2296 Macromolecules 1984, 17, 2296-2303

Solvent-Induced Cocrystallization of the « (Threefold Helical) and
B8 (Extended) Structures of Isotactic Polystyrene: Determination
of X-ray Crystallinity and Disorder Parameter

Nancy J. Tyrer, Terry L. Bluhm, and Pudupadi R. Sundararajan*

Xerox Research Centre of Canada, 2660 Speakman Drive, Mississauga, Ontario L5K 2L1,
Canada. Received February 8, 1984

ABSTRACT: The threefold helical (n = 3 and p = 6.6 A) and the extended (n = 12 and p = 30.6 A)
conformations of isotactic polystyrene (iPS), denoted here by « and § structures respectively, have been
cocrystallized in the same film by vapor exposure of amorphous films to hexahydroindan and cyclooctane.
The crystallinity and disorder parameters, attributable to each of the structures, have been determined for
films exposed to the solvent vapor, at several temperatures close to the ambient. Until close to the melting
of the g structure, its crystallinity was found to be higher than or close to that of the « form, and the film
has a total crystallinity of ~0.7 (by dry weight). Following the melting of the 3 form, even prolonged annealing
does not increase the crystallinity of the film, now containing only the & form, beyond ~0.3. Highly crystalline
iPS films have never before been obtained because conventional annealing methods crystallize only the o
form. These results show that contrary to what has been believed until now, the population of the near-tt
conformation is comparable to that of the tg and its perpetuation is also significant. The morphology of the
8 structure crystallized with hexahydroindan vapor is spherulitic and that obtained with cyclooctane is
ringed-spherulitic. The various results are rationalized in terms of the known interpretations of the phenomenon

of solvent-induced crystallization (SINC) of polymers.

Introduction

It has been shown! recently that the extended confor-
mation of isotactic polystyrene (iPS), with 12 monomers
in a repeat distance of 30.6 A, illustrated in Figure 1, can
be crystallized from the bulk, by exposure of amorphous
iPS films to suitable solvent vapor, at ambient tempera-
ture. This supports the theoretical conclusion? that the
nonstaggered trans-trans conformation of contiguous
skeletal bonds is accessible to the iPS chain and shows that
the perpetuation of such a conformation is also significant.
From the X-ray diffraction data, an orthorhombic unit cell
withe =21.0 A, b =164 A, and ¢ = 30.6 A was proposed.!
So far, it has been possible to crystallize the extended
conformation by either solvent exposure! or by gelation,3*
using specific solvents, but not by annealing. It was sug-
gested!* that in order for the extended conformation to
crystallize, the specific solvent molecules are necessary to
provide the interchain bridge interaction. On the basis of
(i) the unit cell dimensions and density criterion, (ii)
variation of the intensities of the X-ray reflections with
the solvent used for crystallization, and (iii) variation of
the melting temperature of this structure with the type
of solvent, it was concluded that the solvent molecules are
occluded in the lattice. Additional support for this con-
clusion stems from the variation of the spacings* of the
equatorial reflections with the type of solvent used, in the
case of gels of iPS containing the extended conformation
in the crystalline domains.

For convenience of expression, let us henceforth denote
the crystal structure containing the threefold helical con-
formation® by « and that corresponding to the extended
conformation, by 8. This notation conforms to the general
practice of describing helical and extended conformations
by these symbols.

