial value for 
the dry sample. There was also a remarkable decrease in the modulus of 
elasticity and an increase in elongation. In agreement with the structure of  
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the polymer chain with a larger number of  methyl substituent groups, 
t-2,5-DMVM has the highest residual load, while there are no changes in 
passing from polyamides based on fumaric to those containing isophthalic 
acid. 

Mechanical tests have not been carried out on the t-2,5-DMr'T film because 
the samples proved exceedingly brittle after dipping in water. A certain 
influence of the casting solvent may be found for the first 24 h of water 
treatment. After 24 h treatment, t-2,5-DMPF film, prepared from the methanol-  
chloroform mixture, shows better mechanical properties than that prepared 
f rom formic acid. For  subsequent times, however, samples left in water tend 
to behave in the same way. 

Behaviour to temperature 
It has been shown in a previous paper 6 that 2-MPF and t-2,5-DMPF films 

have a poor  resistance to temperature when heated in the presence of oxygen, 
while temperature resistance properties are excellent when these films are 
heated in non-oxidizing conditions. Table 10 gives the tensile strength half- 
time breakdown of piperazine polyamide films, under non-oxidizing con- 
ditions, so that the influence of the chemical structure on this property can 
be examined. 

"Fable 10 Thermal  ageing of  piperazine polyamide  films in ni t rogen at different tempera tures  

H a l f  time tensile strength breakdown at 

Polyamide * 150 :' C 200 ° C 250'  C 

2-MVF )> 3 m o n t h s  ~ 3 m o n t h s  72 h 
t-2,5-DMPF > 3 m o n t h s  ;> 3 m o n t h s  1 m o n t h  
t-2,5-DMPM 2 m o n t h s  480 h 12 h 
t-2,5-DMP-6 1 m o n t h  48 h 6 h 
t-2,5-DMr'L 240 h 48 h 24 h 
t-2,5-DMVT 2 m o n t h s  156 h 48 h 

*Casting solvent formic acid 

It may be observed from these data that poly(piperazine amides) based on 
fumaric and mesaconic acids are more resistant than the corresponding 
polyamides based on adipic, terephthalic and isophthalic acids. Poly- 
(piperazine fumaramides) are also more resistant than poly(piperazine 
mesaconamides) and this may be linked to the different structure of the two 
acids, in which an extra methylene substitutent group leads to poorer re- 
sistance to temperature. 

In the course of  these tests solvent residue (formic acid) as well as water 
absorbed by the polymer were found to have a remarkable influence on 
thermal resistance. For this reason samples tested on thermal ageing have 
been dried for a long time before being measured. 
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CONCLUSIONS 

Films prepared from piperazine polyamides generally show good mechanical 
properties; in fact films with high tensile strength, low elongation and a high 
elastic modulus were obtained. Considering that these films did not undergo 
any stretching treatment, they can be ranked among the best for their 
mechanical properties. It has been previously shown 6, moreover, for t-2,5- 
DMPF, that stretching brings the tensile strength to very high values of 
2550 kg/cm ~ with an elastic modulus of 72 400 kg/cm~; a similar course is 
also foreseeable for the other polyamides described in this paper. 

The films have very good optical properties. In fact, piperazine polyamide 
films are highly transparent, with low haze and high gloss value. Such 
properties give to the films an even better aspect than that of polyester or 
cellulose acetate films. 

A detrimental property of the films considered is the loss of tensile strength 
when they are wet. This involves several difficulties in the eventual application 
of these polymers. Steam permeability properties ale, on the contrary, very 
good. 

Among the various poly(piperazine amides) which have been examined, 
t-2,5-DMPF has the best properties, within the above indicated limits, with 
regard to the ease of obtaining films, as well as to the mechanical, optical 
and thermal ageing resistance properties. Loss of mechanical properties 
of t-2,5-DPM film after water treatment is slightly less. 

From the related properties taken as a whole, it may be inferred that the 
presence of an unsaturated acid, as a component of the poly(piperazine 
amides) leads to better properties in the preparation of the films as well as 
in their intrinsic properties. As for the preparation, use of formic acid as a 
casting solvent leads to films having excellent optical properties, while the 
use, when possible, of a chloroform-methanol mixture results in films gener- 
ally having inferior optical properties. The use of formic acid, however, leads 
to considerable difficulty in eliminating acid residues remaining in the film, 
which might give rise to large variations in the properties of the films them- 
selves. 
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Analogies between chain-folded and 
extended-chain crystallization of 

polyethylene 

D. C. BASSETT and JANET M. PHILLIPS 

Polyethylene lamellae grown from the melt under vacuum and at 5 kbar 
(1 bar = 105 N m -2) have been compared. Molecules in them persist in folding 
even at intervals close to their own length. The temperature dependence of 
layer thickness is identical in both cases. All data are fitted by the same 
expression, which coincides at lower supercoolings with that developed in ki- 
netic theories of chain-folding. Only at low pressure, however, are the 
parameters sensible. Pursuit of the analogy between low and high pressure 
crystallization suggests that theories of chain-folded growth from the melt 
are inadequate if they neglect lamellar thickening behind the growth front. 

INTRODUCTION 

RECENT INVESTIGATIONS in this laboratory have revealed a qualitative simi- 
larity between the thicknesses of  polyethylene lamellae grown at low and 
high pressures. So-called 'extended-chain' crystallization of fractionated 
polymer gives layers whose average thickness increases with temperature 
and t imO. Because this is the same trend of behaviour as reported for chain- 
folded crystallization at atmospheric pressure, it becomes increasingly of 
interest to compare the two cases in more detail. This has been attempted in 
the present paper  which reports a preliminary examination of the relative 
effect of  crystallization temperature on lamellar thickness at 5 kbar  (1 bar = 
105 N m -2) and under vacuum. 

Particular importance was attached in the first instance to making a com- 
parison with very short molecules at low pressure in order to have a ratio 
of  molecular length to crystal thickness similar to that for the high pressure 
data. This was because whereas kinetic theories of chain-folding predict 
observed crystal thicknesses reasonably well for typical molecular lengths, 
their applicability is not strictly justified unless the actual crystallization 
approximates to that of  the infinite molecule, i.e. where the molecular 
length is much greater than the fold length 2. In the event, however, this cau- 
tion proved unwarranted. At least to a first approximation, the observed 
thickness at a particular supercooling under vacuum showed no change with 
molecular weight for chain lengths as short as 500 A. Moreover,  all high and 
low pressure data fit surprisingly well to the same reduced curve, implying 
that a single unified formalism is capable of describing crystal thicknesses 
throughout the pressure range to 5 kbar  including what are usually known 
as chain-folded and extended-chain crystals. 
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EXPERIMENTAL 

Materials 
Three linear polyethylenes have been used, which are listed in Table 1. 

Samples 1 and 2, obtained by column fractionation, both had a weight- to 
number-average molecular weight ratio of 1-14 when characterized by gel 
permeation chromatography 1. Sample 3, in contrast, was a crude fraction of 
low molecular weight obtained by selective dissolution from a sample of  
Rigidex 50. The homopolymer  was subjected to boiling amyl acetate in a 
Soxhlet extractor, giving a soluble product which after cooling, filtration 
and drying then had the lowest molecular weights similarly removed by 
boiling 2-butoxyethanol The dried residue was sample 3. Viscosity measure- 
ments and the use of  Chiang's relation ~ 

[~/] 6.2 >~ 10 4 ~',/~.7 

gave its molecular weight as M , / -  5270 ~- 300. 

Table ILMolecular weights of samples used 

Sample Moh'cular weight 
Number average Weight average Viscosity average 

1 50 100 57 200 
2 21 600 24 700 
3 5270 

Lamellar thickness 
Measurements of lamellar thickness came from two sources. Values to 

about  500 A produced by low pressure crystallization were determined 
primarily by low-angle x-ray diffraction. For the most part  only first-order 
diffraction peaks were detected, whose position was converted to a long 
spacing using Bragg's law and without correcting for slit collimation. On 
occasion, however, data were reinforced by electron microscopy of fracture 
surfaces. 

For the higher thicknesses found in 'extended-chain' samples this is the 
only technique yet available, despite its well-known disadvantages. In this 
case dimensions were measured parallel to c, i.e. along the striations produced 
by fracture. Random sampling of a large number of lamellae was used and 
led to a number-average figure, as has been described previously 1. The identi- 
cal treatment used for vacuum-grown polymer gave fair agreement with 
x-ray values. Figure 1, for example, is a histogram compiled in 200/~ intervals 
of  measurements made on the fracture surface of Figure 2. The material is 
sample 3 crystallized at 125°C. Figure 1 gives a mean value of 555/k with 
a probable error of  25 A, which compares with an x-ray value of 433 + 45 A 
and an estimated viscosity average molecular length of 480 A. 

The microscopic measure, which is of  fold length should be higher by a 
factor sec 0 (0 being the angle between c and the lamellar normal) than the 
layer thickness determined by x-rays. From observation and also model 
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systems4, ~, 0 appears to be about  35 °. This essentially accounts for the dif- 
ference between the two lengths as their direct ratio gives 0 = 39 ° with a 
probable error of  ÷ 9, - -  13 °. However, there are in addition other factors 
which are difficult to quantify. Chief among these are the representative 
nature of  a fracture surface and the conversion of a single diffraction peak 

8 0  

60  

t~ 
O *- 4 0  
t-- 

t.. 

20 

O ~ 
O 4 0 0  BOO 12OO 16OO 

Lorn¢llor extension 
Figure 1 Histogram of molecular extensions measured on the fracture surface of Figure 2 
for 89 lamellae. The number average mean length is 555 ~ 25/~; AT :- 12°C period 

using Bragg's law. Regarding the former, one knows that the brittle character 
of fracture increases with. greater relative molecular extension 1. One might, 
therefore, anticipate that a propagating crack would reveal the more- 
extended chain regions in a sample preferentially. 

Nevertheless, generally one can state that these (and other) uncertainties 
are partly mitigated when one compares only values obtained with the same 
technique, as is effectively the case throughout this work. In Figure 3 it is 
achieved by reduction to a relative change in spacing. An arbitrary reference 
value of 16 K of supercooling was taken, falling conveniently as it did within 
the range of all three sets of  data. Some diffuseness, greater than may appear 
at first sight must, nevertheless, remain in Figure 3, if only because spacings 
are time dependent and should, therefore, be compared at equivalent times. 
The experimental basis for so doing is not yet available. We have, accordingly, 
for the rapidly changing sizes found at 5 kbar, used figures measured at the 
shortest times. The time dependence is less marked at low pressure and then 
we have been content with values recorded after longer intervals required 
effectively to complete growth at the higher temperatures. 

Determination o f  supercooling 
The various crystallization temperatures, Tc, used have been reduced to a 

common basis of  supercooling defined as A T  = Tm o --  Tc where Tm° is the 
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directly observed melting temperature of  a highly-extended-chain sample of 
the fraction. At 5 kbar, Tmo was determined as that temperature of  annealing 
at which samples close to full molecular extension were first able to be 
quenched to low-melting polymer 1. All other melting points were recorded 
as the peak of the melting endotherm recorded by a Perkin-Elmer DSC1B 
instrument, using a scanning rate of  8 K/rain and calibrated against indium. 

Figure 2 Portion of a fracture surface of sample 3 crystallized at 
12UC for 24 h under vacuum 

RESULTS 

Data  are collected in Table 2 and Figure 3. They include high pressure data 
taken f rom earlier work 1 and combine chain-folded (Figures 2 and 4) and 
'extended-chain' (Figures 2 and 5) morphologies. At low pressure, samples 
were sealed in glass ampoules while being evacuated with a diffusion pump, 
and crystallized after holding for 3 min at 150°C. The procedure at 5 kbar 
(4.9 ± 0-25 kbar) has been described elsewherO. 

DISCUSSION 

Although polyethylene fractions of  20 000 and 5000 molecular weight give 
slightly different spacings at the same crystallization temperature under 

733 



D. C. BASSETT AND J. M. PHILLIPS 

2"0 

t -  

O 

c 
0 

t .0 

0 

0-51 
0 

0 

0 
• o • X  0 0  

• I I  

l I I i I I 

0'02 0.04 (>06 0-08 O.tO 0-12 
Inverse supercooling ( K -1) 

Figure 3 Reduced curve of relative spacing change against inverse supercooling 
for all data (see text). × Sample 1 (5 kbar); © sample 2 (0 bar); • sample 3 

(0 bar) 

Figure 4 Chain-folded morphology in sample 2 crystallized at 127°C 
under vacuum for 24 h 
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vacuum, values become the same when expressed in terms of supercooling 
using the experimentally determined values of Tm°. This parallels growth 
from solution where the insensitivity of crystal thickness to molecular length 
is well known. Of particular interest, however, is that this behaviour should 
hold to molecular lengths little longer than the crystal size. The implication 

Figure 5 'Extended-chain' crystals of sample 1 prepared at 4"9 kbar 
by crystallizing at 218°C for 30 min (Courtesy of D. V. Rees) 

appears to be that for sample 3 and also sample 1 at 5 kbar, molecules will 
fold once into a walking stick configuration rather than crystallize fully 
extended. This is a somewhat controversial point which needs further 
consideration. 

If  a single molecular species is being considered and is found to give 
lamellae thinner than its length, then it must be concluded either that fully 
extended molecules are tilted within the layer (i.e. the basal plane is not 
perpendicular to c) or that there is molecular folding. Interpretation of 
experiments with both oligomeric amides and polyoxyethylenes in this way 6 
has favoured folding. With polydisperse samples, however, one must consider 
a third alternative which involves fractionation. This is that molecules 
always crystallize fully extended and increases of x-ray long period with 
crystallization temperature reflect merely the progressive inability of the 
shorter molecules to crystallize 7. One could presumably argue further that 
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even when all the sample crystallized, the longest molecules could form 
separate extended-chain crystals of their own, which would not be directly 
represented in an x-ray value, taken from the peak of a distribution. Such 
a procedure must lead to an average length. 

Although this scheme has points of similarity to the present data, it does 
not appear to provide a sufficient explanation of them. Segregation of low 
molecular weight polymer does occur in certain circumstances and may be 
recognised by the appearance of a second, lower temperature, melting peak 
which is sensitive to cooling conditions and whose proportion becomes 
constant in time. This is not always the case, however, and considerable 
variation in spacing can occur with a single melting peak as in samples 1 and 
2 (Table 2). Secondly, even when there is progressive separation of shorter 
molecules with temperature, there is no correlation with changes in spacing. 
Furthermore samples 2 and 3, of which the former crystallizes as a whole, 
give equivalent spacings. For all these reasons, fractionation appears to be 
irrelevant to the point in question and we are forced to conclude that mole- 
cular folding persists from the melt until fold and molecular lengths are very 
nearly equal. 

When one considers crystals grown from solution for comparison, there 
is direct support for folding of very short molecules by the persistence of 
sectorization in crystals of low molecular weight polyethylene. This pheno- 
menon is a consequence of each region containing a sufficient proportion of 
molecules folded along a preferred plane (which is no doubt usually the 
growth plane). Its study in low molecular weight polyethylene has shown that 
not just folding itself, but even the particular asymmetric shapes of folds are 
preserved down to very low molecular weights s,9. With sharp gel permeation 
chromatogTaphy fractions sectors (and thus chain-folds) have been revealed 
in crystals of polyethylene as low as 2300 in molecular weight 1°. 

The finding that x-ray long period is little dependent on molecular weight 
at a given supercooling may be expressed alternatively by the consideration 
that crystal thickness is unaffected by cutting an infinite molecule into short 
lengths. In other words the cut ends must in some way be paired in the crystal. 
This might be by being physically adjacent or perhaps, as has recently been 
suggested 11, by end-groups tending, on the whole, either to start or finish 
neighbouring segments in the crystal. Such a scheme does not necessarily 
imply total exclusion of chain-ends from lamellae but is rather a means of 
accounting for their accessibility to chemical attack 12. Indeed, a proportion of 
both folds and end-groups lie buried within a layer to some extent on this 
model. Moreover, it has been shown that there is sufficient flexibility of 
interchange between full molecular extension and singly folded approxi- 
mately hairpin configurations, in even moderately polydisperse samples to 
allow a quasi-continuous increase in crystal thickness with crystallization 
temperature. With monodisperse polymer, however the long period can only 
take discrete values such as have been observed for polyoxyethylene 13. 

