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ABSTRACT: A sample of poly(2,6-dimethylphenylene oxide) (PPO) has been crystallized by exposure to 2-buta- 
none (MEK) vapor. This sample has been investigated by wide and small angle x-ray scattering (WAXS and 
SAXS), differential scanning calorimetry (DSC), and light-scattering techniques. The WAXS and DSC experi- 
ments reveal a maximum crystallinity of about 30%. The SAXS, analyzed according to the linear paracrystal model 
of Hosemann, indicates a high degree of order in the superlattice with an average crystal lamellar thickness of 38 A. 
Extensive peak broadening occurs in the WAXS curve arising from crystal lattice distortions or defects. These dis- 
tortions or defects most probably are a consequence of the removal of solvent molecules from the lattice during the 
drying process. The light-scattering studies show a rodlike morphology apparently made up of fibrous bundles. The 
exact nature of the structures responsible for the observed light-scattering patterns cannot be conclusively demon- 
strated. 

Wide angle x-ray-scattering (WAXS) studies of single 
crystals of poly(2,6-dimethyl-l,4-phenylene oxide) have 
been reported by a number of a u t h o r ~ . l - ~  The results of the 
studies indicate that the structure of PPO single crystals 
depends on the solvent used for the crystallization and the 
subsequent drying procedures. Barrales-Rienda and Fatou2 
have shown that the relatively sharp diffraction maxima 
obtained in the WAXS pattern of PPO single crystals in 
the presence of a-pinene solvent become very broad and ill 
defined when the crystals are thoroughly dried. I t  is gener- 
ally accepted that solvent molecules incorporate into the 
PPO crystal lattice.* 

It  is well known that bulk PPO cannot be thermally crys- 
tallized but crystallizes fairly readily in the presence of sol- 
vent or solvent vapor. Horikiri and Kodera3 have reported 
the growth of spherulitic superstructures in PPO when thin 
films were exposed to a-pinene or tetralin. It was noted 
that spherulites are not formed when the crystallization is 
carried out in tetralin vapor at temperatures greater than 
50 “C. This work demonstrates the dependence of the mor- 
phology as well as the crystal structure of PPO on the na- 
ture of the solvent and the conditions of crystallization. 
Solvents having solubility parameters close to that of PPO 

produce a morphology which is stable over a wide range of 
 temperature^.^^^ For the present study, 2-butanone (MEK) 
has been selected as the solvent. (MEK has a solubility pa- 
rameter of 9.3 while PPO has a solubility parameter of 8.8.) 
In all cases the polymer films were thoroughly dried subse- 
quent to crystallization. In the case of some solvents, such 
as acetone, the drying process leads to extensive crazing,6 
but no crazing was observable with MEK. The morphology 
and structure of the semicrystalline PPO thus obtained 
were studied by small angle x-ray scattering (SAXS), dif- 
ferential scanning calorimetry, (DSC), and light scattering, 
in addition to WAXS. 

Experimental Section 
(1)  Sample Preparation. PPO was obtained from the General 

Electric Co. (courtesy of A. Katchman) in powder form. The pow- 
der was dissolved in toluene a t  25 ‘C and precipitated with an ex- 
cess of methanol. The PPO purified in this way was used for the 
crystallization experiments. [q] was measured in toluene a t  2.5 O C  

and interpreted with the aid of the viscometric equation of Bar- 
rales-Rienda2 

(1) [?I = 5.74 x 10-~R,0.69 

This resulted in an Mn of 2.3 X lo4. 
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Figure 1. Wide-angle-x-ray scattering of a partially crystallized 
PPO sample as a function of the scattering angle 28. The WAXS 
curve of an amorphous standard has been constructed into the 
curve to separate the crystal peaks from the amorphous halo. 
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Figure 2. Small-angle-x-ray scattering curve of PPO. The regis- 
tered intensity is displayed together with the slit-desmeared and 
Lorentz-corrected intensities. (The intensity scales of the curves 
are different.) 

The dried PPO was compression molded into films of about 0.4 
mm thickness a t  10 000 psi and 280 "C under nitrogen. The mold- 
ed films were cut to a final sample size of 25 X 15 mm. 

Films were crystallized by exposure to an atmosphere of MEK 
vapor a t  7 5  "C for 7 2  h. The crystallized films were then dried 
under vacuum a t  110 O C  for 24 h. After this treatment no residual 
solvent could be detected. 