The phenomenon of solvent-induced crystallization
(SINC) of polymers has been discussed by several au-
thors,® 1% and theoretical interpretations of the events re-
lated to crystallization have been put forth. The reader
is referred to the literature cited above for detailed dis-
cussion of the phenomenon. Briefly, the driving force for
the SINC is considered to be the plasticizing effect of the
solvent on the amorphous phase, leading to a depression
of the T,. The increased segmental mobility afforded by
the “lubricating” effect of the solvent enables the rear-
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rangement of the chain segments into the thermodynam-
ically favorable state. The depression of the T, must be
to a temperature well below the crystallization tempera-
ture, T, (the experimental temperature). This depends on
the amount of solvent absorbed, which in turn is a function
of the degree of polymer—solvent interaction. Since the
solvent exercises a much greater influence on the 7', than
on the T, the crystallization regime is effectiveiy ex-
panded, its extent depending upon the polymer—solvent
pair. The widening of the crystallization regime has a
pronounced effect on the crystallization rate. This is seen
in the rapid crystallization of polycarbonate upon exposure
to solvent vapor.!?!® It is known that this polymer evades
such expeditious crystallization by thermal means. Ma-
karewicz and Wilkes® have shown that by widening the
T—Tg interval by 50%, for poly(ethylene terephthalate),
a 10-fold increase in crystallization rate results. In the
process of the development of associative interaction be-
tween the chain segments leading to crystallization, the
solvent molecules are excluded from between the chains
and are expelled into the amorphous zones.

In the case of the crystallization of the 8 structure of iPS,
the solvent plays a dual role. In addition to contributing
to the depression of T}, the solvent is also occluded in the
lattice. Because of this additional requirement, the shape
and size of the solvent molecule, and its interaction with
the segments of the chain in the near-tt conformation,
become important. Thus, a given solvent which crystallizes
the a structure might not induce the crystallization of the
8 structure. For example, although the « structure crys-
tallizes readily upon exposure to ethylbenzene or methy-
lene chloride vapor, it has not been possible so far to
crystallize the 3 structure using these solvents. The con-
verse, however, would be possible: a solvent which crys-
tallizes the 8 structure could crystallize the «, since the
latter requires only the depression of the 7.

During the SINC of the « and 8 structures, each would
possess its own mechanism and rate of nucleation and
growth. It is possible that for a given solvent, the growth
curves for the two structures overlap in some temperature
range, in which cocrystallization of the two structures
would be possible. Depending on the temperature of
crystallization, each structure would exhibit different de-
grees of crystallinity, crystallite size, and disorder. Al-
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Figure 1. Projections of (a) extended and (b) threefold helical
conformations of isotactic polystyrene.

though compound growth curves of this nature are not
readily available for iPS, such cocrystallization has been
achieved in our recent experiments, by exposing iPS films
to hexahydroindan and cyclooctane vapor, at several tem-
peratures close to the ambient. The results are interpreted
in terms of the known concepts of SINC. The crystalli-
zation of iPS described here is an interesting example in
two respects: (i) the solvent molecules, during SINC, are
occluded in the lattice of the 8 structure. Similar solvent
occlusion in the lattice has been reported in the studies
on the SINC of syndiotactic poly(methyl methacrylate),4
and the crystallization of certain biopolymers upon expo-
sure to high humidity conditions. This has not been the
case with other synthetic polymers such as PET and po-
lycarbonate, the SINC of which has been dealt with ex-
tensively in the literature; (ii) in all the cases studied so
far, only one crystal structure results upon SINC. In the
present case, with the solvents mentioned above, co-
crystallization of both « and 8 structures occurs.

X-ray diffraction has been used to measure the equi-
librium crystallinity, and disorder parameter corresponding
to the « and § structures in the cocrystallized iPS films.
The disorder parameter'® calculated here gives an indi-
cation of the combined effects of the thermal vibrations
and lattice imperfections (both first and second kind) on
the coherent scattering. In addition to the defects normally
arising in crystalline polymer films due to interruption in
the perpetuation of the crystalline conformation, the lack
of perfect order in the packing of the lattice-occluded
solvent molecules, as in the case of the 8 structure, reflect
on the disorder parameter k. It thus enables comparison
of the structural features of the two cocrystallized poly-
morphs. Discussion in this paper is confined to the above
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Figure 2. Schematic of the apparatus used for solvent vapor
exposure (see text).

equilibrium parameters, and the morphological aspects are
treated in the forthcoming paper.!® The kinetics of dif-
fusion and growth are not considered here, although these
are important in understanding the process of SINC in
iPS.