The translation of this latter proposal to the analogous situation of mole- 
cules crystallized at high extension under pressure is not entirely straight- 
forward. One may, of course, draw the same pictorial molecular configura- 
tions, merely changing the relative scale, but this would leave the crystal 
density unaltered, whereas in practice densities of around 0-995 result in 
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pressure-crystallized samples, much higher than the 0.97 recorded for crystals 
of short chain polyethylene n. Moreover one has not only the continuous 
increase of lamellar thickness with temperature to account for, but also that 
with time and this, too, in lamellae whose molecular weight range has been 
sharpened by fractional crystallization 1. For  present purposes, however, this 
problem is a side issue. Our concern is more with the demonstration of 
chain-folding persisting in melt growth to high molecular extensions and 
with the comparison of high and low pressure behaviour. 

The comparison of melt crystallization at high and low pressures is 
contained in Figure 3. No parameters are adjustable. They have all been 
measured. The observations are evidently compatible with a single reduced 
curve, the strict meaning of ~hich is that crystal thickness has the same shape 
of  temperature dependence in both cases, q-he effect of pressure is hidden in 
reducing the spacings to a relative change, but the formal implication is that 
a single magnification factor is sufficient to represent the pressure dependence 
in a unified description of melt crystallization. 

The particular plot of Figure 3 was chosen bearing in mind that kinetic 
theories of chain-folding predict a fold length: 

2ere 
1 -- ASsA T q- 31 (1) 

AS I being the entropy of fusion per unit volume and 81 a constant. This re- 
lation is obeyed well for solution growth at 1 bar .4 whine spacing is observed 
to be linear in inverse supercooling 15. The reduced plot becomes linear with 
decreasing supercooling when it may be said to be represented by an expres- 
sion of the type of equation (1). Use of equation (1) itself, however, though 
giving a reasonable value for ere, the end surface free energy of ~ 100 erg/cm z 
from the slope at 1 bar, leads to the unacceptable conclusion that ~re is 
proportional to reference length. There is no experimental support for this. 
Our unpublished measurements confirm that polyethylene crystals have 
practically the same thickness when grown at 5 kbar as at 1 bar 16. One 
cannot look, therefore, to sufficient increase in ere to account for extended- 
chain thicknesses. Thus although kinetic theory formalism may fit the results, 
it does not do so with sensible parameters. Moreover, one can go further and 
criticize the relevance of current kinetic theories of chain-folding to the 
experimental observations at high pressure, because they take no account of 
lamellar thickening. 

The theoretical solutions for chain-folded thicknesses are independent of 
time, molecular configurations remaining as they were laid down on the 
growth face except for minor readjustments such as fold smoothing. They 
lead to a difficulty, however, in predicting melting points of lamellae to be 
closer to their growth temperatures than is observed. A possible explanation 
was postulated to be isothermal lamellar thickening during crystallization .7, 
but a better may be decreasing ~e due to improved fold packing 18. This would 
be in agreement with observations on solution-grown crystals where there is 
independent evidence for the latter 19 but not the former. With melt growth, 
however, the situation is apparently different. For polyethylene the L2 x-ray 
peak moves to smaller diffraction angles with time e°, (although L1, which 
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some interpret as the overall layer thickness 21, remains constant). In addition 
there is a quanti ty of  evidence (Rybnikar ,  F., personal communicat ion)  on 
samples quenched during crystallization showing both  L1 and L2 increasing 
with time. We found a similar modest  increase with the present samples at 
low pressure. At  high pressure there is microscopic evidence o f  substantial 
increases with timO. However,  the relative change in layer thickness is about  
the same as that  at atmospheric pressurO. Evidently there is a further quali- 
tative similarity here between high and low pressure crystallization whose 
study should usefully clarify both. The present results on temperature depen- 
dence, are not so much concerned with longer term thickening as with that 
occurr ing early in the establishment of  the measured lamellar size. In a theory 
by Peterlin 22, the two are related but our results are not in agreement with 
its predictions as we found no evidence for a strong dependence on molecular 
weight for molecules only slightly longer than the layer thickness. 

It appears f rom high pressure observations that  the large 'extended-chain '  
dimensions are attained behind a much thinner growing edge 1. The effect 
is most  evident for very long molecules which seem to slow it down. Whilst 
this would allow one to interpret the measured thickness as a multiple of  that  
initially laid down (which would not only be consistent with Figure 3 if the 
multiple were constant,  but  could thereby avoid unreasonable parameters in 
the use of  equat ion (1)) it leaves the reason for the large thickness unexplained. 
Nevertheless, if the phenomenon  happens at high pressure then it must also 
occur under vacuum insofar as crystallization is analogous. Thus the work 
in this paper  by support ing the analogy between low and high pressure 
crystallization carries with it the implication that theories of  chain-folded 
growth f rom the melt are inadequate if they fail to take into account  sub- 
stantial lamellar thickening behind the growth front. 

J. J. Thomson Physical Laboratory, 
University o f  Reading, 
Reading RG6 2A F, UK 
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The fracture of polystyrene." some 
observations on strength and cracking 

phenomena 

R. J. BIRD, G. ROONEY and J. MANN 

Tensile tests have shown that crazes formed in stressed polystyrene are regions 
of unimpaired strength. The study of fracture surfaces with the aid of carbon 
replicas in the transmission electron microscope has revealed that at the onset 
of fracture the material has a sponge-like character and a great deal of fibrous 
structure. Investigation of the changing surface detail produced as the crack 
propagates has given new information, particularly on slow secondary fracture 

features. 

INTRODUCTION 

IN POLYSTYRENE and a number of  other glassy polymers, fracture is preceded 
by the formation of planar crazes. These features are regions of  optical 
discontinuity, oriented at right angles to the stress field, which look like 
cracks but Spurr and Niegisch 1 and others have shown them to be filled with 
coherent material. Craze material is thought to be deformed and to contain 
small voids, which, in polycarbonate, were reported by Kambour  2 to be in 
the size region 20-100 A and to constitute 40-65 ~ of  the volume of the craze. 

When fracture occurs it is initiated within a craze, by coalescence of voids, 
and propagates as far as it can in the craze, as shown by Murray and Hull 3. 
These workers traced the progress of the crack through the craze and des- 
cribed its interaction with some secondary fractures. 

We have carried out some work on the tensile fracture of  polystyrene, 
using injection-moulded samples, which has confirmed the load-bearing 
nature of  craze material and produced fresh evidence on the initiation and 
propagation of cracks in this material. 

EXPERIMENTAL 

Specimens were made f rom Shell Carinex H R  polystyrene to the standard 
ASTM 0.19 m (7.5 in) dumb-bell shape by injection moulding. 

Strength of craze material 
To assess the strength of craze material, six of  these specimens were stressed 

to fracture. As is usual with such injection-moulded samples, these showed 
crazes extending over the greater part  of  the cross-sectional area but not 
into the outer skin of  material. F rom suitably large pieces of these specimens, 
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this clear outer skin was removed by filing and polishing to provide small 
dumb-bell specimens crazed over their whole cross-sectional area. These were 
then tested to fracture. Whereas the mean fracture stress of the original 
samples was 41.8 MN/m 2, that of eight small crazed samples made from 
them was 43.5 MN/m~; thus the formation of craze material is certainly 
not accompanied by a reduction of strength. 

R E S U L T S  

The main part  of the work was an examination of the two faces produced by 
the very slow fracture of  one of the ASTM-type specimens. It was fractured 
as slowly as possible in a Dennison testing machine, the duration of stress 
application to failure being about 1 h. 

Normal appearance 
A low-magnification photograph of one of the surfaces is shown in Figure 1. 
The main feature on the surface is a large dumb-bell-shaped mirror-like area 
corresponding to the area occupied by the craze through which the fracture 

Fi~,ure 1 Visual appearance  of  fracture surface ( 8 )  

occurred. At the centre of the mirror area there are some dark lines (A) 
oriented approximately parallel to the major axis of the section, and sur- 
rounding these an elliptical area B, surrounded in turn by a bright elliptical 
band C. Beyond C the remaining part  of the mirror area (D) extends only a 
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short distance along the direction of the minor axis of the ellipse, but a 
considerable distance in the direction at right angles. Outside the dumb-bell 
there are four broad bright lines F and H above and 2 corresponding features 
F'  and H'  below, which extend the length of the fracture face and reflect the 
shape of the ellipse. Such lines have been termed 'hesitation' lines 4, and they 
are probably explicable in terms of subsidiary crazes forming ahead of a 
main craze as observed by Hull 5. The other fracture surface was of exactly 
corresponding appearance. 

Microscopic examination 
Both fracture surfaces were examined in the electron microscope by the 

carbon-replica technique. Initially, low-magnification composite micro- 
graphs were made of each, to cover the greater part of the elliptical regions 
B and C and a little beyond. On these the bars of the specimen grids provided 
a convenient system of reference co-ordinates which facilitated relocation of 
interesting detail. 

Fracture-initiation region. A wealth of asymmetric secondary fracture 
features, such as we have studied previously 6, could be seen in area B, and 
from these we could deduce the direction of crack propagation; it was clear 
that failure had initiated at the lines A and had travelled out radially. This 
is broadly in accord with the findings of Murray and Hull 3 working with 
Carinex GP;  they consider the crack-initiation region in this material to be 
a cavity formed by coalescence of voids, and extending the whole depth of 
the craze, but they do not show or discuss the fine detail of these parts of the 
fracture surfaces. 

Figure 2 shows a relatively low-power view of region A. It shows a consider- 
able amount of drawn material and in the area of finest detail there seems to 
be a three-dimensional mesh, a sponge-like structure. In Figure 3, a stereo 
pair of images of another part of this region at higher magnification, the 
sponge-like appearance is less pronounced but the drawn material is better 
revealed. It appears to have a distinctly fibrous nature, not only in the 
upstanding walls of the sponge where the fibres tend to be somewhat coarser, 
often with thickened retracted ends*, but everywhere over the hollow surfaces 
of  the cavities where there seems to be a fairly uniform basic fibril diameter 
of 100-500 A. This fine fibrillar detail is further illustrated at higher mag- 
nification in Figure 4. The surfaces of these cavities appear to be collapsed 
masses of fibrils, sometimes in tangled random array and sometimes more 
orderly. The uniformity of the widths of these fibrils suggests they are go- 
verned by some basic property of the polymer, perhaps indirectly by the 
molecular weight. The directionally grained surface discussed previously 6 as 
characteristic of slow fracture has a grain-width dimension of similar mag- 
nitude and may therefore be another manifestation of the same structure. 
Fibrils of about 100/~ width have been shown in rubber by Andrews 7 but 

* The thickening of upstanding broken ends suggests recovery or plastic flow but these 
signs should be viewed with some caution because of the possibility of heat damage 
during the making of the surface replicas. 
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Figure 2 Ductile fracture of centre of specimen (region A) ( < 2100) 

Figure 3 Region A, stereoscopic pair (,~ 8750) 
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only at extensions approaching 700 ~ ,  and Walters 8 found evidence of fibres 
100-1000 A thick in rubber stretched from 100 to 4 5 0 ~  extension and torn 
along the stressing direction. Our observations suggest that although Kam- 
bour showed the mean extension of craze material to be about 60~ ,  con- 
siderably higher extensions occur locally in the process of fracture initiation. 

Slow secondary fractures. The secondary fracture features occurring in 
r egion B, the region of slow crack growth, appear to be of two characteristi- 
cally different types. These are readily recognizable from their foci which are 
either neatly rounded or of a ragged multipoint star shape (see R and S in 

Figure 4 Ducti le  fracture at centre  o f  spec imen (region A) ( x 21 000) 

Figure 5). There is a difference also in the direction of the drawn fringe of 
material in the two cases. That of R with the plain focus is outwards, whilst 
that of S with the star-like focus is inwards. 

Murray and Hull, working with Shell Carinex GP polystyrene, deduced 
from optical interference microscopy that hollows in one fracture face cor- 
responded with hillocks on the other. In the present work the greater resolu- 
tion of the electron microscope has given a clearer impression of these fea- 
tures as they occur in the Carinex HP grade. In a number of instances 
stereoscopic pairs of  images were obtained of corresponding features in the 
two fracture faces. Of these Figure 6 is typical. (The shadowing direction 
in replica making, and the orientation of the resulting specimens in the 
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electron microscope were not controllable and this has led to difficulty in 
presentation.) The main interest in Figure 6 is the closely spaced pair of 
secondary fractures. There is a substantial size difference in these features 
as seen on the two faces, and the drawn fringes are clearly seen. Three-dimen- 
sional viewing facilitates the sketching of the shape of these fracture faces 

Figure 5 Slow secondary fractures in region B ( x  3200) 

in normal section along a line through their centres. The result is shown in 
Figure 7a in which the direction left to right corresponds to top to bot tom in 
Figure 6, the direction of main crack propagation. This sketch suggests that 
both fractures were initiated at a level (in the sketch) above the plane of the 
advancing main crack; they then propagated down towards that plane along 
conical paths. The two surfaces generated by each of these secondary frac- 
tures suffered considerable distortion owing to plastic deformation during 
fracture, particularly those in the lower half of  the sketch which have broad- 
ened and collapsed to such an extent as to produce hollows containing only 
small remnants of  the original cone tips. Other secondary fractures in the 
region B have been similarly examined and found to be essentially similar 
(Figures 7b and 7c) except that the deep hollow cones occur sometimes on the 
one face and sometimes on the other, with equal probability. 

Crack propagation over the whole of the area B may be loosely described 
as slow, and the secondary fracture features have everywhere the same essen- 
tial characteristics. There is, however, a tendency for the appearance of 
these features to change somewhat towards the outside of this region where 
they are generally broader and flatter and more nearly alike on the two frac- 
ture faces, except for the foci which are almost always distinctive. 

The essentially similar appearances of  the two faces generated by the 
fracture indicate that fracture occurred not only at a craze but within it. 
The secondary fractures must initiate at points of weakness in the region of 
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A 

Figure 6 Secondary fractures in region B--stereoscopic pairs of corresponding features on the 
two fracture faces ( x  1500). The replicas of the two fracture halves were not similarly 
oriented in the microscope. The lines AA indicate a common reference direction. 
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A 
I 

A 
Figure 6 (continued). 
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stress concentration just ahead of the main crack, close to the plane of the 
latter. Murray and Hull suggested they occur on the craze boundaries. After 
initiation they do not run away as plane cracks parallel to the main crack, 
but follow conical paths suggestive of  shear failure. 

g// / / / / / /~~// / / / / / j  

Figure 7 Shapes in section of corresponding secondary features in the two fracture surfaces-- 
as deduced from stereoscopic electron micrographs. (a) Closely spaced pair of secondary 
fractures; (b) single secondary fracture; (c) another closely spaced pair of secondary 
fractures; (d) idealized slow secondary fracture in the beginning of the fast cracking region 

No detailed explanation will be offered here for this phenomenon, oc- 
curring as it does in a rather complicated stress fieldg; but some qualitative 
comment  may be relevant. A certain amount  of drawing and orientation will 
occur before failure everywhere within the craze and this may lead to lateral 
weakness as in the 'fibrilation' changes resulting from the drawing of other 
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polymers such as polypropylene. Failure of  a cluster of fibrils just off the 
plane of the advancing crack, above or below, might well then be followed by 
rupture of the lateral bonds between these and the unbroken fibrils, f rom the 
initiation point down to the main crack plane, the plane of maximum stress. 
The deep hole and the upstanding cone of material would suffer further 
deformation and the latter might even show some elastic recovery at its 
centre as fracture continued, so that it finally presented the only modestly 
raised, starred appearance seen in the micrographs. The idea of a fibre tex- 
ture in craze material is supported to some extent by a micrograph of a 
cross-section of a polystyrene craze published by Spurr and Niegisch 1. The 
amount  of  drawing existing generally in the craze immediately before fracture 
must however be well short of  the limits to which polystyrene can be taken. 
about  250 ~ extension 1°, as evidenced by the much greater extension shown 
by the drawn fringes round the secondary features that are produced in the 
final separation. 

