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ABSTRACT: The systems 4-methyl-l-pentene/4-methyl-l-hexene and isopropyl vinyl etherlsec-butyl vinyl ether 
have been studied as copoljmers and as homopolymer mechanical mixtures. For both systems, in either case, iso- 
morphism phenomena have been seen on the basis of X-ray diffraction. While the chain axes and the chain sym- 
metries are the same as those of pure homopolymers, the equatorial dimensions of the unit cells are a regular func- 
tion of composition. The melting points of the copolymers are a function of composition and are always between 
the melting temperatures of the pure homopolymers. No isomorphism phenomena have been seen in the homo- 
polymer mixtures poly(4-methyl-l-pentene)~poly(isopropyl vinyl ether) and poly(4-methyl-l-hexene)/poly(sec- 
butyl vinyl ether), 

somorphism phenomena in  the macromolecular field I have been recognized by many Here 
we recall that  they may be distinguished into two 
differznt classes : (a) chain isomorphism, where chem- 
ically and structurally different macromolecules are pres- 
ent in  the same crystalline phase, and (b) isomorphism 
among different monomeric units, which occurs in the 
crystalline copolymers containing a more o r  less random 
distribution of comonomer units. I t  is also well known 
that isomorphism requires that the two types of macro- 
molecules o r  of monomeric units be similar in the solid 
state both in conformation and in size. Bearing in 
mind these conditions, we prepared first binary mixtures 
of isotactic poly(4-methyl-1-pentene) (PMP) with iso- 
tactic poly(4-methyl-1-hexene) (PMHE), and of iso- 
tactic poly(isopropyl vinyl ether) (PIPVE) with isotactic 
poly(sec-butyl vinyl ether) (PSBVE). Successively, we 
prepared a series of copolymers of 4-methyl-1-pentene 
(MP) with 4-methyl-I-hexene (MHE) and of isopropyl 
vinyl ether (IPVE) with sec-butyl vinyl ether (SBVE). 

In the following we will refer to  the preparation of the 
binary mixtures and of the copolymers obtained. Then 
we will demonstrate the existence of isomorphism in all 
these cases on the basis of X-ray evidence and for the 
copolymers also o n  the basis of the melting point cs. 
composition curves. 
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Experimental Section 
A. Polymers and Copolymers Preparation. 1. 4-Meth- 

y1-1-pentene and 4-Methyl-1-hexene System. Racemic and 
optically active (optical purity 93 %) 4-methyl-l-hexene6 and 
the Fluka A. G. “purum” 4-methyl-l-pentene, both defined 
pure by gas chromatographic analysis, were polymerized 
with Ziegler-Natta catalysts. The catalysts were obtained 
by allowing either technical TiCI, or “ARA” TiCI, to react 
with freshly distilled Al(i-C4H9)3 or Zn(i-C4H8)? prepared 
from Al(i-C4Hq)3 and ZnCI?. 

The catalyst was prepared at 0’. in a glass cylinder. under 
dry nitrogen atmosphere and in the presence of an aliphatic 
hydrocarbon, either by adding the organometallic compound 
to “ARA’ TiCI, or by adding TiClr to the organometallic 
compounds. 

After the monomer addition, the glass cylinders were 
sealed and occasionally shaken at room temperature for 
several days. Polymerization was stopped by adding meth- 
anol and the recovered insoluble polymer was purified with 
methanol-containing HCI and extracted with boiling sol- 
vents.’ 

The polymerization conditions are reported in Table I. 
2. Isopropyl Vinyl Ether and Racemic sec-Butyl Vinyl 

Ether System. The homopolymers of racemic sec-butyl vinyl 
ether and of isopropyl vinyl ether, as well as the copolymers 
of the two monomers considered, were prepared by polym- 
erization of the corresponding monomers or mixtures of the 
two monomers. in glass flasks, equipped with side openings 
for the introduction of the reagents and of nitrogen. The 
catalyst system used was based on Al(O-i-C3H,)3-anhydrous 
H2S04 and Al(i-CrH9).j-THF as an activator.bsg 

The cata1yr.t was prepared as previouslys described by 
adding, under nitrogen atmosphere, anhydrous H2S04 (0.77 