Experimental Procedure and Methods

The sample of iPS (M, = 149552, M, = 19772) used in the
present studies was obtained from Pressure Chemical Co. It was
crystalline as received. The isotactic triad content was estimated
to be 97%, by proton NMR analysis using a Bruker WM250
spectrometer (courtesy of Dr. G. K. Hamer of this laboratory).
All the solvents used were of spectroscopic grade.

Unoriented, amorphous, melt-quenched films of uniform di-
mensions and free of air bubbles were prepared using a hot die
press. Films of uniform thickness of 0.2 mm were made by melting
a prepressed powdered pellet at 245 °C in a simple piston-type
cylindrical die for several hours under vacuum. The die press
was then quenched in cold water. The unoriented, amorphous
nature of the resultant films was verified by wide-angle X-ray
diffraction.

The apparatus used for organic vapor exposure experiments
is shown in Figure 2. The solvent was introduced into the solvent
chamber, B. To remove air from the system, a freeze-pump—thaw
technique was repeatedly applied several times. This technique
involves freezing the solvent in liquid nitrogen, followed by thawing
it to ambient temperature while applying constant vacuum. After
degassing the solvent chamber, the polymer film was suspended
by a copper wire in the absorption chamber, A. Vacuum was again
applied, first to the absorption chamber and. then to the solvent
chamber. The entire apparatus was placed in a thermostated bath
at the desired temperature. The vapor pressure of the solvent
could be monitored with a mercury manometer.

Following the vapor exposure, the film was dried for 1 day under
vacuum at ambient temperature. It was then weighed to de-
termine the equilibrium mass uptake, and the thickness was
measured, using a micrometer, to estimate the extent of swelling.
X-ray data were then collected. In order to ensure that equi-
librium crystallinity had been achieved, the sample was reexposed
to the vapor under identical conditions for several more days and
the measurements repeated. Although the time taken for reaching
equilibrium varied from one sample to the other depending on
the temperature of exposure, it was roughly of the order of 7 days.

Some of the samples were also analyzed with a Perkin-Elmer
DSC-2C differential scanning calorimeter (DSC). The DSC traces
were recorded with approximately 5-8 mg of the sample, in a
nitrogen atmosphere, at a heating rate of 20 °C/min. Trans-
mission electron micrographs were recorded for select samples
with a Philips EM400 microscope, operating at 120 kV.

X-ray diffraction data were collected with a Philips automated
powder diffractometer Model PW 1050,/80 fitted with a pro-
portional counter, pulse-height analyzer, and a graphite crystal
monochromator placed in the diffracted beam. Nickel-filtered
Cu Ka radiation (A = 1.5418 A) was used. Alignment of the
diffractometer was checked before all measurements by a silicon
wafer provided with the instrument for this purpose. All intensity
measurements were corrected for background scattering from air
by subtracting the intensity measured over the given angular range
without a sample in the X-ray beam.



2298 Tyrer, Bluhm, and Sundararajan

Table I
Comparison of Crystallinity and Disorder Parameters for
the o Form, Crystallized by Annealing and Solvent

Exposure
treatment X (a) k(a)
annealed: 200 °C 0.29 1
SINC: 23 °C, 0.20 4

ethylbenzene

Crystallinity and disorder parameters were determined by using
the method developed by Ruland,'® as modified by Vonk.'” In
Ruland’s method the crystalline fraction of a two-phase system,
X, is calculated using the equation

X - J;nszlc, ds‘j;ms2f2 ds "

J;wszl ds j; a’szsz ds

where f2 = S Nif?/ SN, f; is the scattering factor of an atom of
type i, N; is the number of atoms of type i, s = (2s8in §)/A, I is
the total scattered intensity, I ; is the scattered intensity under
crystalline peaks, and D is the “disorder” function. To a first
approximation, D is taken as exp(~ks?), where & includes both
thermal motions and lattice imperfections.