Fast cracking region. At the outer limit of the central elliptical area B, there 
is a change from directional grain-like surface texture to a non-directional 
stipple texture, which, as discussed in an earlier paper 6, we take to indicate 
a transition from slow to fast fracture. Unfortunately, a fair amount of 
this boundary region is obscured by specimen grid bars, but where the 
boundary is visible the transition is seen to be abrupt. In some places the 
change f rom grained to stippled appearance is not on an unbroken front. 
Figure 8 shows the transition, but it extends only from X to Y in that field 

Figure 8 Boundary between slow and fast cracking, i.e. between 
regions B and C (,: 2250) 
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of view. It seems a reasonable assumption that when normal fast cracking 
starts it may run on and spread out sometimes failing to join up completely 
with the slow cracked region. This would leave islands of material which 
might subsequently fracture in a somewhat different manner and provide an 
explanation of the regions of different surface appearance that flank the line 
XY in Figure 8. A clearer example of this coarser non-directional stippled 

D r 

Figure 9 Boundary between slow and fast cracking, i.e. between regions B and C ( x 3250) 

Figure 10 Secondary fracture in region B (×  6150) 
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surface is visible in Figure 9. It  exists as patches between more normal fast- 
cracking surfaces (visible along the top and the left-hand side) and the slow 
secondary fractures. This type of coarse stipple appears to be associated 
usually with a change of level, supporting the view that it is the result of the 
fracture of  islands of  material left between two cracks propagating on different 
levels. Islands of this texture occur frequently round the boundary of the 
central ellipse, and occasionally entirely within the slow-cracking region, as 
may be seen in Figure 10 (bottom left). 

Spurt and Niegisch published a micrograph of a polycarbonate fracture 
surface showing a transition from a directional grain to a stipple rather like 
that discussed here. They attributed the stipple to fracture at the craze wall and 
the grained surface to fracture outside the craze. In Figure 10 adjoining the 
stippled area there are three regions of  grained surface, all of which, we 
maintain, were generated by fracture within the craze; and these are dis- 
posed below, on the same level as, and above, the plane of the stippled surface. 
Again in Figure 9 the finer texture at top and left, characteristic of fast 
cracking within a craze, is disposed respectively above and below the coarser 
stipple. The latter cannot therefore be associated with a craze boundary plane. 

For a very short distance after the change to fast cracking, i.e. after the 
disappearance of directional, grained surface texture, it is possible to find 
secondary features approximating to the normal slow cracking. They have a 
radially grained surface texture and usually contain loci of one or other of the 
types discussed above. They are always roughly circular in outline, consistent 
with their having been united with a main crack travelling at a much greater 
speed. In one instance we have studied the corresponding halves of such a 
fracture by the stereoscopic method, and the shapes in section, somewhat 
idealized, are indicated in Figure 7d. This feature is unusual for a secondary 
fracture in that the two halves are of  similar general appearance and the 
loci, which are very small, are not characteristically different. These obser- 
vations suggest that the fracture was originally initiated on the median plane of 
the advancing crack or, more strictly, on the plane of symmetry of the stress 
system ahead of the crack, and thus propagated as a planar crack. The fast 
crack which finally united with it approached on a slightly different level and 
the usual drawn fringes were not very pronounced. Drawn fringes seem less 
in evidence on slow secondary features in this region. 

In this region also we see what must be a fast-cracking version of a steep 
conical fracture. The hollow cone feature is fairly well preserved during the 
fracture process and shows relatively little drawing round its open end, as can 
be seen at the top of Figure 9, but the final form of the corresponding other 
half of  the fracture bears no resemblance to a cone. Good examples of this 
can be seen in Figure 8 (lower left). They take the form of rough surface 
protuberances of  rounded general shape. A corresponding pair of features on 
opposite fracture faces has been studied as stereo pairs, confirming this des- 
cription of their structure. 

The transition region we have been discussing is the inner edge of the 
bright ellipse C (Figure 1). Moving outwards through this bright band, the 
replica first shows fewer secondary fractures and larger unbroken areas 
of  stippled fast-fractured surface. In terms ol the microscopic appearance there 
is no clearly defined outer boundary to the region C, the bright ellipse. In 

753 



R. J. BIRD, G. ROONEY AND J. MANN 

this vicinity, the size of  the relatively featureless areas again diminishes, the 
change being continuous and fairly rapid. The surface is divided up into very 
irregular indented areas by rambling upstanding lines of drawn material. 
The scale of the effect continues to diminish right out to the sharply defined 

Figure ll Boundary between regions D and E (× 2150) 

outer boundary of the region D. This is the outer edge ot the mirror area and 
it is thought also to be the outer limit of the craze through which the fracture 
occurred (see Figure 11). 

The lines dividing up this type of surface are seen from stereo pairs to 
coincide with slight changes of  level. Fracture has occurred on two closely 
spaced planes (about 1/~m apart  at one position examined), jumping back 
and forth betwecn them. Murray and Hull 3,11 reported this appearance and 
attributed it to separation along the craze boundary surfaces, the separation 
of which diminishes progressively out to the mirror boundary craze tip. 

At the boundary of the mirror area there is an abrupt  change in the nature 
of the fracture surface, as seen in Figure 11, and this is true at all points on 
the mirror boundary that have been examined. The nature of  the detail 
found in this further region E seems, however, to vary with the distance out 
along the dumb-bell. Figure 11 refers to a position close to the central ellipse. 
So far as can be judged without stereoscopic assistance, it shows the crack 
continuing roughly on the same plane with still some evidence of biplanar 
splitting, and probably in this area there is an increase in the amount  of  
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drawn material. Stereo pairs, Figures 12a and 12b relate respectively to 
positions half  way along the dumb-bell  and at its end. They show that in 
those positions the fracture surface is no longer planar  across the mirror 
boundary.  There has been a sudden change in the cracking direction at the 
boundary.  Fur thermore,  the new type of  surface is seen to be rugged and 
largely devoid of  drawn material. 

Figure 12 Biplanar splitting at boundary of mirror area. (a) Halfway from specimen centre 
to mirror extremity (stereo pair 2200); (b) at an extremity of the mirror area (stereo pair 

2200) 

Beyond the regions E and E'  above and below the mirror  area which 
appear  dark, there are moderately bright bands, F and F '  being the first of  
two each side. Parallel bands such as F, F '  have been alluded to as 'hesi tat ion '  
bands and it has been suggested that the main crack front  is slowed down in 
these regions. To the eye all four of  these bands have a rather mottled appear-  
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ance suggestive of  a relatively rough surface, and micrographs show rela- 
tively large features again. In places there are some signs of the two-plane type 
of fracture as found in areas C and D (Figure 13) where it is particularly well 
shown. This fits in with the idea of these bands being due to the fracture 
running through a system of subsidiary crazes formed ahead of the propaga- 
ting crack 5. Much of the surface has a texture corresponding to that seen in 

Figure 13 Fracture surface showing biplanar splitting in region F 
(hesitation line) ( × 2150) 

areas C and D but there are also patches of  a much finer surface texture such 
as was seen in places in the inner parts of the bright elliptical zone C, i.e. just 
after the transition f rom slow to fast cracking. I t  is possible that the finer sur- 
face texture corresponds to secondary fracture. 

The study of this fracture was terminated with a brief examination of the 
dark band G, where we assume the crack was travelling faster again, perhaps 
as in E. The type of surface found was indeed indistinguishable from that in E. 

DISCUSSION 

These observations on fracture may be summarized as follows: 

1. Crazes in polystyrene are regions of  unimpaired strength. Although they 
must have suffered some elongation, the amount  is much less than that which 
polystyrene is capable of  undergoing. 
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2. The observations support  the findings of Murray and Hull 3 that fracture 
is initiated near the centre of the craze, where voids grow and coalesce to 
form a flat hole of sufficient Griffith size to propagate outwards and lead to 
failure of the sample. Observations at higher magnifications than those of 
Murray and Hull have revealed additional detail in this region which indi- 
cates that at the onset of failure the material has a sponge-like character and 
a great deal of  fibrous structure. 

3. The changing surface detail produced as the crack propagates has been 
investigated. In particular, slow secondary fracture features have been studied 
and their form found to be rather different from that deduced by Murray and 
Hull f rom optical interference microscopy of rather coarser features. 

4. The biplanar splitting described by Murray and Hull has been seen not 
only in the outer part  of the mirror regions of the fracture faces but also 
further out, supporting the idea of the crack propagating through subsidiary 
crazes forming ahead of it. 

5. At the boundary of the mirror area there is an abrupt change of surface 
character, the ensuing type of surface varying with the distance from the 
specimen centre. 

6. The amount  of  evidence of drawn material varies over the fracture face, 
there being very little of it in the outer regions away from the centre of the 
specimen, i.e. where the crack was travelling fastest. 

Kambour  2 working with thin sections reported on the structure of craze 
material in polycarbonate and postulated that it contains spherical voids in the 
size range 20-1000 A. This work depended on producing in the voids metallic 
silver introduced initially as silver nitrate solution, and was not a good guide 
to size and shape. More recently, Kambour  and Holik 12 experimented with 
a higher melting polymer, poly(2,6-dimethyl-l,4-phenylene oxide), infused 
with liquid sulphur, thought to be much more capable of revealing the true 
nature of  the voids. Their results still showed spherical voids rather than a 
simple fibre structure, but the voids did tend to be interconnected and lie in 
lines along the stressing direction, giving rise to a kind of fibrillar structure 
corresponding in size to that reported here for polystyrene. Kambour  and 
Holik noticed additionally that there was often a thin layer of craze material 
adjacent to the interface that was much less oriented. Such layers would 
probably be relatively weak and favour the biplanar splitting type of fracture. 

The micrograph published by Spurr and Niegisch of a vertical fracture 
through a polystyrene craze suggests a fibre structure (as did some of our 
preliminary results). Our results as discussed above would also be consistent 
with a measure of fibre structure within crazes; and in the fracture initiation 
region we see copious evidence of fibres in the region of 100-500 A thick. It 
would seem at least as likely, therefore, that the voids in crazes are elongated 
and oriented, and this would be important in considering their behaviour. 
In the fracture initiation region we see rounded cavities formed within the 
fibrous structure but these are much larger, ranging up to 20 000 A in size 
(about the same size as seen in fractured ductile metals 13,14). 
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Whatever the shape of the voids the instability of crazes is to be expected 
since the stress on the load-bearing material must be close to the bulk yield 
stress of polystyrene. Thus the bulk yield stress is about 100 MN/m 2 (15 000 
lbf/in2), the fracture stress is about 50 MN/m 2 (7 500 lbf/in 2) and the craze 
contains about 40 % voids. When the craze has filled the cross-section of the 
sample, the stress in the craze must therefore be close to the bulk yield stress. 
The stress distribution within the void-containing craze will not be uniform 
and there will be points at which the stress is greater than average. The 
polystyrene at these points will extend more rapidly than elsewhere and this 
will lead eventually to fracture. The reason why this process starts near the 
centre of the craze in the injection-moulded sample is probably because the 
material is under the greatest hydrostatic tension. Increasing hydrostatic 
tension is known to lower the yield stress of polystyrene 15. Once fracture has 
occurred the stress on adjacent material will increase and the fracture process 
will spread, producing a multitude of small cavities which coalesce. When 
these cavities meet, the material between them will be free to compensate for 
longitudinal extension by a reduction in lateral dimensions, thus giving 
rise to the walls of the sponge which have clearly undergone large extensions. 

It is now clear that the tensile strength of polystyrene depends on the 
inhomogeneous response to the applied stress which creates craze matter 
and leads on to the growth of a void large enough to promote failure by the 
Griffith mechanism The theory for craze formation must involve cavitation 
in a plastically deformable material, and since the yield stress is greater than 
the stress at which crazes form, the theory must postulate the existence of 
stress concentrations or regions of low yield stress. When the fracture of the 
craze is considered there may be help from theories which are being deve- 
loped 16 for the ductile fracture of metals, where void coalescence is operative; 
but, of course, simple metal structures do not exhibit the same propensity to 
form fibrous texture when drawn as do many polymers, and in the case of 
polystyrene we shall have to take into account the present evidence of a 100- 
500 A fibrillar structure generated during failure in the region of crack 
initiation. 
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The electroinitiated polymerization 
of styrene." Part 2 

B. M. TIDSWELL and A. G. DOUGHTY* 

Electrolysis of a solution of styrene and sodium borofluoride in dimethyl 
acetamide gives rise to polystyrene at the cathode. The polymerization occurs 
by an anionic mechanism initiated by solvated electrons produced during 
electrolysis. Kinetics in a single compartment cell and a divided compartment 
cell show differences. Acceleration occurs in the cathode compartment of the 
divided cell giving rise to high current efficiencies. Evidence is given for the 
presence of an electrolytic termination reaction occurring in the single cell. 

INTRODUCTION 

IN Part 11 we described the cationic polymerization of styrene initiated by 
BFa liberated at the anode during the electrolysis of  NaBF4 dissolved in 
sulpholane. It  was then pointed out that the locus of polymerization could be 
changed by merely changing the solvent, giving rise to polymerization 
occurring by a totally different mechanism. The present paper describes this 
work and attempts to interpret the results obtained when using N,N-dimethyl 
acetamide (DMA) as solvent. 

EXPERIMENTAL 

Materials 
The materials used were purified according to methods described in Part 1. 

Equipment and technique 
The equipment and techniques used are identical to those outlined in Part  

1 with the addition of  a direct reading conductivity bridge (Portland Elec- 
tronics Ltd.). In all cases the initial electrolyte concentration was 0.05 M. All 
polymerization experiments were carried out at 25°C. 

RESULTS AND DISCUSSION 

In order to elucidate the mechanism of the electropolymerization, copoly- 
mers of  styrene and acrylonitrile were produced in the cathode compartment  
of  the divided cell. From the nitrogen content of  the copolymers and by 
applying the Finemann-Ross  z equation, monomer  reactivity ratios of rl = 
0"4 and r2 = 14-2 were obtained. These va!ues are in relatively good agree- 
ment with those of  Zutty and Welch 3 who, using the known anionic catalyst 
n-butyl lithium in iso-octane at --12°C, reported rl = 0.2 and r~ = 14.0. 

* Present address: University of Southampton 
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The addition of proton donors such as methanol or water retard the 
reaction (Figure 1). Radical scavengers such as p-benzoquinone and diphenyl 
pycryl hydrazyl give no inhibition period but do alter the overall rate of 
polymerization due, possibly, to electrolytic reduction at the cathode. 