(6) P. Pino, G. P. Lorenzi, and  L. Lardicci, Chim. Ind. (Milan), 

(7) P. Pino, F. Ciardelli, G.  P. Lorenzi, and G. Montagnoli, 
42,712 (1960). 
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TABLE I 
HOMO- AND COPOLYMERIZATION OF 4-METHYL-l-HEXENE ( I )  AND 4-METHYL-1-PENTENE (11) 

-- -Monomer --- 
11, 

Run I Mol mol Solvent (ml) Catalyst[' 

A (R)(S)-4-MethyI-l-hexene 0.135 Isocatane (55) TiC13"ARA"/Al(i-C1Ho)i 
B 0.119 ri-Octane (20) TiCll/Al(i-CIH!l)a 
C (R)(S)-4-Methyl-I-hexene 0.0548 0.0548 n-Heptane (15) TiClr/Zn(i-CaH8)n 
D (S)-4-.Methyl- I-hexene 0,0276 0.0274 /i-Octane ( 1 5) TiC14/Zn(i-C4H& 
E (S)-4-Methyl- 1-hexene 0.0143 0.0429 /?-Octane (15) TiC14/Zn(i-CaHy)z 

Mono- 
merh/- 
TiCI, 

33 
50 
30 
30 
30 

a Molar ratio MeiTi = 2.5. In moles; in the case of copolymers, the sum of the moles of the two comonomers was con- 
sidered. 

TABLE 11 

ISOPROPYL VINYL ETHER (IV) BY THE CATALYST SYSTEM Al(O-i-C~Hi~~-H*SO~,~ USING 
Al(i-C4Hs)3-THFh AS AN ACTIVATOR 

HO\lO- AND COPOLYMERIZATION OF RACEWC Sec-BUTYL VINYL ETHER (111) A N D  OF 

Monomer 
-Monomer.- Monomer (111 + lV) /  

mol Ethyl (I11 + I V ) /  Al(i-C1HcI)3- Polymerizn 
R Llll I11 IV acetate, nil HBO, TH F time. hr Conversion' I d .  dl'g 

F 0.313 170 loo 16 24 41.1 5 . 5 d  
G 0.100 55 197 15 14 48.4 12.08 
H 0.075 0.025 55 197 1 5  14 35.5 3.5d 
I 0.050 0.050 55 197 15 14 59.8 6.0d 
K 0.025 0.075 55 197 15 14 66.7 7.4c 

a Molar ratio A1(0-i-CsHi)3/HnS04 = 6.83. b Molar ratio Al(i-C4Hs)3/tetrahydrofuran = 1. Calculated on the basis o 
e At 7 5 "  in toluene. the methanol-insoluble polymer. At 30" in toluene. 

TABLE 111 
HOMOPOLYMERS AND COPOLYMERS OF 4-METHYL- 1-HEXENE 

(I) AND 4-METHYL-l-PENTENE (11)" 

-Homopolymers- 
mixtures (1 + 11)" 

11 (% by 
---Copolymers ( I  + lI)--- 

11 (7; by 
Sample weight) Sample weight) [TI. dl/g* 

1 10 .0  6c 52.2 1.05 
2 24.7 7= 74.2 0.51 
3 51 8 d  50 0.82 
4 77.1 
5 90.2 

a Benzene extractable and diethyl ether nonextractable 
fractions were used. * I (see run A, Table I) had [ q ]  = 3.95 
in tetraline at 120"; I1 (see run B Table I). In this case 
comonomer I corresponds to (S)-4-methyl-l-liexene (see runs 
C and E, Table I). d In this case comonomer I corresponds 
to (R)(S)-4-metIiyl-l-hexene (see run C, Table I). e In tetra- 
line at 120', using a Desretix-Bisclioff dilution viscometer. 

ml) to a solution of Al(O-i-CaHi), (19.7 g) in isoctane (28.5 
ml); molar ratio A1(0-i-C,Hi),/H,S04 = 6.83. 

The catalyst was added to the solution of the monomer or 
of the mononiers mixture in ethyl acetate at the temperature 
of 0" under magnetic stirring. 
@The polymerization was stopped, after maintaining it 2 hr 
at 0" and 12 or 22 hr at room temperature, by addition of a 
dilute aqueous solution of ammonia in methanol. The 
methanol-insoluble polymer was fractionated by boiling 
solvents. 