(2) Measurements. (a) WAXS. WAXS measurements were 
carried out with a Philips-Norelco wide angle goniometer equipped 
with a graphite monochromator. The goniometer wqs used in the 
symmetrical reflection mode in order to obtain good resolution of 
the crystalline diffraction peaks. The intensity was corrected for 
absorption and a correction was made for instrumental broadening 
using a silicon standard provided by Philips. The integral breadths 
of four peaks were measured by planimetry, plotted against Bragg 
angle (28) ,  and extrapolated to smaller angles. 

WAXS curves were also obtained from completely amorphous 
samples in order to effect a separation of the amorphous and crys- 
talline scattering. 

I 

480 490 500 510 5 2 0  530 

T ("IO 

Figure 3. DSC thermogram of PPO. 

The areas under the WAXS curves for both the amorphous and 
crystalline samples were measured by planimetry in the range 28 = 
7" to 28 = 30". This range encompasses all the crystalline diffrac- 
tion peaks with the exception of a few weak peaks of higher order. 
These are difficult to separate from the background and make only 
a small contribution to the overall scattering intensity. 

The WAXS patterns of both amorphous and crystalline PPO 
are shown in Figure 1. 

Photographic flat plate patterns demonstrate that  no preferred 
orientation direction exists in any of the samples. 

(b) SAXS. SAXS investigations were carried out with a Rigaku- 
Denki small-angle camera equipped with a Kratky collimation sys- 

Cu K a .  radiation was used and monochromatization was 
achieved with a Ni filter in conjunction with electronic pulse 
height analysis of the output from a proportional counter. The 
x-ray generator was housed in a constant-temperature room and 
the temperature of the cooling water for the x-ray tube was con- 
trolled to provide a constant primary beam intensity. 

Both scattering curves and background intensity were recorded 
with a minimum of 5000 counts per point in order to minimize ex- 
perimental error. Since the Kratky collimation system operates 
with slits, the experimental scattering curves are "slit smeared". 
Desmearing of the experimental curves was accomplished by the 
method of Schmidt8 and that of Guinier and F o ~ r n e t . ~ J ~  Both 
methods gave essentially the same results. 

Lorentz corrected SAXS curves were obtained by multiplying 
the intensities of the desmeared curves by s2 (s = 2 sin 8 h ) .  Figure 
2 shows the experimental curve, the desmeared curve, and the Lo- 
rentz corrected curve for a sample of crystalline PPO. 

(c) DSC. Melting points and heats of fusion were measured 
using a Perkin-Elmer calorimeter Model DSC-2. Calibration was 
achieved with an Indium standard. A typical thermogram of a 
crystalline PPO sample is shown in Figure 3. The heating rate in 
this case was 10 "C/min. 

(d) Light Scattering. Light-scattering patterns were obtained 
from the crystalline PPO samples using an apparatus designed by 
Stein." A laser source was used in conjunction with a polarizer to 
ensure complete linear polarization. After the polarized light beam 
passed through the sample a second polarizer was used whose po- 
larization axis was either perpendicular to that of the first polariz- 
er (H, pattern) or parallel to that  of the first polarizer (V, pat- 
tern). Samples having thicknesses of <0.005 cm were pressed be- 
tween glass plates in the presence of an immersion liquid (silicon 
oil) having approximately the same refractive index as the sample. 

Results and Discussion 
(1)  Crystallinity. An inspection of Figure 1 reveals that 

the crystalline diffraction peaks in PPO are quite broad 
and ill defined. The scattering pattern is quite similar to 
that obtained by Brrales-Rienda and Fatou2 for dried sin- 
gle-crystal mats of PPO. It  is probable that the removal of 
the solvent introduces lattice defects which result in a very 
imperfect crystal structure. 

An approximate value of the weight fraction of crystal- 
line material may be obtained using: 
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Table I 
Crystallinities Wc of PPO Obtained from Various 

Experimental Methods 

Method w c ,  % 
-__ 

WAXS 31 
SAXS 25a 
DSC 33 

a Linear crystallinity @C obtained by theoretical model 
calculations of SAXS curves. 3 (x)  t 

Jm Z,(s)s2 ds 
- w, = - 

Xm Z(s)s2 ds 

9 a  ? X 

Figure 4. Model of the crystalline superstructure of PPO (“sand- 
mwich model”). The electron density 6 ( x )  is assumed to drop linear- 

ly from g, tog, due to thickness variations of the crystalline layers. rm Z(s)s2 ds 
JO 

W ,  = weight fraction crystallinity; I J s )  = crystalline scat- 
tering intensity a t  s; s = 2 sin B I X ,  where 0 is half the scat- 
tering angle and X is the wavelength of the x-ray source; 
I ( s )  = tot,al scattering intensity a t  s ;  Ia(s) = amorphous 
scattering intensity at  s .  