It is possible that initiation may be due either to indirect or direct electron 
transfer to monomer: 

Indirect: Na ~- k e-~ Na 
N a 4 -  M - ~ M .  -k Na I 

Direct: M ~ e ~  M: 

Sodium discharged at the cathode may also react with the solvent. Elec- 
trolysis was carried out using dimethyl sulphoxide (DMSO), sulpholane, 
N,N-dimethyl formamide (DMF) and DMA, in the absence of monomer; the 
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Figure 1 Effect of addition of methanol and water on the formation 
of polystyrene at the cathode of the divided cell at 30 mA in OMA/ 
NaBF4. O, no additive; x, 3"83 x 10 .-2 mol/l methanol ; O, 7.93 x 
10 2 mol/l methanol; ~,  3-01 × 10 -2 mol/[ water; [], 18.35 ~, 

10 2 mol/l water 

u.v. spectra of  the catholytes were compared with those of solutions of sodium 
metal in the respective solvents. In all cases, except that of the electrolysis of 
sodium borofluoride in DMA, the spectra simply consisted of two absorption 
peaks (Table 1), which suggests that DMA has the least tendency to react with 
added sodium or electrodeposited sodium metal. In the case of the other 
solvents reaction products may inhibit anionic polymerization. It has been 
shown 4,5 that metallic sodium reacts with OMSO to produce sodium dimsyl 
(methyl sulphinyl carbanion) together with mixed gases (62 % hydrogen and 
38 % dimethyl sulphide); NaOH and H20 must also be produced during the 
reaction, which will act as inhibitors. Sodium dimsyl produced by the reaction 
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of DMSO with sodium hydride does initiate the polymerization of styrene 6, 
thus no inhibiting by-products must be present. Bawn 7 observed that potas- 
sium dimsyl, produced by reaction of potassium t-butoxide and DMSO will 
only initiate the polymerization of styrene if the ratio styrene :DMSO is greater 
than unity. Lower monomer concentrations yield only a complex mixture of 
unsaturated molecules similar to those reported by Walling and Bollyky 8. 
During the electrolysis of  I M styrene in DMSO only a small quantity of the 
polymer was produced at the cathode which may be due to a low styrene: 
DMSO ratio. It has recently been reported 9 that electrolysis of sodium chloride 
in DMSO gives products different to those obtained by the addition of sodium 
to DMSO 4. Similar considerations may apply in the case of sulpholane and 
DMF, thus limiting the yields of polystyrene. In the case of DMA a blue tran- 
sient species is observed at the cathode during the passage of current in the 

Table 1 Interaction of sodium and solvents 

Peak 1 Peak 2 

Reaction time hmax hmax 
Solvent (min) (nm) Absorbance (nm) Absorbance 

Addition o f  sodium metal: 
DMA 18 285 0"65 365 0.08 
DMF 3 270 1"85 365 1"75 
DMSO 3 266 1 '68 340 0"20 

Sulpholane  6 319 0'68 350 0'35 

Electrolysis NaBF4 (0.05 M) at 10 mA: 
DMA 10 299 0"88 nil nil 
DMF 10 270 1"88 352 0"70 
DMSO 10 270 1'80 350 0"20 

Sulpholane  10 320 1.40 358 0-24 

absence of monomer;  this was not observed on the addition of sodium metal 
to DMA. The formation of  the blue colour at the cathode in DMA is possibly 
characteristic of  the presence of solvated electrons. Szwarc 1° has reported that 
electrolysis of alkali metal solutions produces an accumulation of blue 
coloured species at the cathode. Dainton et al. ~ successfully polymerized 
styrene by the addition of blue solutions of potassium in either tetrahydro- 
furan or dimethoxy ethane; these blue solutions are considered to contain 
solvated electrons. 

Kaneko ~2 has postulated that the electropolymerization of  acrylonitrile 
occurs by virtue of  the solvated electrons formed on the electrolysis of 
monomer, hexamethyl phosphonamide and lithium chloride. Similarly, 
Laurin and Parravano 13 describe the electropolymerization of 4-vinyl 
pyridine initiated by solvated electrons. 

It is possible, therefore, that electropolymerization of styrene in DMA/ 
NaBF4 may take place at the cathode by a reaction involving a solvated 
electron : 
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cathode ~e-  + (Na+)DMA --* (Na . . . . . .  e )DMA 

C i l 2 = ( . H  ' (?~Hs 

('CH 2 ~H'C6H 5..Na+)oma 

(where solvation by the solvent is denoted by the subscript DMA). 
Anionic propagation then follows by dimerization of the styrene radical 

anion. The red colour, typical of  the 'living' styrene dianion is observed at the 
cathode. Subsequent nitrogen analysis of  the polymer indicates that no 
initiating species are formed by electrolytic decomposition of the solvent. 

Figures 2 and 3 illustrate yield/time curves for the formation of poly- 
styrene in both single and divided cells when the current is varied between 5 
and 50 mA at 25°C. In the divided cell polymerization, occurring in the cath- 
ode compartment,  accelerates with time, the acceleration increasing with the 
current. In the single cell there is no such acceleration. Applying steady state 
conditions, Figure 4 shows that a linear relationship occurs in both cases 
between current and rate indicating a first-order dependence on current. 

Similar experiments maintaining the current constant and varying the 
monomer  concentration (Figures 5 and 6) again show acceleration in the case 
of  polymerization in the divided cell, the acceleration increasing with mono- 
mer concentration but giving rise to sigmoidal shaped curves at higher con- 
versions at the higher concentrations. In the single cell a perfectly linear 
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Figure 2 Formation of polystyrene with time at various currents for 
2 M styrene in DMA/NaBF4 in the single cell 
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Figure 3 Formation of polystyrene with time at various currents 

for 2 M styrene in DMA/NaBFa at the cathode of the divided cell 

relationship exists between yield and time over the range of conditions con- 
sidered. Again, f rom the slopes of  these curves the initial rate of  polymeriza- 
tion can be seen to be first order with respect to monomer  concentration 
(Figure 7). This conclusion is substantiated, in the case of  the single cell, by 
studies under protracted electrolysis. Thus rate of  polymerization oc[M0]I 
during the initial stages of  the polymerization before any acceleration occurs, 
where [M0] is the initial styrene concentration. 

It  may be assumed, therefore, that during the initial period of poly- 
merization the number of  active species which initiate polymerization is 
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Figure 4 Dependence  of  initial rate of  electropolymerizat ion on the 

current  for 2 M styrene in DMA/NaBFa 

proportional to the applied current, I. In the divided cell, as polymerization 
proceeds, non-steady state conditions apply as the number of active species 
increases, which, in turn, may be due either to the absence of a termination 
step or the presence of  a slow termination step. Attempts to interpret the 
sigmoidal shaped curves using a treatment similar to that of Funt a4 proved 
unsuccessful. From the evidence accumulated, it would appear that initiation 
occurs at the cathode by means of a solvated electron, the number of  which 
will be proportional to the applied current. 

The overall process may be considered as: 

M + I  k L M :  

followed by dimerization and propagation with rate constants k,~ and k v 
respectively. 

In both cells the initial rate of  electropolymerization of styrene in DMA/ 
NaBF4 is found to be first order with respect to both monomer  concentration 
and applied current. Two hypotheses may be considered to explain these 
results. Firstly, the assumption that the rate-determining step is the dimeriza- 
tion of the radical ion. On this premise the overall rate of polymerization is 
given by: 

Rate -= ~k2[M:] ~ 

assuming steady state conditions 

d M '  
dt -- k~[M]I - 1k2[M.]2 0 

thus the rate of  polymerization - ki[M]I .  
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This hypothesis was proposed by Funt and Williams 15 in order to explain 
their results obtained during the electropolymerization of acrylonitrile in 
DMF using NaNO8 as electrolyte. No evidence was obtained to justify the 
belief that the radical anion of acrylonitrile was suitably resonance stabilized 
to give it finite existence. 

The second approach results from the work of SzwarO 6,17 who suggests 
that the styrene radical anions have only a transient existence and dimerize 
almost instantaneously. For a truly living polymer the rate of polymerization 
depends only on the rate of  propagation, termination being absent. In the 
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Figure 5 Formation of polystyrene with time at various initial 
monomer concentrations at 10 mA in DMA/NaBF4 in the single cell 

present system, as will be seen, some termination does apparently occur by 
reaction with solvent or, in the case of the single cell only, by reaction with 
other species. Despite the destruction of  anion centres by these various pro- 
cesses the continuous electrolytic process produces new active centres. 

The rate of polymerization may be expressed as: 

R~ = k~[anion centre]M 

where [anion centre] is the concentration of polymeric carbanions, assuming 
that the dianion affords two centres and the mono-ion one. The concentra- 
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Figure 6 Formation of polystyrene with time at various initial 
monomer concentrations at l0 mA in DMA/NaBF4 at the cathode of 

of the divided cell 

t ion of  the anion centre will, therefore, be propor t ional  to the applied current. 
Hence the rate of  polymerizat ion in both  cells will be expressed as" 

Polymerizat ion rate oc[M0]l 

The results o f  investigations o f  chain transfer reactions using several 
monomer/solvent  ratios and taking conversions to less than l0 ~ are shown 
in Figure 8, indicating chain transfer to solvent occurring in both cases, 
Applicat ion o f  the equat ion:  

1 1 [DMA] 
- -  = - - - -  + C s ~  (1) 
( DP.) ( DP~,)o [Styrene] 
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Figure 7 Dependence of initial rate of electropolymerization of 
styrene on the initial monomer concentration 10 mA in DMA/NaBF4 

where 1/(b~n)0 is the value of  1/(D"Pn) in the absence of  transfer agent and 
Cs the transfer constant gives values of  Cs = 0.54 × 10 -2 for the single cell 
and 0.58 × 10 -2 for the divided cell. A possible transfer mechanism could be: 

~ C H 2 ~ H .  C6H5.. Na + + C H  3 

~ N - - C - - C H  3 
/ ii 

C H 3  O 

N a  + 

~ C H z ~ C H  2. CoH 5 + CH2 
N--C--CH 

/ II 
C H  3 O 

[I} 

although neither was nitrogen detected in the polymer produced nor was a 
carbonyl band observed in the infra-red spectra. Consequently, initiation by 
(I) may be considered to take place slowly compared to electroinitiation 
although no evidence is available for this, other than its analogy with the 
transfer by DMSO which has been postulated by Molau and Mason 6 to 
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account  for  low molecu la r  weight  p roduc t s  ob ta ined  dur ing  the anionic  
po lymer i za t ion  o f  s tyrene in i t ia ted  by sodium dimsyl.  
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Figure 8 Transfer to solvent during electropolymerization of styrene 

in DMA/NaBF4 at 40 mA and 25°C 
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Figure 9 Variation of specific conductivity at the cathode of the divided cell with time for 

various currents during electrolysis of 2 M styrene in DMA/NaBF4 at 25°C 
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From Figure 7 the values of  the intercepts are: 1/(b-~'n)0 = 0.0125 (single 
cell) and l/(b-'~n)0 = 0"0050 (divided cell), which implies that, in the single 
cell, further chain termination processes are occurring, possibly due to the 
presence of the anode electrode in the same locality as the cathode. A growing 
carbanion may be terminated either by direct discharge at the anode or by 
reaction with anodically produced positive ions. 

In the case of  the single cell the rate of  electrolytic termination will be 
proportional to the active anion centre concentration and the applied current 
measured as Faraday/l i t re.  

The rate of  electrolytic termination Re = ke[anion centre]/. Equation (1) 
may be rewritten as: 

1 {iln)_0 ] ' keI [DMA] 
(D"Pn) -- + ~ + Cs-[Styrene~ 

(Ben)0 + k~ 

For a current of  40 mA passing for 1 h and assuming {1/(DPn)o }' = 0.005, 
obtained above, ke/k~ is given at 50 × 10 -2 indicating considerable electro- 
lytic termination in the single cell but which is absent in the divided cell. This 
is substantiated by the fact that in the divided cell the red colour typical of the 
styryl anion appears immediately on the surface of the cathode eventually 
pervading the whole of  the cathode compartment.  The colour is instan- 
taneously removed on mixing anolyte with catholyte. In the case of the 
divided cell, although polymerization does occur, the solution remains a pale 
yellow throughout the reaction. 

The current efficiency, i.e. the number of moles monomer  polymerized per 
Faraday, and the ~ conversion are shown in Table 2 for both the single and 
divided cells over a range of monomer  concentrations when 40 mA current is 

Table 2 Electropolymerization of styrene in DMA/NaBF4 

Current Molecules 
[Styrene] YieM Conversion efficiency polymer]primary 
(tool/i) (g) (~)  DPn (mol/Farad) electrochem, act 

0-5 1 '2901 24-8 9 2.1 0'23 
1.0 3.6985 35.5 19 6"0 0.31 
2.0 9-9499 45.6 31 16-0 0.52 
3.0 14-3970 46.1 37 23.0 0'63 
4.0 18.7635 45.1 55 30-2 0.55 
5.0 22.6320 43.5 58 36.4 0.63 

Cathode of divided cell (40 mA 100 ml electrolysed) 
0.5 1 "6138 62.0 7 5.2 0.74 
1 '0 3.8163 73.3 19 12-3 0.65 
2-0 8.8183 84.7 39 28.4 0.73 
3'0 14.0626 90.1 62 45-3 0.73 
4-0 19.6215 94.3 79 63.1 0.80 
5'0 24-9031 95.7 96 80.1 0.84 
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passed for 4 h in a single cell and for 2 h in the divided cell, the temperature 
being maintained constant at 25°C. 

As may be seen in the case of  the single cell, the ~o conversion increases 
with monomer concentration, reaching a plateau at about  50 ~ at 2 M styrene, 
whilst in the divided cell the conversion, after 2 h electrolysis, rises to almost 
100~,~ at the highest monomer  concentration and the current efficiency 
approaches the theoretical value in all cases. In the single cell the current 
efficiency is considerably lower than the theoretical value. The molecular 
weight increases almost linearly with monomer concentration for both cell 
configurations. 

The number of  polymer molecules produced per primary electrical event 
may be obtained by dividing the current efficiency by the degree of poly- 
merization. 

Table 2 shows that in both cells the value is less than unity but is greater 
in the case of  the divided cell. I f  the system was 100 ~ efficient with no transfer 
the number of  polymer molecules produced per primary electrical event 
should vary between 0.5 in the case of  the propagating dianion and unity of  
a propagating anion. In the case of  the single cell the value barely rises above 
0"5, which may be the result of  a low efficiency due to tel ruination mechan- 
isms. In the divided cell the values are greater than 0-5 which would suggest 
that propagation could be due either to a combination of anionic and dianionic 
mechanisms or possibly entirely dianionic with some termination of the 
'living' polymer by reaction with solvent followed by re-initiation by solvent 
anions. 

A general feature arises from all these results namely that rates of reaction, 
current efficiencies, ~ conversion and molecular weights are all lower for 
polymers produced in the single cell than when produced in the cathode 
compartment  of  the divided cell. It would appear, therefore, that termination 
reactions operate in the single and not in the divided cell. Two types of  ter- 
mination reaction may be visualized. The first involves discharge of the 
growing carbanion at the surface of the anode, giving rise to inactive polymer. 
This may occur in two ways: 

(a} - - - - C H 2 - - C H . C 6 H  5 - e -  -* - - - -  C H ~ C H . C , , H  s + H" 

F/ ~tt- 
H F  H 2 

(b) ~ C H  2 C H . C , H  5 - e - - ,  -~CH 2 ( ~ H . C ~ H  s 

F ' / /  ~ - - C H ~ - - ~ I - I . C . H  

CH 2 C H k .  C,,H s - - - -  C H  a -  -CH. C~,tt s 

I 
. . . .  C H  2 - e l l .  C~I-t 5 

In reaction (a) a hydrogen anion discharged at the anode as a hydrogen 
atom may dimerize or react with a fluorine radical generated anodically 
(BF4- --  e --> BFa ~- F'). In the latter stages of  reaction bubbles of  gas can 
be observed at the anode. A weak absorption band at 965 cm 1 in the infra- 
red spectra of  the polymer characteristic of  trans double bond character is 
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observed 18. Such absorption is also observed in the infra-red spectra of 
polymer produced in the cathode of the divided cell. It is possible that at the 
cathode metallic sodium is deposited as a result of the discharge of sodium 
ions which may catalyse the reaction in a manner analogous to that suggested 
by SzwarO 9. 

~ C H - - C H . C 6 H  5 ~ ~ C H = C H . C ~ H  5 + N a * H -  

I 

Na Na Na 

cathode surface 

This reaction could also occur at the cathode of the single cell and would 
therefore appear to be relatively unimportant in view of the different rates 
of polymerization observed in the two cells. 

In reaction (b), a polymeric carbanion discharged at the anode as a macro- 
radical may either react with an anodically generated F., dimerize or 
propagate by a free radical mechanism. It would appear from elemental 
analysis and kinetic studies that again these reactions are relatively unim- 
portant. 