13. Wending of the Polymers. The blends were prepared 
Table I1 reports the polymerization conditions. 

(8) D. L. Christiiiitn and E. J. Vandenbcrg, U.S. Patcnt 
3,025,282 (March 13, 1962); Cheni. Abstr . ,  57, 2415 (1962). 

(9) P.  Pino, G. P. Lorenzi, and  E. Chiellini, J .  Polvm. Sci., 
Parr C, 16, 3279 (1968). 

TABLE IV 
HOMOPOLYMERS MIXTURES AND COPOLYMERS OF 

RACEMIC Sec-BUTYL VINYL ETHER" (111) AND 
ISOPROPYL VINYL ETHER (IV) 

--Homopolymers? 
mixturesu 
(HI + IV)  -Copolymer"- 

Moles of Moles of 
monomeric monomeric 

units deriving units deriving 
Sample6 from 111. Sampleb from 111, 

9 70.6 12 61.5 
10 44.8 13 32.0 
11 22.3 14 5 .0  

a Prepared using the catalyst system A1(0-i-C3Hi),- 
HnSOI/A1( i-C4H&-THF. * Nonextractable fraction with 
boiling ethyl ether, but extractable with boiling benzene 
in Kumagawa extractor. 

by slow evaporation of carbon tetrachloride solutions of the 
poly(a-olefins) or benzene solutions of poly(alky1 vinyl 
ethers); homogeneous sheets (1-2 mm thickness) were thus 
obtained. Compositions and properties of the blends ob- 
tained are reported in Tables I11 and IV. 

The homopolymers employed to prepare the blends were 
bmzene extractable and diethyl ether nonextractable frac- 
tions having high stereoregularity. In the case of poly(cu- 
olefins) care was taken in order to prevent precipitation of 
the less soluble polymer (PMP) during solvent evaporation. 
To this purpose, thin solution layers were subsequently 
evaporated on the same film. 

C. Copolymer Samples. The samples were prepared by 
the same procedure as that described for the preparation of 
the homopolymers, from the stereoreg~ilar fractions of the 
copolymers, extracted with the same solvents as the homo- 
polymers. 



- 
TABLE V 

- - __ - 
Transverse 

I-’eriodicity per Torsional angles Valence angles air8 per 
monomer unit M/N monomeric along the along the molecule. 

I’olynier u = 11. A along c, A units per pitch main chain main chain, deg A B  
-. ~ __ 
I’oly(4-1~~~tliyl-l-p~nLene) 18 .6  f 0 . 2  1.97 f 0 .05  

I’oly(?-iiietliyl-l-Ii:xe~ie) 19.6 f 0 . 2  2.00 i: 0.05 

The monomeric unit content derived from thecomonoiners 
was determined by ir analysis. using a Perkin-Elmer 221 
spxtrophotometer. Measurements were carried out on 
nonoriented polymer fiims. 

I n  the case of a-olefin copolymers.l0 use was made of the 
alxorption bands at 964 and 918 cm-1, characteristic of the 
monomeric units derived from MHE and MP. respectively. 
Log ( D H - : , ~ ~  cm- ~ / D H - ~ , ~ ~  c,il-l) was determined and compared 
with the value ‘obtained from mixtures of the two homo- 
polymers with known composition (base line points. 1215 
and 895 cm-1). 

For the alkyl vinyl ether copolymersll the absorption 
bands at 816 and  852 cm-1, characteristic of the monomeric 
units derived from SBVE and IPVE, respectively, were used, 
with base line points 1230 and 770 cm-l. 

The melting temperatures were determined by a Perkin- 
Elmer differential scanning calorimeter; the ends of the 
fusion peaks have been assumed as melting points (heating 
rate, 8 ‘/inin). 

X-Ray Analysis of the Homopolymer Mixtures and 
of the Copolymers. The specimens used in the X-ray 
analysis generally consisted of thin fibers obtained by stretch- 
ing, at room temperature, narrow ribbons cut out from the 
films of the polymers. The X-ray spectra were performed 
in cylindrical cameras (28.65 mm = R and 57.30 mm = 

R,); both Cu KO and Fe K a  radiations were employed. 