Vonk!” has devised a method for deriving the value of &
graphically. In this method, a value of R(s,) is first determined
from the following equation:

8
f ’Is? ds
re

J:pI s? ds

The value of s, are the upper limits of s and must be chosen such
that each interval, 0 to s, contains several crystalline diffraction
peaks. Plots of R(s,) on the ordinate vs. s,% on the abscissa are
then made. The intercept of these plots with the ordinate then
equals 1/X,, with the slope being equal to k/2X,. The parameter
k takes into account the loss of coherent scattered intensity due
to deviations of the atoms from their ideal positions caused by
(i) thermal motions, (ii) lattice imperfections of the first kind (in
which long-range order is conserved), and (iii) lattice imperfections
of the second kind (in which long-range order is destroyed). For
a more complete discussion of this method, see ref 17.

In this study, scattered intensity data were recorded for all
samples out to s = 0.40 AL, The values for s’I and %I, were
determined by measuring the area under the curve on plots of
s*[ vs. s in each of four intervals limited by s, = 0.20, 0.24, 0.30,
and 0.40. Separation of amorphous scattering from crystalline
peaks was accomplished manually. Due to the presence of a crystal
monochromator in the diffracted beam, corrections for incoherent
scattering were not considered.

R(sp) = @

Results and Discussion

1. Crystallinity of the a Structure (Threefold
Helical Structure). The X-ray crystallinity X, and
disorder parameter, &, for two films of iPS, in which the
a form has been crystallized, are given in Table I. One
of the films was crystallized by annealing at 200 °C in
vacuo for 94 h, and the other, by exposure to ethylbenzene
vapor at 23 °C, for 4 days. The crystallinity corresponding
to the former is 0.29, which is in excellent agreement with
what has been reported previously!® for iPS. Although
Natta et al.5 reported a maximum crystallinity of ~0.5 for
the samples, with M,, > 10%, annealed at various temper-
atures, later work by Challa et al.!® estimates the crys-
tallinity to be about 0.30, for samples annealed at tem-
peratures similar to the present work. Overbergh et al.l!
also arrived at a maximum crystallinity of 0.33 for samples
annealed for several hours following solvent-induced
crystallization. Thus, a crystallinity of ~0.3 seems to be
typical for annealed iPS films. The disorder parameter
for the annealed film was deduced (Table I) to be & = 1,
which indicates a high degree of crystallite perfection.
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Figure 3. X-ray diffractometer trace from a cocrystallized iPS
film. The peaks due to the o and 8 forms are marked.

On the other hand, the film exposed to ethylbenzene
vapor shows a crystallinity of 0.20 and & = 4. The increase
in k, compared to the case of the annealed film, reflects
poorer crystallite perfection. As the SINC of the « form
proceeds, solvent molecules are excluded from between the
chains as the segments aggregate and crystallize. The
depression of Ty, resulting from solvent exposure, shifts
the maximum growth rate to lower temperatures, and the
crystallization regime broadens as the volume fraction of
the polymer in the mixture decreases up to a certain
composition ratio.’® Thus the increased growth rate caused
by the addition of the diluent contributes to an increase
in k.

The lower crystallinity of 0.2 obtained for the solvent-
exposed film can be rationalized by considering several
factors. The type of solvent and the experimental tem-
perature would certainly influence the crystallinity. Ov-
erbergh et al.!! reported X, = 0.23 and 0.27 for iPS films
exposed to dichloromethane and acetone, respectively.
The extent of depression of T, and the accompanying
effects outlined above influence the ultimate value of X..
The correction to the measured X, discussed in the next
section, based on the amount of solvent in the amorphous
areas, does not affect the value of crystallinity of 0.2
mentioned above, since in this case the weight fraction of
the absorbed solvent is very low (0.08). In any case, the
crystallinity of the « form, achieved via either annealing
or solvent exposure does not exceed ~0.3.