A totally different type of termination possibly occurring in the single cell 
involves reaction of the polymeric carbanions with positively charged species 
liberated at the anode. The instant decolorization observed on mixing 
catholyte and anolyte suggests that this type of reaction is more favourable. 
Possible species which could act in this way are protons which may be 
produced by BF3 and HF:  

- - ~  C H 2 ~ H .  C o H 5  . . . . .  N a  + + ( B F 3 . H F  ~- BF,~ H+)-+  

~ - - C H 2 - - C H 2 C 6 H  5 + N a B F  4 

and styrene cations which are incapable of cationic propagation due to strong 
solvation by DMA. 

+ 
~ C H 2 ~ H .  C 6 H 5  + C H 3 - - C H .  C6H5---~ 

~ C H 2 - - C H .  C 6 H  5 . C H .  C 6 H  5 • CH3 

In the divided cell termination of a growing carbanion at either the anode 
or by anodically generated positively charged species is apparently eliminated 
by the presence of a physical barrier, i.e. a sintered glass flit. Thus, as elec- 
trolysis progresses there is a continuous build up of active centres which give 
rise to an acceleration in the rate of polymerization. 

Monitoring the change in specific conductivity in the cathode compartment 
during electrolysis (Figure 9) indicates that, in the case of styrene (2 M) in 
DMA at 25°C, there is initially a linear decrease with time at several currents 
which could be due to the removal of sodium ions by electrolysis of NaBF4. 
At the higher currents a more rapid decrease in conductivity follows, the time 
when this occurs decreasing with increasing current and coincides roughly 
with the acceleration and the time to complete formation of the red colour of 
living polystyryl anions. 
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In addition to the rapid decrease in conductivity a notable increase in 
viscosity also occurs at this stage which could possibly account for the 
decrease in conductivity as being the direct result of  decreased ionic mobility. 
Application of Walden's rule suggests that this effect could indeed be quite 
large, although it is difficult to give a quantitative estimation of the effect. 
When polymerization is virtually complete the conductivity continues to 
decrease, at a rate slower than that initially observed, due to further elec- 
trolysis of electrolyte. 

Because of the relatively high salt concentrations used in the electropoly- 
merization intimate or contact ion pairs (II) and solvent separated ion pairs 
(I11) are more probably present in the system than are free ions (IV). 

+ 

- - - - C H z ~ H . C 6 H s . . . N a ~ C H  2 -CH.C6Hs]INa + ,~- .----CH 2 ~'H.C6H 5 + Na ~ 

Ill) (I11) (IV) 

and so the equilibrium will be shifted to the left. As electrolysis proceeds the 
concentration of salt will decrease, tending to push the equilibrium to the 
right. In addition, the high dielectric constant (37.8 at 25°C) will tend to 
favour free ion formation (IV). It is difficult, therefore, to estimate the ratio 
II:111 :IV in this system. 

Thus, as in the cationic case previously described, the introduction of a 
porous barrier between the two electrodes effects the elimination of an 
electrolytic termination reaction and allows for the build up of a concentra- 
tion of active species giving rise to acceleration of  polymerization. It is 
interesting to note that by merely changing the solvent the entire locus of  
polymerization is changed. 
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The elastic modulus of the poly- 
(phosphonitrilic chloride) crystal 

T. R. MANLEY and C. G. MARTIN 

The Young's modulus for a crystal of poly(phosphonitrilic chloride) (poly- 
dichlorophosphazene) (NPCIDn has been calculated using force constants 
derived from spectroscopy. Assuming that the molecule is a uniform helix 
the value of the modulus is 1.38 × 109 dyne cm -2 [dyne cm -2 = 0.1 N m-2]; 
the result is 1.66 × 10 TM dyne cm 2 if a eis-planar structure is assumed for 
the molecule. Neither value is close to those obtained experimentally 
(1.8 × 106 to 6.5 × 106 dyne cm-2). This is because experimental values 
relate to the amorphous polymer whereas the calculated values are those for 
the crystal. There is good agreement between the values calculated for the 

(NPCI2)n crystal and those for other polymer crystals. 

I N T R O D U C T I O N  

THE PHOSPHAZENES are ring or chain compounds with alternating phosphorus 
and nitrogen atoms in the skeleton and two substituents on each phosphorus 
atom. Representative structures are the cyclic trimer, the cyclic tetramer, and 
the high polymer:  

R R R R 
\ /  I I 

[) R ~ P - - N ~  P - - R  
N II I 

R . I  I ' / R  Y \ [ -  R R -1  
P'~ N / P ' ~ R  I I[ | \ / R j R - - P ~ N - -  P - -  R -L - -N~P  

I I 
R R n -~ 15 n00 

R can be halogen, pseudo-halogen, amino, azido or a wide variety of organic 
groups. 

The phosphonitrilic halides (NPX2) are the nitrogen analogues of  the 
phosphoryl halides (POX3) and like the latter are acid halides and susceptible 
to a wide variety of  solution reactions. They differ from their oxygen 
analogues in their ability to form high molecular weight elastomers. Poly- 
dichlorophosphazene [or poly(phosphonitrilic chloride)] (NPCI2)n is pre- 
pared by heating the cyclic trimer 1, but neither monomer  nor dimer has been 
isolated. The trimer (NPCI2)3 is of  fundamental interest being an inorganic 
analogue of benzene. 

The phosphazenes display an unusual form of skeletal bonding. This 
bonding differs uniquely from both the a-p--~ double bonding of organic 
chemistry and the co-ordination bonding of many inorganic compounds. 
Phosphorus 3d orbitals overlap with nitrogen 2p orbitals to give d~r-pTr 
bonds2,3. 
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The phosphorus-nitrogen bond in high molecular weight polyphosphazenes 
has an unusually high degree of torsional mobility. This is consistent with the 
expected behaviour of drr-prr bonds where there is no appreciable barrier for 
successive involvement of alternate d-orbitals as the phosphorus-nitrogen 
bond is rotated. This is in marked contrast to prr-prr systems. The torsional 
mobility of the (P----N) chain is comparable to that of the siloxane chain 
(R2SiO)n, since they are based on the isoelectronic repeat units SiO and PN. 

Polydichlorophosphazene is elastomeric down to --63°C, it exhibits al- 
most ideal rubber elasticity and does not melt below 300°C. It has one 
serious disadvantage, the phosphorus-chlorine bonds are hydrolytically un- 
stable and cause the polymer to degrade slowly in contact with atmospheric 
moisture. This can be mitigated by replacing the chlorine atoms by stable 
organic groups. 

Poly(phosphonitrilic chloride) (NPC12)n has been proposed as a radiation 
resistant rubber for use in nuclear reactors by Manley 4 and other exotic uses 
may well be seen. In conjunction with phenolic resins and in other ways the 
material has found use as a flame retardant and proofing agent. 

The polymerization of chlorophosphazenes was originally postulated as a 
free radical reaction 5. This was shown to be erroneous 6, 7 and it is generally 
held that an ionic polymerization is involved s. The detailed mechanism has 
not been fully elucidated 9. 

Results from x-ray diffraction and infra-red spectroscopy with data from 
inter-atomic forces, make possible the calculation of the theoretical elastic 
modulus for a perfect polymer crystal. The modulus of elasticity in the 
principal chain direction of a polymer crystal of known structure may be 
calculated from the force constants of the chemical bonds of the chain derived 
f r o m  vibration frequencies of molecules. From the cellulose crystal values 
were obtained for the longitudinal modulus of 7.7 × 1011 and 12.1 × 1011 
dyne cm -2 corresponding to two different estimates of the force constants 1°. 

Lyons 11 extended the treatment to crystals of nylon-6,6 and poly(ethylene 
terephthalate) and obtained moduli of 15.7 × 1011 and 14.6 × 1011 dyne cm -2 
respectively. By determining the change in lattice spacing from x-ray measure- 
ments whilst stressing a crystal of poly(ethylene terephthalate) Dulmage and 
Contois 12 obtained a longitudinal modulus of 14.0 × 1011dynecm -2. 
Treload 3 calculated the longitudinal elastic moduli of polythene, nylon-6,6, 
poly(ethylene terephthalate) and cellulose as 1-82 × 1012, 1.96 × 1012, 
14.6 × 1011, and 5.65 × 1011dynecm -2 respectively, using a modified 
treatment. 

Jaswon et aP 4 calculated the elastic constants for cellulose with respect to 
its principal axes of elasticity and also considered the effects of secondary 
bonds both intra- and inter-molecular on the calculated values. 

They obtained the same value as Treloar for the Young's modulus in the 
chain direction before correcting for secondary bonds. 

Up to this point the polymers mentioned have been linear and planar or 
with only very slight deviation from a planar structure. The elastic constants 
of helical polymers were calculated by Shimanouchi et a115 and also Asahina 
and Enomoto16,17 who derived a general formula for helical polymers based 
on a Urey-Bradley force field. 

In this paper, the energy method of Jaswon et a114 is applied to a crystal 
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of the simple helical polymer poly(phosphonitrilic chloride). The simplicity 
of the helix (two monomer units per turn) makes this polymer an ideal 
starting point for the application of an analysis involving systematic Cartesian 
coordinate specification. 

STRUCTURE OF THE LINEAR POLY(PHOSPHONITRILIC CHLORIDE) 

The x-ray pattern of the polymer crystal was first investigated by Meyer 
e t  a l  as who deduced an orthorhombic unit cell containing four chains with 
the following dimensions: a0 = l l .07A, b0 ~ 4-92A (fibre axis) and 
co z 12.72 A. They proposed a regular backbone chain with two monomer 
units in the repeat distance of 4.92 A assuming bond lengths and angles 
based on other phosphonitrilic compounds. No chain azimuthal angles 
were given. 

-- 4.92~, 

I I 

Figure 1 Uniform helical model of linear 
(NPCI2)n 

b =4.92~, 

S 
II 

II 

Figure 2 Distorted ' cis-planar' helical model 
of linear (NPCI~)n 
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Using data ~9 on the trimer Huggins z0 proposed a uniform helical structure 
with two monomer  units per turn and an azimuthal bond angle of 90 ° 
assuming equivalent bond lengths and angles in the chain of  1.65 A and 124 ° 
respectively. 

Giglio et al 2~ showed that the identity period was not sufficient to define 
chain conformation and used optical fourier transform methods to compare 
model structures with the observed x-ray diffraction photograph. Their 
preliminary investigation gave the two most likely structures as: (1) uniform 
helix structure (Figure 1) with P - N  =- 1.74/k, P N P - - - - N P N  =- 120°; and 
(2) eis-planar structure (Figure 2) with P - N  = 1-60A, PNP = 127 °, 
N P N  ---- 119 ° and azimuthal angles round the P - N  and N - P  bonds as 156 ° 
and 14 ° respectively. Further analysis of  the x-ray photograph showed that 
the molecular conformation is closer to the eis-planar than to the uniform 
helical model. This was also shown by infra-red spectroscopy2L However, 
both structures will be used in the calculation of the elastic modulus. 

GENERAL GEOMETRICAL DESCRIPTION 

The two proposed structural forms may be represented by the general helical 
model shown in Figure 3 for one repeating unit of  length 4.92 A. The chlorine 
atoms are omitted for clarity. 

P1, P2 and Pa and N1, N2 and N3 represent phosphorus and nitrogen atoms 

z / 

Nal Y/ 
X / 

N1 
~ Y 

Figure 3 Designation of bond lengths and angles showing Cartesian reference frame 
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respectively. The repeat distance between P1 and P3 and between N1 and N3 
is 4.92 A. Therefore the bonds PIN1 and PaNa are parallel. 

In order to characterize this model it is convenient to introduce a rect- 
angular Cartesian reference frame by taking N1 as the origin and N1P2 as 
the direction of the x axis. The y axis lies perpendicular to NaP2 and is in 
the plane of P1N1P2. The z axis is then perpendicular to this plane P1NIP2. 

The repeat unit P~P3 can then be characterized by five geometrical quan- 
tities, independent of the choice of axes, namely the bond length l where 
P1N1 NIP2 = P2Nz -- N2P3 -- l, the interbond angles fl and 7' which are 
related to the auxiliary angles a and 0 by PINIP2 ~ PeN2P3 --/3 -- (~ -- a) 
and NIP2N2 = 7 (~r -- 0), the angle ~ which is the bond rotation angle 
between planes NIP2N2 and P2N2P3 taken in a clockwise sense, also giving 
the auxiliary angle ¢, where ~ ÷ 4' -- zr/2, i.e. 4' is the rotation angle from 
the plane perpendicular to P2N2P3 and passing through PEN2. 

Finally the angle oJ which is the bond rotation angle between the PINIP~ 
plane (xy) and the plane NIP2N2 taken in a clockwise sense, also giving the 
auxiliary angle 4, which is the angle between the x z  plane and the plane 
N,PzN2 taken in a clockwise sense and where 

¢ -- (oJ -- 7r/2) 

We can now assign vector components as follows referring to Figure 3. 

P1N1 ---- (--cosa' ,  sina', 0)/ 
NIP2 -- (1, 0, 0)1 
P'2N2 ---- (cos0, sin0sin¢, sin0cos~b)/ 
N2Pa -- [cosacosO - -  sinasin0cos4,, sine (cosasin0 + sinacos0cos4,) -- 

sinasin4,cos¢, cos¢(cosasin0 + sinacos0cos4') q: 
sinasinCsin¢]/ 

PaNa = (cosa, sina, 0)/ 

We can now write down systematically the coordinates of every atom in 
the system with respect to the origin at NI. 

P1 - - -  (--/cosa',  --Isina', O) 
N~ = ( 0 , 0 , 0 )  
P2 -- (1, 0, 0) 

N,_, ( /4-  Icos0, lsin0sin¢, lsin0cos@) 

P3 = [/4- lcos0 + lcosacosO - -  lsinasinOcos4,, 
/sin0sin¢ -- lsinasin4'cos~ + lsin¢(cosasin0 + 
sin~cos0cos4'), lsin0cos¢ + lcos¢(cosasinO + 
sinacos0cos4') + lsinasin4'sin¢] 

N3 = [l + lcos0 + lcosacosO - -  lsinasinOcos4' + 
/cosa,/sin0sin¢ --/sinasin4'cos¢ + 
/sin¢(cos~sin0 + sin~cos0cos4,) + /sina,/sin0cos¢ + 
lcos¢(cosasinO + sinacos0cos4,) +/sinasin4,sin¢] 

or N3 ~ (0, 0, 0) with respect to the axes X', Y', Z'  in Figure 4. 

The distance N1N3 can be written as: 

NIN3 = (cos-Qcos X, cosg2sin X, sinf2)L (~) 
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where ~2 is the inclination of N~N3 to the xy plane and X is the inclination of 
the projection of N1N3 on the xy plane to the x axis, and L is the repeat 
distance. 

Equating the components in the z direction we get: 

Lsin~2 = lsin0cos¢ q- lcos¢(cosasinO ÷ sinacos0cos¢) q- 
lsinasinCsin¢ (2) 

2' t 

¢/  
2" 

x ~  

Y 

/ 
/ N, 

Figure 4 Designation of overall length and direction of the repeat distance of (NPCl2)n 

Similarly for the x direction: 

Lcosg2cosx : I q- lcos0 ÷ lcosacos0 - -  
lsinasinOcos¢ + lcosa (3) 

and hence I2 and x cart be calculated f rom/ ,  L, a, 0, ¢ and ¢. 

CALCULATION OF ELASTIC CONSTANTS 

Since the values of  the extra coupling constants are small compared with 
clz, c2a and ca1 and also the off diagonal components are generally small 
compared with c11, c22, ca3, the approximation 

C l l  = $ 1 1 - 1  

C22 = $22 - 1  

C33 = $33 - 1  

may be used for the Young's moduli in the three axial directions. 
The largest and most important  modulus is c22, which can be obtained by 
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considering a uniform strain ez in the direction of the main fibre axis, no 
other strain component  being allowed. 