Results 
4-Methyl-1-hexene and 4-Methyl-1-pentene System. 

The crystal structures of both isotactic P4MP12-16 and of 
isotactic PMHEI2$ l a ,  l6 have been described as resulting 
from a tetragonal packing of molecules having a 712 
helix conformation. Each right-handed helix is sur- 
rounded by four left-handed helices and cice oersa, ac- 
cording to the PA space group. The unit cell param- 
eters and the chain conformations of the two polymers 
are reported in Table V. 

The similarity in both chain conformation and cross- 
sectional area per macromolecule seemed to  be fav- 
orable prerequisites for cocrystallization. We first ex- 
amined the binary mixtures of isotactic P M H E  and of 
isotactic PMP. F rom the position of the X-ray spots, 
the equatorial unit cell dimensions are seen to  change 
progressively wirh composition while the c axis retains 
the value found in the pure homopolymers. The n 

D. 

(10) C. Carlini, I-. Ciardelli, and P. Pino, Mukrornol. Chem., 
119.244(19hX). 

\ --,. 
E. Benedetti, private conimunication. 
G. Ndtta, P. Corradini. and I .  W. Bassi, Arr i  Accud. Nuz. 

Rend.,  CI. Sci. Fis. Mar. Nut.,  19 (S), 404 (1955). 
G. N‘itt.1, h l ~ l \ r ~ t ~ ~ I .  Chem., 35, 93 (1960). 
P. Corriidini and I .  Pasquon, Atri Accutl. .Vu:, Lirtcei 

( I S )  F. C .  Friincli, A.  Keller, and A.  O’Connor, Phi/. Mug., 

(16) H .  D. Noetli’x, J.  Pdj’m.  Sci., Part C, 725 (1967). 

Rcird., C/.  Sci. Fis. War. .Vut., 19 ( X ) ,  453 (1955). 

4 (S), 200 (1958). 

3 50 (712) UI = 287“7‘ Q, = 110 
86 49 

u? = 167”26’ 91 = I I3  

3 50 (7,’2) 286-71‘ 01 = 110 

U J  = 169 17’ 9, = 113 
96 43 

axis assumes values linearly intermediate between those 
of the pure homopolymers, the P4 symmetry being pre- 
served, in the ranges of composition 0-25 and 75 -100z  
of P M P  (by weight). I n  the 25-75z range, a splitting 
of the spots is observed, corresponding to the separation 
of the system in two limiting phases having a PMP con- 
tent of 25 and 75 

From the above, we have concluded that the PMPi 
P M H E  system a t  room temperature represents an  ex- 
ample of isodimorphism with a gap of mixing in the 
25-75 range of compositions by weight. The melting 
points of the blendings in  the range 1-25x and 75- 
99%, respectively, of P M P  could not be determined 
possibly for separation of the two components at high 
temperature. The variation of the a cell parameter with 
composition is shown in Figure 1. The cocrystalliza- 
tion between the macromolecules of isotactic PMP and 
the macromolecules of isotactic PMHE is clearly dem- 
onstrated. 

The X-ray fiber spectra of the copolymers with 
different contents of 4-methyl-1-pentene and of 4- 
methyl-1-hexene have shown that both the chain confor- 
mation and the unit cell symmetry of the pure homo- 
polymers are  maintained in the crystal state. Also in 
this case, the equatorial unit cell dimensions change 
progressively with composition and assume values that 
are  intermediate between those of the two pure homo- 
polymers. Contrary to  what occurs in the case of the 
homopolymer binary mixtures, in the case of the co- 
polymers isomorphism exists between the two mono- 
meric units, in the full range of compositions (Figure 2). 

The melting points of these copolymers change Iin- 

early with composition and are always comprised be- 
tween those of pure P M P  and P M H E  (Figure 3A). 

by weight, respectively. 

BINARY MIXTURES 

r a x m r 92 ea Y m m Irn 

PMHE M-rir vn4. 7. 