2. Exposure to Hexahydroindan Vapor at Several
Temperatures. X-ray analysis of the films exposed to
hexahydroindan vapor at temperatures above ambient (but
less than the T, of the 3 form) showed that both the « and
3 forms have cocrystallized. Such a cocrystallization was
rationalized above in terms of overlap of the growth curves
for the two conformers. A typical diffractometer trace is
shown in Figure 3, with the peaks due to the « and g forms
identified. The crystallinity and disorder parameter cor-
responding to each of the structures are listed in Table II,
along with the overall crystallinity, swelling, and absorption
data, for various temperatures of solvent exposure, from
30 to 45 °C. This temperature range is below the T, of
the 3 form crystallized using hexahydroindan (~60 °C).
Plots of the variation of the degree of absorption and
crystallinity with temperature are shown in Figure 4. All
the parameters given in Table II and Figure 4 are equi-
librium values.

Depending on the temperature of vapor exposure, the
overall crystallinity achieved, using this solvent, upon
cocrystallization of the a and 3 forms varies from 0.45 to
0.54. Bear in mind that these values are derived for films
which include the solvent. For illustrative comparison with
thermally annealed films, the overall crystallinity can be
corrected for the absorbed solvent in the amorphous re-
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Table I
Parameters Derived for the Cocrystallized Film of iPS by Exposure to Hexahydroindan Vapor
C x 102,
g of solvent/g swelling,

T, °C X (0)° k(0)* X.(8)° k(B)® X (a)* k()¢ of dry polymer mm X Q)
30 0.54 22 0.36 35 8 48 0.17 0.71
35 0.48 11 0.30 29 5 36 0.14 0.59
40 0.46 13 0.24 30 4 32 0.12 0.56
45 0.45 13 0.14 18 12 30 0.13 0.56

¢ X,(0) and k(O) correspond to the overall values. ®X () and k(8) correspond to the 8 form. ¢X () and k(«) correspond to the « form.
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Figure 4. Variation of the crystallinities (X, right ordinate) of
the 8 (®) and the o (A) structures are shown as a function of
temperature of vapor exposure to hexahydroindan. The (%)
concentration (O) of the absorbed solvent at each temperature
is also given (left ordinate).

gions, so that the crystallinities can be compared on a dry
basis. The corrected crystallinity is given by

X, (cor) = X (measd) /(1 - w,) (3)

where w, is the weight fraction of the solvent in the
amorphous regions. This equation is similar to that used
in diffractometry of mixtures of components. We proceed
to determine w, as follows: It was proposed! that the 8
structure contains 4 chains and 8-16 solvent molecules in
the unit cell. With hexahydroindan and cyclooctane, the
weight ratio of the occluded solvent and the polymer would
be between 1/6 and 1/3. Let us approximate it to 1/4.
Then, the weight fraction of the lattice-occluded solvent,
w is given by

w = X (8)/4 )

The weight fraction of the total amount of solvent in the
film is
w = (W,- Wy /W, (5)

where W‘p is the weight of the plasticized film and W, that
of the initial dry film. The weight fraction of the solvent
in the amorphous region is then

Wy = Wy — W (8)

Using eq 3-6 and the solvent concentration data in
Table I1, X (cor) were calculated and are given in the last
column of Table II. It is seen that the corrected overall
crystallinity varies from 0.71 at 30 °C to 0.56 at 45 °C. It
is interesting to note that these values are comparable to

the crystallinities derived'” for other highly crystalline
polymers such as poly(l-butene) and poly(4-methyl-1-
pentene). As noted above, the solvent-corrected X, values
are illustrative and depend on the value used for the
number of solvent molecules in the unit cell of the 3
structure. Nevertheless, compared to the annealed films,
in which the « structure alone is crystallized, the contri-
bution of the 8 structure to the total X, in the cocrys-
tallized films, can be readily appreciated. The value of
X.(8) = 0.36 at 30 °C, attributable to the 8 structure, is
comparable to the crystallinity of ~0.3 reported so far for
annealed films with the o form. This shows that the
population of the crystallizable portions of the chains in
the near-tt conformation is comparable to that of the
segments of the chain in the tg conformation. The theo-
retical calculations showed? that the extended conforma-
tion is in fact lower in energy by 1 kcal mol™ than the
threefold helix. It is also interesting to note that Painter
et al.,?® using FTIR methods, estimated that 35% of the
chains in the 8 form comprise the crystalline component
in the dried gels of iPS prepared using decalin.