The stress components necessary to maintain this strain are then given by 

o'1 = C 1 2 e 2  

0"2 == C22e2  

0"3 -=  C32e2  

0"4 = 0"5 = °'6 : =  0 

This holds both for D2 and C2 symmetries. It is not necessary, however, to 
calculate these stress components as c22 can be obtained f rom the strain 
energy function since 

e l  = e 3  = :  e 4  : e5 - e 6  - -  0 

W 
"" V ½cz2e22 (4) 

This equation represents the strain energy per unit volume when an isolated 
chain is deformed along its own direction, introducing a strain e2. The 
symmetry of the chain is not changed by the deformation and therefore it 
can still be described by the five geometrical quantities introduced earlier, 
i.e. l, fl, 7, ~, ~o. 

These can be considered as five degrees of  freedom which can be varied 
independently of one another, and which contribute separately to the 
extension of the chain along its fibre axis. 

I f  dh is the small change in a degree of freedom describing a particular 
bond then the increase in strain energy will be given by the expression: 

1 9 "i  ~ci(dh)- (5) 

where ci is the force constant for deformation of the ith degree of freedom. 
Therefore the strain energy of the repeat unit as a whole may be written in 
general form as 

9 

W : ~ E Ci(dh) 2 (6) 
i : = l  

(i changes to nine degrees of freedom from five, since although bonds PIN1, 
N1P2, P2N2, N2P3 have the same bond length l, they are in different directions. 
Similarly although P1N1P2 = P2N2P3 = 0 r -  a) each deformation con- 
tributes a different amount  in the chain direction N1N3). 

I f  the repeat length L is extended by a length dL Le2 then dL is made 
up as the sum of the small changes dL~ in the chain direction due to variations 
in the degrees of freedom 

9 

• d L  - Le2 ~ dLi .  (7) 
i = 1  

The contributions (dLi) in the chain direction may be determined as follows. 

dL1 ~(--cosa ' ,  --sina ' ,  0)dh 

where ~ represents the unit vector given in equation (1) 

NaNa = (cos-Qcosx, cos~sinx, sing2)L = ~L (8) 
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.'. dL1 = (--cosg2cosxcosa' -- cosg2sinxsina')dh (9) 

similarly 
dL2 = cosg2cosx d/2 (10) 

dL3 = (cosl2cosxcos0 + cosl2sinxsin0sin~b + sing2sin0cos¢)d/3 (1 l) 
dL4 = {cosg2cosx(cosacosO -- sinasin0cos¢) + 

cos~2sinx[sin¢(cosasinO + sinacos0cos¢) -- sinasin¢cos~b] + 
sing2[cos¢(cosasin0 + sinacos0cos¢) + sinasinCsin~b]}dh (12) 

These are the contributions to dL due to small changes dh (i ---- l to 4) in 
the bond lengths P1N1, N1P2, PzN2, N2Pa (see Figure 3). 

We must now consider the contribution to dL of small changes in the 
inter-bond angles and bond rotation angles taking into account the inter- 
relation between them. 

The relations between a, 0, ¢, and ¢ and their differentials with respect to 
fl, 7', ~ and oJ, may be determined by differentiation of the following equations : 

cos~ = 1 -- 2sin2ysin2¢ (13) 

cost/ = 1 -- 2sin2Ocos2¢o (14) 

cos~q' ----- cosZflcos20 + sin2flsin20cos2¢ + 
cos2~b[sin2/3cos20cos2¢ -- sinZflsin2¢ + cos2fisinZ0] + 
½sin2flsin20cos¢(l -- cos2¢) + 
sin2¢[sin2¢sin2/3cos0 -- sin2flsin0sin¢] (15) 

cos,/' = cos20cos2a + sineasinZ0sin2~ + 
cos2~b[sin2acosZ0sinZ~ -- sin2acos2~ + cosZasin20] -- 
{sin2asin20sin~(1 -- cos2¢) + 
sin2¢[sin2asin0cos~ + sin2~sin2acos0] (16) 

where V and V' are the hypothetical angles between bonds, PzN2 and its 
mirror image in the xz plane, and direction NzP3 and its mirror image in 
the xz plane respectively. 

The derivation and differentiation of these equations are given fully in the 
Appendix. 

The subscripts 5, 6, 7, 8 and 9 refer to fl', 7, oJ,/3 (PIN1Pz and P2N2P3 are 
in different positions with respect to the x, y and z axes), and ~. 

8 
dL5 = r i l ~  [--cosa', --sina', 0] d/3' 

wherefl' ~- zr -- a' and d/3' = --da'  

.'. alL5 = (--lcosg2cosxsina' + lcosl2sinxcosa') rift' (17) 

Similarly.: 

dL6 = 1 [cosI2cosxsinO -- cosI2sinx (sinOcos$ ~ -- sin¢cosO ) -- 

sint2(cos¢cos0 + sin0sin¢ ~--~)] d7 08) 
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dLv ~ / --c°s'Qc°sxsin0 doJ + 

~os~s,n+.0~os~ + s,o~os0 ~°) + 

[ de 
dLs -= I ~cos~gcos x [sinasin0sin¢] dfl -l- 

[cos0sina + cosasin0cos¢] -- ,,0j 
[cosasin0 + sinacos0cos¢] clfl + 

cos-Qsin X [[(cosasin0 + sinacos0cos¢)cos¢ + 

de  
sinasinCsin¢] dfl + 

dO 
[sin¢(cosacosO -- sinasinOcos¢)] dfl - 

[sin¢(cosacosOcos¢ -- sinasinO) -- cosasinq~cos¢] -- 

[sinacos¢cos¢-~-sinCsinacos0sin¢] dd-~] ~ 

dO 
simQ [[cos¢(cosacos0 -- sinasin0cos¢)] dfi - 

[COS¢(COSaCOS0COS¢ -- sin0sina) -,~ cosasinCsin¢] + 

[sinasin¢cos¢ -- cosCsirtacos0sin¢] de -- 

[sinasinq~cos¢ sin¢(cosasin0 + 

~no~os0~o~,~ ~] ~t ~20~ 

dL9 ~ l ~(cos-Qcosx --sinasin0sin¢ --  

da 
[cosOsina + cosasinOcos¢] d~ -- 

d0] 
[cosasinO + sin~cosOcos~b] d~ -t 

/[(cosasinO + sinacosOcos¢)cos¢ + cosQsinx 
L de 
sinasinCsin¢] cl~ ~ 

dO 
[sin¢(cosacosO -- sinasinOcos¢)] d-~ ~ 

[sin¢(cosacosOcos¢ --  sinasinO) -- 
da 

cos~sin¢cos¢] d~ + 
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1 
[sinacosfcos¢ + sin~bsinacosOsin¢]] + 

[ a0 
sinO [cos¢(cosacosO --- sinasinOcos¢)] ~ + 

[cos¢(cosacosOcos¢ -- sinOsina) + 
da 

cosasinCsin¢] ~ -- 

[sinasin¢cos¢ -- cosCsinacosOsin¢l + 
[sinasin¢cos¢ -- sin~(cosasinO + 

de] )d~ (21) sinacos0cos¢)] d~ 

Superposing the quantities dL~ as previously 
9 

d L =  ~] dL~ 
i = 1  

which can be written preferably as: 

dL = 2  ~]~ dh (22) 

For a prescribed dL the above equation can be regarded as a constraint 
upon the dh which must be chosen so as to minimize W in the strain energy 
function. 

W = ½ZC,(dh) 2 (23) 

Minimization by the method of Lagrangian multipliers yields: 

c3 W c~(dL) 
c3(dh)-- a ~  f o r i = ( 1 , 2  . . . .  9) (24) 

where ~ is to be determined. 
Differentiation of equation (22) yields 

e(dL) (~L) 
t(dh) = (el,) 

. c ~ w  (~L) 
t ( d h ) -  A ~/~ 

Also from equation (23) 

and 

and 

c~W 
~(dh) -- Cl(dh) 

c~W 
t~(dh)  2 - -  C t  

.'. C, (dh)= ~ (~3~) 

dh = a ~ t(dt,)2 
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Substituting in equat ion (22): 

/ dL A 2 t~31, I ~9{di7)2 
dL [c~L] z / ~2W 

-- A where A Y~ [6~1 J ~,(-di~-)2 • o 

Substituting for ,~: 

Hence 

dL (t?L) / c32W 
dli =: A ~1~ ~(dl¢) '~ 

W = ½E [c~(dli)"J I,?l;, / L~2j 
_ ,  1 

- -  ~ t ~ l i  ) b ( d / i ) ~  - -  2 , , 

• W =: 1A-I(dL)2 (25) 

where A -1 is the gross elastic constant  for the repeating unit. Denot ing the 
gross constant  by C -1 we obtaina4: 

ieC   / C 1 = A ---: .~, ~ / ¢ I  c~(d/~) 2 (26) 

[dLl\ 2 1 / dL2 \  2 1 /dL~\ 2 l 
• c 2 7 )  

to i = (1, 2, 3 . . . .  9). 

C -1 can then be related to e2z by the energy balance 

m : 1c22e22V' ½C(dL) 2 .... ½C(Le2) 2 
CL 2 

. .  C 2 2  - V "  (28) 

where L is the repeat distance and V' is the volume of  the repeating unit. 
(In this case V' equals V/4 where V is the volume of  the unit cell wSich 
contains four  chains.) 

NUMERICAL SOLUTION FOR YOUNG'S MODULUS (c2z) 

In order to calculate the elastic constant  cz2 we need suitable values for 
substitution in equations (2), (3), (9) to (21), (27) and (28). These values are 
obtained f rom the geometric parameters o f  the polymer helix given below. 

Cis-planar helical structure : 
/ - -  1.60 ~< 10 -s cm 

L -  4-92 x 10 - 8 c m  
V == 6.901 × 10 2 'cm3 
/3 = 127 ° :-- Or - -  a) 
7 =  119 ° : = ( T r -  0) 

C =  14°=: ( 7 - - ¢ )  

785 



T. R. MANLEY AND C. G. MARTIN 

hence:  a = 53°; 0 = 61°; ¢ = 76°; ¢ = 66 ° . 
Un i fo rm helical  s t ruc ture :  

l -  1.74 × 10 -8 cm 
L = 4.92 × 10 -8 cm 
V = 6.901 × 10 -22 cm 3 
/ 3 = r =  120 ° 
~ = o ~ = 9 0  ° 

hence:  0 = a = 60°; ¢ = ~b = 0 °. 

Force  cons tan t  da t a  were t aken  f rom the work  of Man ley  and  Wil l iams zz 
on the cyclic phosphoni t r i l i c  ha l ides  and  were as fol lows:  

C1 : C2  = C3  : C 4  : 7-08 × 10 ~ dyne cm -x 
C5 = C8 = 1.32 × 1011 dyne c m r a d  -1 
C6 = 9.09 × 10 - n  dyne cm rad  -1 
C7 ---- C9 = 0.408 × 10 -11 dyne cm rad  -1 

The above  equat ions  were c o m p u t e d  ( IBM 1620) (using the above  data)  and  
the results obta ined  are given below. 

Cis-planar structure: c22 = 1.66 × 1010 dyne cm -2. 

Uniform helix structure: c22 = 1.38 × 109 dyne cm z. 

In  the un i fo rm helix, sin~b and sine (~b = 0 °, ¢ = 0 °) are  zero,  therefore  
some o f  the quot ients  become indeterminate .  To overcome this the p ro-  
g r a m  was rewri t ten so as to  a p p r o a c h  0 ° in small  increments.  Values o f  the 
c2z were ca lcula ted  and the value at  0 ° ob ta ined  by ex t rapola t ion .  

DISCUSSION 

The Young ' s  modu lus  o f  po ly(phosphoni t r i l i c  chlor ide)  is r epor ted  as 2.0 to 
3.14 × 106 dyne cm -2 over  the range  20-50°C 23 and  as 1.8 to  6.5 × 106 
dyne cm -2 for  po lymer  o f  molecu la r  weight  38 000 to 173 400 at  20°C and  
70 % relat ive humid i ty  24. 

The difference between the exper imenta l  figures and  the ca lcula ted  value is 
too  large to  be accoun ted  for  by cons idera t ions  o f  hydro ly t ic  ins tabi l i ty ,  
' f laws'  in the po lymer ,  or  er rors  in using force constants  der ived f rom 
tr imeric  phosphoni t r i l i c  chloride.  

Our  calcula t ions  re la te  to  the de fo rma t ion  of  an  isola ted chain  in a crystal  
o f  po ly (phosphoni t r i l i c  chloride).  U n d e r  no rma l  condi t ions  the de fo rma t ion  
o f  the non-crysta l l ine  mate r ia l  present  will be much  greater  than  tha t  in the 
crystal l i tes  resul t ing in a much  lower modulus .  Thus  the observed moduli23, 2a 
canno t  be c o m p a r e d  with the calcula ted values. 

x - R a y  techniques such as those of  Du lmage  and  Contois  lz measur ing  
changes in crystal  lat t ice spacing with  stress Should give values sui table for  
compar i son  bu t  no da ta  are  avai lable  for  (NPC12)n. 

The calcula ted values for  (NPC12)n and for  o ther  po lymers  are given in 
Table 1. The values for  the (NPC12)n crystal  are cons iderab ly  lower than  
those for  polyethylene  and  nylon  bu t  are  o f  s imilar  o rder  o f  magni tude  to  
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those  o f  po ly ( e th y l ene  g lycol )  and  p o l y p r o p y l e n e  which  also possess  he l ica l  
s t ruc tures .  

P o l y ( p h o s p h o n i t r i l i c  ch lo r ide )  has  a p o l y m e r  cha in  o f  h igh  to r s iona l  
mob i l i t y  and ,  as in po ly ( e thy l ene  glycol) ,  la rge  changes  in in te rna l  r o t a t i o n  
angles  occu r  on  s t r e t ch ing  resu l t ing  in the  l ow va lues  fo r  those  po lymers .  

Table 1 Young's moduli of polymer crystals 

Calculated value 
Polymer (dyne cm- 2) 

Nylon-6,6 a 1.96 -: 10 Iz" 
Polyethylene a 1.82 ~ 10 l~" 
Poly(ethylene terephthalate) a 1.46 . 1012't 
PTFE b 1"66 ~ I0  lee 

Poly(isobutylene) e 7-8 2< 10 Ill 
isotactic Polypropylene e 4.9 ~ 10 llr 
Poly(ethylene glycol) e 4.8 • 10 l°t 
(NPC12)n cis-planar 1.66 > 10 a°¢ 
(NPC12), uniform helix 1-38 ~ 10 ag 

aPlanar zig-zag structure, bHelical b u t  can be considered a s  distorted planar 
zig-zag, eHelical structure, dRef. 13. eRef. 15. rRefs. 16 and 17. gThis work. 

O w i n g  to the absence  o f  su i tab le  e x p e r i m e n t a l  va lues  for  the  m o d u l u s  o f  
the (NPC12)n crys ta l  no  c o n f i r m a t i o n  o f  s t ruc tu re  can be m a d e  on the basis 
o f  the  ca l cu la t ed  va lues  fo r  each  mode l .  
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APPENDIX 

Relationship of  the auxiliary angles a, O, (~ and ~b to the degrees of  freedom 
8, y, ~ and o~ 

Let  ~ be the angle between P2N2 and P2N2' where PeNs '  is the m i r r o r  
image o f  P2N2 in the X Z  plane i.e. a ro t a t ion  o f  --~b abou t  the X axis. (See 
Figure A1). 