Figure 1. Variation of the a axis of the unit cell with compo- 
sition in the poly(4-methyI-l-pentene)/poly(4-methyl-l- 
hexene) mixtures. 
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Figure 2. Variation of the u axis of the unit cell with compo- 
sition in the 4-methyl-l-hexene/4-methyl-l-pentene copoly- 
mers. 
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Figure 3. Melting temperatures L'S. compositions of 4- 
methyl- l-hexene/4-methyl- 1 -pentene copolymers (A) and of 
isopropyl vinyl etlierlsec-butyl vinyl ether copolymers (B). 

Isopropyl Vinyl Ether and Racemic sec-Butyl Vinyl 
Ether System. The crystal structures of isotactic 
PIPVE17 and PSBVElb were described as resulting from 
a tetragonal packing of chains having a 17/5 helix con- 
formation. Each right-handed helix is surrounded by 
four left-handed helices and cice cersu. In Table VI 

61NAPY M!XTUiiEj 

L 
o o 2 C Y 1 1 ) C c o l o m ~ m  

VSBYE u..l.m.nc *"#!% *!a 

Figure 4. Variation of the L I  axis of the uni t  cell with coin- 
position in  the poly(isopropq1 vinyl  etlier)~poly(.~rc-butyl 
v inyl  ether) mixtures. 

(OPOLYMEPS 

A I  

o * ? l o l c ~ o ~ ~ s ~ ~ ~  

$BYE Monomeric Y _ I . : ~  >. 
Figure 5. Variation of the N axis of the unit cell with compo- 
sition in the isopropyl vinyl ether,!sec-butyl vinyl ether co- 
polymers. 

polymer mixtures of isotactic PIPVE and PSBVE. 
From the spots of fiber spectra it is clear that while the 
unit cell symmetry and the c axes of the various mix- 
tures do not change, the u axes dimensions continuously 
change with composition. The continuous change of 
the u cell parameter with composition indicates the ex- 

TABLE VI  

Trans- 
Torsional verse 

Periodicity per M / N  mono- angles along area per 
monomeric unit meric units the main Valence angles along molecule, 

Polymer o = b. A along c. A per pitch chain, deg the main chain A2 

I'oly(isopropyl vinyl ether) 1 7 . 2  f 0 .2  2.09 f 0.05 3.40 (l7/5) u1 = 290 cp, = $ 2  = 114"30' 73.96 

I-'oly(arc,-butyl vinyl ether) 18.25 =k 0 . 2  2 , 0 9  & 0.05 3 , 4 0  ( I  7 / 5 )  a, = 290 q1 = p, = I I4  -30' 8 3 , 2 7  

U? = 170 

U >  = 170 

the unit cell parameters and the parameters of the two istence of a phenomenon of chain isomorphism occur- 
helices are reported. The cross-sectional areas per ring in the whole range of compositions. In  Figure 4 
macromolecules in the crystalline state do not differ by the u axes of [he two pure homopolymers are compared 
more than 11 2 and the chain conformations are iden- with those of the crystalline mixtures; within experi- 
tical. mental error the ci length varies linearly with compo- 

We first examined the X-ray fiber spectra of the homo- sition. 
The examination of the X-ray fiber spectra of the 

isopropyl vinyl ether-src-bLltyl vinyl ether copolymers 
shows that 'Iso in this case' an isomorphism phenom- 
enon occurs between the two monomeric units. Pre- 

(17) I .  W .  Bassi, A f f i  Accad. A'az. Liricei Rend. ,  CI. Sci. Fis. 

(18) G. Natta, 1. W. Bassi, and G. Allegra, Makroniol. Chew.,  
.Mat. ?Vat., 29 (S), 193 (1960). 

S9, S I  (1965). 
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serving the c axes dimensions and the unit cell sym- 
metry the a axes dimensions change almost linearly with 
composition (see Figure 5 )  and are  always comprised be- 
tween the values corresponding to  the two pure homo- 
polymers. 

The melting points of these copolymers are  a function 
of composition and are always between the melting 
points of the two pure homopolymers (Figure 3B). 

As in the preceding system, the behavior of the 
melting points of the homopolymer mixtures of iso- 
tactic PIPVE and of isotactic PSBVE is less clear, pos- 
sibly owing to separation processes that occur at high 
temperatures. 