In order to obtain meaningful values from this method, 
the amorphous halo must be resolvable from the scattering 
due to crystalline material. Such a resolution is very diffi- 
cult in the case of crystalline PPO due to the broadness of 
the crystalline peaks. In order to overcome this difficulty, 
the scattering curve of amorphous PPO (Figure 1) was sub- 
tracted from that of crystalline PPO.I2 The value for W ,  
obtained by this method is listed in Table I. 

For a partially crystalline material which contains crys- 
tals of “infinite” dimensions, the weight fraction crystallin- 
ity may be obtained from the relationship 

Wc = A Q f I m f  (3) 

AQf = observed enthalpy of fusion; AHf  = enthalpy of fu- 
sion of a completely crystalline material. AQf  is proportion- 
al to the area under the DSC melting endotherm and AHf 
has been determined previously for PPO using the “dilu- 
ent” technique.13 Values obtained from eq 3 can be in error 
when the crystals are small. We may write 

Lwf = Lwf- - (2uel l )  (4) 

AHf = enthalpy of fusion for crystals of thickness I ;  ue = 
surface free energy of the crystals. 

Although values for 1 have been obtained for crystalline 
PPO by SAXS as will be discussed subsequently, no values 
for ue are available. I t  is thus impossible to quantitatively 
assess the error introduced into W, using eq 3. The value of 
W ,  obtained from eq 3 would be expected to be an underes- 
timate. Table I reveals that this value agrees quite well 
with that obtained from WAXS. (The WAXS result would 
also be expected to be an underestimate since WAXS is in- 
sensitive to small crystals.) 

The Lorentz corrected SAXS curve shown in Figure 2 
exhibits two maxima. The more prominent of the two max- 
ima occurring a t  the lower angle corresponds to a Bragg 
spacing of 160 A. This will be referred to as the long period 
L’. The second maximum is presumed to be a second order 
of the long period maximum although its angular position 
is somewhat less than double that of the long period maxi- 
mum. The overall shape of the Lorentz corrected SAXS 
curve is very reminiscent of that of many other semicrystal- 

line polymers which have highly ordered superstructures. 
In order to interpret the SAXS curve to obtain parame- 

ters pertaining to the superstructure of crystalline PPO it 
is necessary to assume a model and fit the experimental re- 
sults to this model. The model assumed is a one-dimen- 
sional model14 in which the lamellar crystals in the system 
are arranged in domains of limited size. It is required that 
every Crystalline lamella be followed by an amorphous 
layer, the succeeding crystal lamella being orientation cor- 
related to the preceding. The number, N ,  of crystals in a 
domain is allowed to vary. Thus the domains are polydis- 
perse in size and the modulation of the SAXS curve is due 
to electron density fluctuations within a domain. Hence the 
theoretical intensity function, Z(s), for the model, can be 
calculated from the inner structure of an average domain. 
A strict two-phase system is assumed (one crystalline den- 
sity and one amorphous density) and the average scattering 
intensity I ( s )  calculated from Hosemann’s equations for a 
linear paracrystalline lattice.l5 

I ( s )  = 1.4 + ZB 

h(x , )  = thickness distribution function of the crystalline 
phase; h(xa)  = thickness distribution function of the amor- 
phous phase; x c  = thickness of a particular crystalline lam- 
ella; x a  = thickness of a particular amorphous layer. 

Equation 5 presumes the existence of an infinitely sharp 
boundary between the crystalline phase and the amor- 
phous phase, which is somewhat unrealistic. In order to ac- 
count for a diffuse boundary layer, an interfacial region is 
assumed in which the density changes linearly from the 
crystalline to the amorphous density as illustrated in Fig- 
ure 4. The contribution of this interfacial region to the 
SAXS scattering curve has been discussed by Tsvankinl‘j 
and leads to a modification of eq 5 as 
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Table I1 
Superstructure Parameters Obtained by Fitting Theoretical 

SAXS Curves to the Experimental Curvea 

Distribution 
_ - -  function 

combination xc,  x,, x b ,  g,, g,, W,, 
( h x , ) / ( h ( x , )  a a a % % % N 6 ,  % 

Symmisymm 38 114 10 30 25 25 14 1.96 - 5.98 
Symmlunsymmb 45 104 10 33 30 30 14  44.1 
Unsymmiunsymm 31 116 10 45 20 2 1  18 48.3 

b Equivalent to the combination unsymm/symm. 
aThe parameters listed are those of the closest f i t .  