X 

p, 

Figure A1 Designation of angles used in deriving equations 

~ Y 

A1) to (A5) 

Then  c o s t  = (Di rec t ion  cosine P2N2) (Direc t ion  cosine P2N2') i.e. 
cos T = (cos0, sin0sin~b, sin0cos~b)(cos0, --sin0simb, sin0cos~b) 

• c o s t  = cos20 - -  sin20sin2~b -t- sine0cos2~b 

which can be reduced  to  

cos t  = 1 - -  2sin~0sin2~b 
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N o w  since 9' - -  7r - -  0, sin7 = sin0 

.'. cos~ = 1 - -  2sin"Tsin"¢ (A2) 

d e  can now be re la ted  to d7 by different ia t ing equa t ion  (A2) keeping ~/ 
cons tan t  

0 -~ sinTcosCd¢ + sin¢cosTd7 

d e  sin¢cos7 
• d~) - - -  sinTcos¢ (A3) 

Also  since ¢ - -  ~o - -  7r/2, s ine  --- --cos~o 
Subs t i tu t ion  in equa t ion  (A 1) gives 

cost/ - 1 - -  2sin')0cos2~o (A4) 

Different ia t ing with respect  to 0 and  w and keeping ~/constant  we get 

0 = coswcos0d0 - -  sin0simo&o 

dO sin0simo 
"" dc~ - -  coswcos0 (A5) 

Equa t ions  (A2) to (A5) give the re la t ionships  o f  the auxi l ia ry  angles 0 and 
4' to the co r re spond ing  degrees o f  f reedom y and  co. 

Similar ly  let -q' be the angle between direct ions NzPa and N2Pa' where 
NzPa'  is the mi r ro r  image of  N2Pa in the p lane  x z .  

Then  cos t /  - -  (Di rec t ion  cosine N,~Pa)(Direction cosine N,,Pa') 
i.e. 

cos~'  - (cosacos0 - -  sinasin0cos¢) e - -  
[(cosasin0 ~- s inacos0cos¢)sin¢ - -  s inas in¢cos¢]  z --}- 
[(cosasin0 + s inacos0cos¢)cos¢ + sinasinCsin¢] z 

COS'q' cos20cosea - -  ~sin20sin2acos¢ + s i n ' ~ a s i n Z O c o s e ¢  - .  

cos~asin'~0sin2¢ _ sin2acoseCsin2~ _ 
sin2asinZ¢cos'~0cos'~¢ -b cos2acoseCsinZ0 + 
sin2asinZCsin2¢ + sin2acose¢cos20cose¢ 
sin2asin2¢sin0sin¢ - -  
½sin20sin2acos¢(cos'~¢ --  s i n e ¢ ) !  
s in2¢sin2¢sine,cos0 

COS't]' cos20cosea + sin2asin')0cos='¢ ~- cos')asiff)0cos2¢ _ 
sin2asin2¢cos2¢ + sin2acos'~0cos'~¢cos2¢ - -  
½sin2asin20cosq~(l - -  cos2¢) + 
sin2¢[sin2asin0sin¢ ~ sin2¢sin2acos0] 

.'. COSY/' cos20cos2a + sin2asin20cos2¢ 
cos2¢[sin2acos"0cos2¢ - -  sin%sin2¢ + c o s ' e a s i n 2 0 ]  - -  

½sin2asin2Ocos¢(l - cos2¢) + 
sin2¢[sin2asin0sin¢ + s i n 2 ¢ s i n 2 a c o s O ]  
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Using a = rr -- /3 we can write equation (A6) in terms of/3, 0, q~ and ~b. 
.'. cosT' = cosZflcos20 + sinZ/3sinZ0cos2~ + 

cos2~b[sin~/3cos20cos2~ -- sinZ/3sin2q~ + cos2/3sin20] + 
lsin2/3sin20cosq~(1 --  cos2~b) + 
sin2~b[sin2~sinZ/3cos0 -- sin2/3sin0sinq~] (A7) 

d/3 may now be related to dO by differentiating equation (A7) with respect to 
/3 and 0, keeping ~', q~ and ~b constant  

0 = --cos2Osin2fld/3 - -  cos2/3sin2OdO + 
cos2$(sin2/3sin2OdO + sin2Osin2/3dfl) + 
cos2~,b[cos2~(cos2Osin2/3d/3 - -  sinZ/3sin2OdO) - -  
sin2q~sin2/3d/3 -- sin2Osin2fldfl + cosZflsin2OdO)] 4- 
lcos~(1 -- cos2$)[2sin2/3cos2OdO + 2sin2Ocos2/3d/3] + 
sin2~b[sin2(o(cosOsin2fldfl - -  sinZflsinOdO) - -  
sin~(sin2/3cosOdO + 2sinOcos2fld/3)] 

sin2/3(cos~q~cos20 --  sin20)(1 -- cos2~b) + ] 
sin2/3sin2q~(1 + cos2~b) -- 
sin20cos2/3cos¢(1 -- cos2~b) -- 
sin2g(sin2/3sin2q~cos0 --  2cos2flsin0sinq~) 

dO 
"" d/3 --  

sin20(cos2~bsin2/3 -- cos2/3)(1 -- cos2~b) + 1 
] sin2/3cos2Ocosq~(l -- cos25) -- 
L sin2~b(sin26sin2/3sinO + sin~cosOsin2/3) 

(A8) 

Continuing we differentiate equation (A7) with respect to/3 and 4'; 0, ~b and 
• f being kept constant. 

0 = --cos2Osin2/3d/3 + sin20(cos2g~sin2/3dfl - -  sin2/3sin2~d~) + 
cos2~b[cos20(cos2desin2/3d/3 - -  sin2/3sin2~d~) -- 
(sin2/3sin24)d~ + sin2q~sin2/3d/3) --  sin2Osin2/3d/3] + 
isinO(l -- cos2~b)[2cosq~cos2/3d/3 -- sin2/3sin,~d4,] ÷ 
sin2~b[cosO(sin2c~sin2/3d/3 q- sin2/32cos2~d4,) --  
sinO(sin2/3cosffd4 + 2sin~cos2/3d/3)] 

]--sin2/3(cos2q~cos20 --  sin20)(1 -- cos2~b) + I 
[ sin2/3sin2~(1 + cos2~b) --  I 
I sin20cos2/3cosq~(1 --  cos2~b) -- [ 

dq~ I sin2%b(sin2/3sin2~cosO -- 2cos2/3sinOsinq~)J 

d/3 

I 
sin2q~sin2/3cosZ0(l -- cos2~b) -- 1 

sin2q~sinZ/3(l + cos2~b) + 
Xsin20sin2/3sin~b(1 --  cos2~b) --  
sin2~b(2cosOsinZ/3cos2,t, - -  sin0cosq~sin2/3 (A9)  

Similarly we can obtain the relation between d/3 and d• by differentiating 
equation (A7) keeping ~7', 0 and ~ constant. 
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0 - -  --cos2Osin2fldf l  + sin2Ocos2¢sin2fldfl  + 
cos2¢(cos20cos2¢sin2fl -- sin2~sin2fi -- sin~0sin2/~)d/3 -- 
2sin2¢(sin2flcos20cosZ4~ - sin2/3sin2¢ ~- cos2/3sJn20)d¢ + 
½sin20cos¢[2sin2flsin2¢d¢ -- 2(1 cos2¢)cos2fidfl] 4- 
sin2¢(sin2cbcos0sin2 fl - 2sinOsin¢cos2f l )df l  4- 
2cos2¢(sin2¢sin~/3cos0 - sin2/3sin0sin¢)d¢ 

- 1 
I sin2fl(cos2¢cos20 -.- sin20)(l -- cos2¢) 4- 
[ sin2flsin2¢( 1 + cos2¢) -- 
] s in2Ocos2f lcos¢( l  - -  cos2¢) -- 
| sin2¢(sin2flsin2¢cosO -- 2cos2flsinOsin¢) 

de 
. .  . . . . . . .  

F 2 c o s 2 ¢ ( s i n 2 ¢ s i n 2 f l c o s O - -  sin2fisin0sin¢)- -] 
| 2sin2¢[sin2fl(cos20cos2¢ -- sin24,) 4- cos2fisin20] - - J  
L sin20sin2flsin2¢cos¢ J (A 10) 

Returning now to equation (A6) and substituting for ¢ using ¢ 4- ~ 7r/2 
we obtain: 

cos~/' ~ cosZOcosZa + sin2asin~Osin2~ + 
cos2¢(sinZacosZOsin'2~ - -  sinZacos2~ 4- cosZasinzO) - 
• ,~sin2asin2Osin~(l -- cos2¢) 4- 
sin2¢(sin2asin0cos~ 4- sin2~sinZ~cos0) (AI 1) 

da may now be related to d/~ by differentiating equation (A11) keeping 7', 
0 and ¢ constant. 

0 --- cos2Osin2ada + sin20(sin2asin2~d~ 4- sin2~sin2ada) t 
cos2¢[cos20(sin2asin2~d~ + sin'~sin2ada) -- 
(cos~sin2ad~ -- sinZasin2~d~) -- sin2Osin2ada] - -  
2Xsin20(1 -- cos2¢)[sin2acos~d~ 4- 2sin~cos2ada] 4- 
s in2¢[s inO(2cos~cos2ada  - -  sin2asin~d~) 4- 
cosO(s in2~s in2ada ~- sin2a2cos2~d~)] 

Fsin2~[sinZa(1 4- cos2¢) -- cos20sin2a(l - cos2¢)] ---I 
| ~sin2asin20cos~(1 5 cos2¢) + 
/ sin2¢(2c°s2~c°s0sin2a -- sin2asin0sin0 

da 
• • 

d~ 
IsinZa(cos'~Osin2/~-- sinZO)(l -- cos2¢) 4- / 
I sin2ac°s~( 1 4- cos2~b) 4- I 
[ sin20cos2asin~(1 -- cos2¢) -- I 
L sin2¢(2cos2asin0cos~ + sinZasinZ~cos0)J (A12) 

Similarly dO may be related to d~ by differentiating equation (A11 keeping 
v', a and ¢ constant. 

0 ~ --cos2asin2OdO + sin2a(sinZ0sin2~d~ ~ sin2~sin20d0) 
cos2~b[sin2a(cose0sin2~d~ -- sin2~sin20d0) + 
sin2asin2~d/~ 4- cosZasin2OdO] - -  
½sin2a(1 -- cos2¢)(2sin~cos20d0 4- sin20cos/~d~) 4- 
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s i n 2 ¢ [ s i n 2 a ( c o s ~ c o s O d O  - -  sinOsin~d~) + 
sin2a(cosO2cos2~d~ --  sin2~sinOdO)] 

sin2~[sin2a(l  + cos2¢) --  sin2acos20(1 --  cos2¢)] ----[ 
[ ½sin2asin2Ocos~(1 --  cos2,~b) + 

J | sin2¢(2sin2acos2~cosO - -  sin2asinOsin~) 
dO 
d~ 

sin2acos20sin~(1 --  cos2~) - -  
sin2¢(sin2acos0cos~ --  sin2asin2~sin0) (A13) 

• I Finally differentiating equat ion (AI 1) with respect t c ¢  and ~, keeping ~ ,  
a and 0 constant:  

0 = sin2asin20sin2~d~ + 
cos2¢(sin~acos20sin2~ 4- sin~asin2~)d~ --  
2sin2~(sin2acos20sin2~ --  sin2acos2~ + cos2asin20)d~ --  
lsin2asin20[2sin~sin2¢d¢ + (1 --  cos2~)cos~d~] + 
sin2¢(2cos2~sin2acos0 --  sin2asin0sin~)d~ + 
2cos2¢(sin2asin0cos~ + sin2~sin2acos0)d¢ 

sin2~[sin2a(l + cos2¢) --  sin2acos20(1 --  cos2¢)] - - ' ~  
½sin2asin20cos~(1 --  cos2¢) + 
sin2¢(2sin2acos2~cos0 --  sin2asin0sin~) 

de  

"" d~ 2sin2¢[sin2a( c°s20sin2~ --  c°s2~) + c°s2asin20] + 1  
[ sin2asin20sin2¢sin~ --  

_1 L 2cos2~(sin2asin0cos~ + sin2~sin2acos0) 
(A14) 
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A test for molecular orientation in a 
'single crystal' of SBS three-block 

copolymer by infra-red spectroscopy 

M. J. FOLKES, A. KELLER and F. P. SCALISI* 

A sample of a polystyrene-polybutadiene-polystyrene (SBS) three-block co- 
polymer with the characteristics of a macroscopic single crystal constituted 
by a regular lattice of polystyrene (S) cylinders in a polybutadiene (B) matrix 
was examined as regards infra-red dichroism. No dichroism for either phase 
could be detected implying molecular isotropy over a 'unit cell' of the 
macrocrystal within specified limits. The implications of this are discussed. 

WE HAVE REPORTED previously 1-~ that the three-block copolymer Kraton 102 
consisting of  a sequence of polystyrene-polybutadiene-polystyrene blocks 
(SBS) with 25 ~ (wt.) polystyrene content ( 20 ~  vol.) can be obtained in the 
form of a macroscopic 'single crystal'. Here the polystyrene phase (atactic) 
is in the form of cylinders of 150 ,~ diameter arranged in a crystallographically 
defined hexagonal array with a lattice parameter of 300 A within a con- 
tinuous polybutadiene matrix1, 2, both phases being amorphous. The samples 
exhibiting this property are in the form of extruded plugs with the cylinder 
axes along the extrusion direction. In studies which followed 4 the optical 
and mechanical anisotropy was investigated. Complete agreement with 
theory was obtained on the basis that the molecular orientation in both S 
and B phases is random. The optical studies in particular revealed a weak 
positive birefringence with respect to the extrusion direction which could 
be quantitatively accounted for by form birefringence alone. It was stated 
that this agreement implies either that there is no molecular birefringence or 
that the molecular birefringence within the two phases fortuitously cancel. 
The need was felt to obtain information on the molecular orientation, or 
absence of it, by a method which is specific to the molecular orientation alone 
and individually so for the two diffexent phases. Clearly infra-red dichroism 
satisfies these requirements. 

Since the work in reference 4 was reported, we have investigated thin 
sections of such samples using i.r. radiation. 60/zm samples were cut from 
the extruded plug parallel to the extrusion direction. This was carried out by 
first glueing the copolymer sample to a block of Tufnol by means of Araldite. 
The samples were then sliced using a microtome blade while liquid air was 
sprayed continually over the sample area during the cutting process. In this 
way very satisfactory samples were produced possessing a uniform thickness. 

Infra-red spectra were recorded using a Perkin-Elmer Model 225 spectro- 
meter equipped with a multiple-plate silver chloride polarizer. Spectra were 

* Present address: SIR, Sesto S. Giovanni, Milano, Italy 
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taken with the plane of polarization of  the i.r. radiation parallel and perpen- 
dicular to the extrusion direction of the sample. 

Typical absorption spectra recorded in the range 600-1800 cm -1 are shown 
in Figure 1. In fact the spectra corresponding to the plane of polarization 
parallel and perpendicular to the extrusion direction are identical within 
experimental error and thus appear as almost a single trace in Figure 1. 

The observed spectra are of course a superposition of spectra from the 
S and B regions separately with any additional bands which may arise from 
interfacial layers between the two phases. Both phases possess characteristic 
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Figure 1 Infra-red spectra of single crystal SBS block copolymer with plane of polarization 
parallel and perpendicular to the extrusion direction. (The relative shift of the two spectra 
below 1000 cm -1 occurred due to a prism change and was left deliberately uncorrected so 
as to show each trace separately as an illustration of the practical identity of the two curves.) 

absorption bands in the range 600-1800 cm -1 which can be highly dichroic 
in an oriented single phase sample (e.g. the 1027 cm -z, 1350 cm -1 and 1495 
cm -1 bands for S and the 967 cm -1, 1646 cm -1 and 1667 cm -z bands for B. 
These are all vibrations associated with main chain atoms). It can be seen 
from Figure 1 that none of the absorption bands appear dichroic within the 
estimated accuracy of measurement of 1%. By choosing bands associated 
with the S and B phases separately which are known to be highly dichroic, as 
listed above, a corresponding value for the minimum dichroic ratio can be 
estimated which is just detectable with our measurements. This is in the 
range of 1-05-1.08. Experiments now in progress in which the dichroism of 
Kraton 102 is being studied in the course of stretching enables us to estimate 
that the minimum dichroic ratio which can be detected within our accuracy 
corresponds to 7% uniaxial strain referred to the macroscopic sample. Using 
the measured dichroic ratios of stretched bulk polystyrene as reported by 
other workers a similar limiting figure can be placed on the S regions. It 
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follows that the maximum molecular anisotropy in our unstressed Kraton 
single crystal sample, as measured on a macroscopic specimen, cannot exceed 
to what corresponds to a 7 ~ sample extension and may well be less. Thus 
sizeable anisotropy over the sample as a whole, hence in view of the single 
crystal nature of our specimen, over regions comprising a 'unit cell' repeat is 
excluded. I f  such anisotropic regions exist within a cell, e.g. at the microphase 
interfaces, the magnitude of this anisotropy and the region over which it 
extends must be sufficiently small so as not to have any detectable effect 
within the limits just specified. All this confirms our previous conclusions 4. 
In particular, it does full justice to our assignment of the observed bire- 
fringence to form birefringence alone and fmthermore justifies our mechanical 
treatment of the rubbery phase in terms of an isotropic matrix material 4. 