Binary Mixtures Containing PMP and PIPVE, and 
PMHE and PSBVE. The chain conformations and the 
chain packings of the two poly(a-olefins) are  very sim- 
ilar to  the chain conformations and chain packings of 
the corresponding poly(a1kyl vinyl ethers). The cross- 
sectional area in the crystalline state differs by about 
12 in both systems. Starting these considerations, it 
seemed possible that also in these two systems the for- 
mation of solid solutions might take place. However, 
the trials we have conducted have shown that poly(a- 
olefins) and the corresponding poly(alky1 vinyl ethers) 
crystallize in separate unit cells in the full range of com- 
positions. This fact may be tentatively attributed to  the 
difference in polarity between the two classes of poly- 
mers. 

Conclusions 

The polymer system consisting of homo- and copoly- 
mers of 4-methyl-1-pentene and 4-methyl-1-hexene as 

well as that derived from isopropyl vinyl ether and sec- 
butyl vinyl ether represent interesting examples of the 
possible phenomena of isomorphous replacement, in 
macromolecular systems. Both copolymeric systems 
show isomorphism in the whole range of compositions. 
I n  the case of the homopolymer mixtures, the poly(alky1 
vinyl ethers) show the same behavior, whereas the poly- 
(a-olefins) yield isodimorphism, the limiting phases cor- 
responding to about  25 of weight concentration of 
either component. 

It is interesting to observe that only two cases of BO- 
morphism among homopolymers had been previously 
described: polystyrene and styrene-p-methylstyrene 
copolymer (molar fraction 30 of p-methylstyrene', j), 

poly(viny1 fluoride) and poly(viny1idene fluoride) 
system.lY In these cases, in addition to the requisites 
of size and conformational analogy among the replacing 
units there is the additional feature of the chemical com- 
patibility among the homopolymer chains. I t  seems 
that the last feature is also very important as in the sys- 
tems consisting of poly(4-methyl-1 -pentene) with poly- 
(isopropyl vinyl ether) and of poly(4-methyl-1 -hexene) 
with poly(sec-butyl vinyl ether) where, in spite of the 
over-all size of the chain conformation of the two types 
of macromolecules being very similar, no  isomorphism 
phenomena have been observed. 
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ABSTRACT: General methods are presented for the calculation of the average conformations of adjoining pairs 
of bonds in vinyl chains (-CH,-CHR-), of any specified stereochemical configuration. Intramolecular inter- 
actions are characterized by a small set of statistical weight parameters, usually three in number. Those involving 
two groups (CH2. CH, and/or R) separated by four bonds are dominant in discriminating between various possible 
conformations of the chain molecule. Numerical calculations are carried out to illustrate the role of the several 
kinds of interactions in stereoregular isotactic and syndiotactic chains. The average conformations of one, two. 
and three consecutive racemic dyads within an otherwise meso (isotactic) chain illustrate the effects of the stereo- 
chemical Configurations of adjoining units. The average conformation of one racemic dyad. or of a pair of race- 
mic dyads. in an atactic chain is subject to wide variation, depending on the stereochemical configurations of se- 
quences of dyads adjoining the one(s) in question. This is demonstrated by generating sets of 100 Monte Carlo 
chains in which the average incidence of racemic dyads is specified but the sequence in which they occur is random. 
then carrying out calculations for racemic dyads situated in the chains thus generated. The steric interactions which 
severely limit the conformations of vinyl chains cause the conformation of a given skeletal bond to be strongly in-  
fluenced by the conformations of adjoining dyads. This neighbor interdependence renders the average confor- 
mation of a given dyad dependent upon the stereochemical configurations of other dyads in the chain, including 
those removed some distance in the chain sequence. 

he conformations accessible to a vinyl polymer 
chain depend in marked degree on  the character of 

metric centers CHR.  If R is a group commensurate in 
size with or larger than methyl, the number of signifi- 
cant conformations for the chain as a whole is severely 
restricted by steric interactions between nonbonded 
atoms and groups. Those conformations which are 

T 
H--(CH 2--CH R-),CH y 

the substituent R and o n  the configurations of the asym- 