f b  = average thickness of the interfacial layer. 
In the case of large numbers of orientation correlated 

crystals, the contribution of ZB to 7(s) becomes negligible 
and eq 6 reduces to 

In order to obtain the proper distribution functions h(x,)  
and h ( x , )  to fit the experimental curve, different combina- 
tions of symmetrical and unsymmetrical functions were 
tried.17 Initially N was assumed large and the distribution 
functions obtained using eq 7. After the distribution func- 
tions had been determined, N was allowed to vary and eq 6 
was used for the final “best” fit. 

The forms of the trial distribution functions were 

for the unsymmetrical distribution functions and 

for the symmetrical distribution functions. 
In eq 8 and 9 x i  refers to either the crystalline or amor- 

phous thickness and A2fi  refers to the mean-square fluctu- 
ation in thickness of either the crystalline or amorphous 
phase. The results of the calculations are collected in Table 
11. The thickness fluctuations are designated g, and g a  in 
Table I1 and are related to the A2ni by 

The fluctuations gc and g, following from eq 8 have been 
determined gra~hical1y.l~ The deviation of the theoretical 
from the experimental curve, 6, is given by 

An inspection of the 6’s in Table I1 reveals that only the 
combination of symmetrical h(xi)’s for both the amorphous 
and crystalline phases yielded a close fit to the experimen- 
tal data. The best fit with h(xi) of the form of eq 9 is shown 
in Figure 5a while Figure 5b shows the best fits obtainable 
with the other combinations of h(xi)’s. The h(xi)’s which 
gave the best fit are shown in Figure 6. 

a 

2 4 6 8 IO i2 I4 16 18 20 

s ( ~ 0 3  A - l )  

b 
symm /unsymm - _ _ _ _  

_ - _ -  unsymm /unsymm 

.. .. , \  

, , I ;-. ,- .. ----- -- - I 

S ~ I O - ~ P I  
Figure 5. (a) Experimental and calculated SAXS functions using 
symmetrical functions for both crystal and amorphous thickness 
distributions. Calculated curves are shown for N = 14 giving the 
closest fit and for N = m which still shows a good match. (b) Ex- 
perimental and calculated SAXS functions using thickness distri- 
butions other than symmetrical. 

The parameter N is relatively insensitive to variations. 
The best fit was obtained with N = 14, but calculated 
curves with N > 14 do not deviate from the experimental 
results by more than 6%, which is about the experimental 
error. There is, however, a very strong increase in 6 for 
values of N < 14. It  is thus clear that there is a high degree 
of order within a domain, even allowing for the approxi- 
mate character of the model. 

As is also shown in Table 11, n c  is found to be 38 A. The 
lamellae are thus very thin. Contrasted with this is the 
value of fa of 114 A. The low value of f c  is consistent with 
the anomalously high value of (T,/Tm) in PPO, about 0.9.13 
The reason why the lamellae do not grow thicker is un- 
known a t  present. 

Figure 7 shows the H, light-scattering pattern from a 
crystalline PPO film. The pattern is not spherulitic in na- 
ture but is consistent with a superstructure of unoriented, 
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Figure 6. Thickness distribution functions calculated with the pa- 
rameters of the closest SAXS fit. 
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crystallized to yield the so called "shish-kehah" morpholo- 
gy in which chain-folded crystal lamellae are stacked on a 
central core. This morphology has only been obtained, 
however, in the presence of a strong shear field or other or- 
ienting mechanism, It  is to he doubted, although some 
shear flow exists during the compression molding of the 
films, that  sufficient orientation can exist in the PPO sam- 
ples to lead to the development of "shish-kebab" mor- 
phologies. 

Conclusions 
(1) Bulk PPO can he crystallized by exposure to MEK 

vapor to the extent of about 30%. 
(2) The crystal lattice is strongly distorted, probably due 

to the presence of defects introduced hy the removal of sol- 
vent molecules from the lattice during the drying process. 

(3) The crystal lamellae are arranged in a superlattice 
with a high degree of order. 

(4) The crystal lamellae are very thin, consistent with 
the high (Tg/T,) ratio in PPO. 

(5) The thickness distribution functions of both the 
crystal and amorphous layers are best represented by sym- 
metrical distribution functions. 

(6) The superstructure is not spherulitic in nature, hut 
appears to consist of rodlike entities composed of clusters 
of fibrous bundles. 
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