Two alternative conclusions may be drawn about the molecules from this 
result. Firstly, that the molecular conformation within both S and B phases 
is essentially random throughout. Secondly, if there are molecules which are 
stressed or compressed, i. e. with end-to-end distances different from the 
unperturbed random chain, such deformation on the molecular scale would 
be sufficiently averaged in respect of  direction so as not to lead to a macro- 
scopic resultant beyond the limits specified. For both cases, possible 
departures at interfaces are subject to the same qualification as stated in the 
preceding paragraph. Departures from the unperturbed end-to-end distances 
of  chains in particular feature in recent theories on microphase separation 5.6 
and hence may become central to the understanding of the subject. All we 
can state here is that thanks to our special samples we are in a position to 
assess such departures in case they have a resultant when averaged over the 
'unit  cell' dimension of our macrocrystal. We can state that at least within 
our hmits no sucb resultant has been found. 

We feel that this result has further reaching implications concerning 
speculations on possible localized order, subcrystalline block structure or 
even a microcrystalline structure, such as escapes detection by diffraction 
methods, within polymers which are conventionally defined as amorphous 7-- .~. 
The fact that the molecules are random even within cylinders of 150 /~ 
diameter and in spaces of comparable dimensions in between, implies that 
regions of  molecular parallelization, as far as present, can only extend over 
distances much smaller than this dimension. Only in this case can an ensemble 
of such regions when confined to within boundaries spaced at 150A exhibit 
complete isotropy. (The maximum possible size of such regions cannot be 
readily specified as this will depend on the shape of the ordered regions and 
will have to take into consideration the requirements set by the molecular 
continuity at the phase boundary.) Our present observations therefore set 
stringent limits to the spatial extent of pre-existing order in amorphous 
polymers, as far as such is present, and affects the scope of models or theories 
based on such ordering accordingly. 
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The influence of stretching on tensile 
strength and solubility of 
poly(vinyl alcohol) fibres* 

D. HEIKENS, A. C. A. M. BLEIJENBERG, J. J. M. HOPPENBROUWERS and 
W. M. BARENTSEN 

The strength of wet-spun poly(vinyl alcohol) (PVa) fibres is given as function 
of bath-stretching, wet-stretching and hot-stretching. In the two equations 
derived for strength of wet-stretching and hot-stretching the complex influence 
of the bath-stretching and hot-stretching is demonstrated. The bath-stretching 
is connected with a pure orientation effect and the residence time in the 
coagulating bath which is a measure for the 'freshness' of the fibre. The 
hot-stretching can be separated in a pure orientation effect and a crystalliza- 
tion effect. Fibres of the PVA, used in the experiments, were soluble in boiling 
water. After shrinkage of the fibres at temperatures near the temperature of 
hot-stretching, the dissolution temperature can be raised. Insoluble VVA 
fibres were prepared after removing most of the bulky residual ester groups. 

INTRODUCTION 

MUCH WORK has already been done on high strength poly(vinyl alcohol) 
(PVA) fibres. As there are many variable factors involved in the wet-spinning 
process there are empirical rules that correlate the strength of the fibres and 
the process conditions. It is known that an increase of stretching increases 
the strength and the modulus of elasticity and decreases the elongation at 
break. 

In this paper a mathematical relation between the strength of wet-spun 
PVA fibres and the three stretch factors (bath-stretching, wet-stretching and 
hot-stretching) is presented. The commercially available atactic Elvanol 
71/30 (DuPont) was used in the experiments. This PVA is believed to have a 
degree of polymerization of 1800, 0.65 mol ~ residual acetate groups and 
1-2 mol ~ glycol units 1. The spinning was carried out in a conventional 
laboratory spinning unit (Figure 1). 

EXPERIMENTAL 

The spinning solution was made by dissolving PVA in water. One percent 
boric acid was added to the 16 ~ PVA solution to prevent gelling. The solution 
was stirred for at least 14 h at 90°C and poured into the spinning vessel. 
Spinning was carried out by pressing the solution with the aid of a gearpump 
through a spinneret with 40 holes of 80 t~m diameter (Baker 40/80 Au/Pt). 

* Paper presented at IUPAC Symposium, Leiden, The Netherlands (1970) 
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The temperature of  spinning solution and the ba th  were kept at 50°C 
At the end of the spinning bath the coagulated fibres were pulled out of  the 
bath by means of the first of  four stretching rollers, with a linear velocity of 
Vl also called fb. This factor can be interpreted as the reciprocal residence 
time but due to the bath resistance there is also a stretching effect on the 

PVA solution 
V I V 2 V 3 V 4 

. . . . . . . .  --/,9 9 9 
Na2SO 4 bath Drying 

a vl =rb 
V41Vl =fw 

% 

~ L---  . . . .  

PPG bath 

V6 

V6/% =rh 

Figure 1 (a) Springing and wet-stretching and (b) hot-stretching of PVA fibres 

coagulating fibre. The factor fb had a lower limit of 3 m/min and an upper 
limit of  25 m/min. However, breaking of filaments at the spinneret occurred 
already a t f ~ =  15 m/min. A t f b ~ 2 5  m/min no fibres could be spun. Between 
the first and second roller the fibres are stretched. The third roller was kept 
at 90°C and served as drying roller. The fourth roller was used to cool 
down the fibre to room temperature. Its speed was so adjusted that there 
was zero tension on the fibres between rollers 3 and 4. 

The wet-stretch factor fw is defined as va/vl. The upper limit for fw --  3 
and gives the stretching factor at which breaking occurred for fibres with 
lowest values forfb.  

The hot-stretching was carried out by passing the fibres through a 
poly(propylene glycol) (PPG) bath at 220°C. This temperature is about 8°C 
below the theoretical melting point of  PVA z. After stretching, the fibres were 
washed with acetone to remove the adhering PeG (Figure 1). The hot-stretch 
factor fn is defined as v6/vs. The upper limit forfh  was 25 for fibres with the 
lowest value offb. 

The fibres were conditioned at 20°C and 45 % r.h. prior to testing. Stress- 
strain curves of  twined fibres were recorded with an lnstron Tensile Tester 
at a speed of 66 % elongation/min. 

RESULTS 

The results of  the measurements are given in Figures 2 and 3. The relation 
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between the wet strength Ow) of  the fibres and the variable process para- 
meters./i~ and fw was found to be 

,7,,, = [ 0 . 2 0 ( f w  - -  l) + 0-13]. /~ 

4 

=2-5 

3 m/min < J~, < 15 m/min 
1 < f , ~ ,  < 3 O) 

¸=1.5 

¢ -  

2 

I 
/ 

,=1-0 

' /  z 
r /  

r i 1 
) IO 2 0  

f b (m/min) 

Figure 2 Strength of PVA fibres after wet-stretching 
o,,. = [O.20(f,. -- 1) f 0.13]fi, 

3 0  

The measurements on fibres which were also hot-stretched, gave the following 
relation : 

~rh:: [0.20(f,J~ -- 1 ) + 0.13].fb-t- 0.33(f,~fi,-- 1 ) 3< fb < 1 3  
1 < fZ, < 3 

i . 4 <  Jh < 2.5 
(2 )  

D I S C U S S I O N  

Equat ion (1) can be separated in two terms, the first depending on.f~/~,, the 
second only on fb. The strength o f  fibres without  wet-stretching (J~ : 1) 
can be varied between 0-4 and 2-6 g/den. The strength 0.13.f~ is believed to 
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be partly the result of the bath orientation as pulling the coagulating fibre 
through the bath will cause friction. During wet-stretching the fibres are still 
in the swollen state and it could be expected that an increase in orientation 
by stretching would result in an increase in strength. If fb was a factor of 

5' (  

4 .  
rb- ,o.oFb-7.o / %-- s.o/ %= 

3-0 

~-. / 
/ 

2.o .~ / / 

i.o '/ / 
/ 

/ 

ii I I I ! 

I-0 2.0 3.0 

(fwfh-I) 
F i g u r e  3 Strength of PVA fibres after hot-stretching 
oh = [ 0 " 2 0 ( f w f h  - -  1) + 0"13]fb + 0 . 3 3 ( f w f h  - -  1) 

stretching only it could be expected that the strength of the fibres could be 
sufficiently described by a single term of e f o ( f w  - -  1). Thereforefb includes an 
effect depending on the reciprocal residence time in the coagulating bath as 
well. The higher f0 the shorter the residence time the more swollen the fibre 
and the larger the effect on strength by orientation in wet-stretching. 

The first part of equation (2) for the strength of hot-stretched fibres is 
equivalent to equation (1) iffh = 1. Iffh would contribute to the orientation 
only then the first part of equation (2) would suffice to describe the generally 
known increase in strength by orientation. But equation (2) has a second 
term which is not zero for.fn = 1. That means that a heat treatment only 
will increase the strength. The effect is larger if the pre-orientation described 
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byfw is larger. This term can be interpreted as a crystallization effect which 
is larger for larger pre-orientation. Evidence for this assumption was given 
by Sakurada who found that the crystallinity of  PVA films increased after 
heat treatment 3. The increase in modulus of  elasticity after a heat treatment 
of the fibres, can also be explained in terms of crystallization. 

If f0 is kept constant it shows that on of  the fibres is not dependent on the 
way of stretching as fw and fn are interchangeable. This suggests that the 
molecular mechanism that responds to the stretching is essentially the same. 

As pointed out by several authors the solubility of  Pva fibres in water was 
a limiting factor for application of PVA in textiles. Although an increase in 
crystallinity diminishes the solubility of  PVA fibres, they are soluble in 
boiling water. Some experiments on the solubility of  the PVA fibres were made. 
All the fibres dissolved in water at 70°C. I f  hot-stretching was carried out in 
air at 210°C, the dissolution temperature was raised to about  90°C. In 
applying a controlled shrinkage (10 ~ )  at 200°C to the fibres this temperature 
was raised slightly. We found as a result of  other experiments that PVA fibres 
derived from poly(vinyl trifluoroacetate) did not dissolve in boiling water. 
This PVA has no residual ester groups and no 1,2 glycol units could be 
detected. As this PVA is reported to be atactic 4 it is possible that the solubility 
of  Elvanol 71/30 is caused by irregularities along the main chain. We tried 
to remove the residual acetate group in this PVA by alkaline hydrolysis which 
resulted in PVA with less than 0.2 mol ~ ester groups. After spinning, 
wet-stretching and hot-stretching followed by 1 0 ~  shrinkage, the fibres did 
not dissolve in boiling water. 

Dept. of Chemical Engineering, 
Eindhoven University of Technology, 
The Netherlands (Received 17 March 1971) 
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Note to the Editor 

Dielectric relaxation in polydimethylsiloxane 

M. E. BAIRD and C. R. SENGUPTA 

Studies of  the dielectric behaviour of  silicone polymers at low temperatures, 
where loss peaks due to segmental motion will occur in the audio-frequency 
region are limitedl,L Polydimethylsiloxane fluids ranging in viscosity f rom 
100 cSt to 105 cSt (1 cSt = 10 -6 m2/s) at room temperature have been exa- 
mined with a G R  1615 A Capacitance Bridge using a three-terminal electrode 
assembly mounted in a cryostat so that the guarded upper electrode follows 
the contraction of the polymer specimen as the temperature is lowered. 
Temperature control to 4- 0-5 °C was achieved through a heat balance between 
a refrigerant vessel containing liquid nitrogen and heaters surrounding the 
electrode assembly and measured with a chromel-alumel thermocouple with 
one junction inserted in a hole in a metal block surrounding the electrode 
assembly. The fluids solidified at about  - -50°C and gradually became more 
opaque at lower temperatures due to crystallization and growth of spherulites 3. 

0 ' 0 5 0  

0 . 0 4 .  ~ 
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0 ' 0 2 5  
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Figure 1 Plots of dielectric loss factor ~" against log frequency for polydimethylsiloxane 
(of viscosity about 1568 cSt at room temperature) at various temperatures. (3 --118°C; 
A -- 116°C; [] - - l l 4 ° C ; v  --112°C; ÷ -- l l0°C; • --108°C; • --106°C; • --104°C 
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Broad loss peaks in the audio-frequency region were observed in the tem- 
perature range -- 120°C to --100°C as shown in Figure 1. The maximum loss 
factor was in the range 4.5~1.9 × 10 -z, corresponding to a dielectric in- 
crement ~,~.-~ in the range 0.3-0.45. The plots of  log frequency of maximum 
loss against reciprocal of absolute temperature were approximately linear 
corresponding to an experimental activation energy of about 1.0 × l05 joule 
tool 1. Variations in cooling rate were found to affect the dielectric beha- 
viour and a standard rate of  cooling and specimens of similar thickness were 
used. The effect of incorporating fillers on segmental motion was also investi- 
gated because little is known about  this despite the wide and important use 
of  fillers for reinforcement in silicone compounds. These fillers consisted of 
untreated silica of large surface area (100-300 mZ/g) and were dispersed in the 
fluid at normal temperature. A marked broadening of the loss peaks asso- 
ciated with segmental motion was observed, particularly on the low frequency 
side, as illustrated in Figure 2 for dimethyl siloxane fluid containing 2 ~ of 

I'OO I u 

O 7 0  t i i l 
-2  - l-s -J - o - s  0 o.s t .o l-s 

Log,o (film) 

Figure 2 Plots of the ratio of loss factor d' to the maximum loss factor e"m against log 
ratio of frequency f to frequency fm giving maximum loss factor for polydimethylsiloxane 
(of viscosity~]0 ~ cSt at room temperature) without filler and for a single sample con- 
taining 2 ~ of untreated silica filler of surface area about I I0 m2/g. q¢ Fluid alone; © fluid 
1 2 ~  filler after standing for about I year; /X filled sample immediately after applying 

ultrasonic vibration; [ ]  filled sample 3 days after applying ultrasonic vibration; -~- filled 
sample 4 days after applying ultrasonic vibration; × filled sample 13 days after applying 
ultrasonic vibration; • filled sample immediately after applying further ultrasonic vibra- 
tion; O filled sample 4 days after applying further ultrasonic vibration. 

si l ica f i l ler  w i t h  a surface area o f  l ]0 m2/g. Th is  effect is s imi lar  to that  
produced on the comparable re laxat ion in organic polymers by increasing 
crys ta l l in i ty  4. On standing, the broadening effect g radua l l y  diminishes but  
by subject ing the compound  to the act ion o f  u l t rasonic  v ibrat ions i t  is 
restored. On fu r ther  s tanding i t  d iminishes again. This can be expla ined by a 
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clustering of the filler particles (each of diameter 15 × I0 9 m), the action of 
ultrasonics being to break up the clusters to a certain extent. This clustering 
and the effect of ultrasonics has been confirmed by electron micrographs 
taken with a magnification of about 35 000. 

The broadening of the loss curves can be explained by a reduction of the 
mobility of the Si-O dipoles near filler particles as compared with that for 
those further away along the molecule. Thus the distribution of retardation 
times is widened. Further studies are being made to explain the effects in 
detail. 
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