Table II shows that the disorder parameter k for the 8
structure is large compared to the « form. Up to 40 °C,
k for the 8 structure is about 4-8 times larger than for the
a. This can be attributed to a large extent, to the inef-
ficient packing in the former. It was proposed! that the
8 structure crystallizes in an orthorhombic unit cell with
4 chains and 8-16 solvent molecules in the cell. If the
ordering of the occluded solvent is irregular, the lattice
packing and hence the degree of crystallite perfection
would be affected. On the basis of measured and calcu-
lated densities, the 3 structure was described before!?! as
a low-density crystalline form of iPS. It is reflected here
in the high values of k. Although these results pertain to
bulk-crystallized films, supportive conclusions can be re-
called from the DSC work of Wellinghoff et al.?? on the
gels of iPS. They attributed the lower melting temperature
and the absolute heat of melting of 3-5 cal/g of the 8
structure, in contrast to the higher melting o form with
a heat of melting of 20 cal/g, to the differences in the
interchain packing of the two conformers.

As the temperature of vapor exposure is increased, the
crystallinity of the 8 structure declines moderately up to
40 °C and drastically at 45 °C. The value of k(8) shows
the same trend. The concentration of the absorbed solvent
also decreases with increase in temperature of exposure.
The values of X («) and k(a) show a significant increase
between 40 and 45 °C. It is possible that this behavior is
due to the experimental conditions approaching the
maximum in nucleation and growth rate for this form.
Graphical illustrations presented in Figure 4 show these
variations.

It is seen that as the melting temperature of the 8 form
is approached (~60 °C with this solvent), the fraction of
crystallites in this form drops. Granting that hexa-
hydroindan is occluded in the lattice of the 8 form, it can
be considered an “interactive” penetrant as far as the chain
segments in the near-tt conformation are concerned. The
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Table III
Parameters Derived for the Cocrystallized Film of iPS by Exposure to Cyclooctane Vapor®
C x 10%,
g of solvent/g swelling,
T, °C X(0) k(0) X8 k(B) X () k(a) of dry polymer mm X (O)eer
25 0.48 26 0.37 48 0.13 8 54 0.18 0.65
30 0.46 18 0.35 38 0.15 6 47 0.16 0.60
35 0.48 19 0.32 34 0.16 8 38 0.16 0.60
45 0.48 15 0.33 31 0.17 6 39 0.16 0.60
55 0.43 16 0.14 24 0.29 13 30 0.13 0.53
¢See footnote to Table II.
addition of such an interactive penetrant enlarges the sof Joso
crystallization temperature regime, increases the growth
rate, and the temperature corresponding to the maximum N Y
of the growth rate is lowered.”!® This is readily seen in £
the results presented in Table II. At 30 °C, where the g 51 \ 1050
supercooling is high, a large number of poorly developed z
crystallites result, due to the enhanced nucleation and o
growth rate. However, near the T}, of the 8 form, a de- € a0t Jo.40
crease in nucleation density and growth rate result in a 3
smaller fraction of more perfect crystallites. & Xe
It is seen from Figure 4 that the concentration of the z ok {030
absorbed solvent decreases significantly from 30 to 35 °C ?_ ~
and moderately thereafter. The crystallinity of the 8 form 2
decreases while that of the « structure increases. The =
decrease in the amount of the solvent absorbed can be W 20F 1020
rationalized in terms of a combination of the following z
factors: (i) as the crystallization temperature T is in- i
creased, the critical concentration of the solvent necessary 10} Jo10
to depress the T, below T, would decrease; (ii) since the
X () is reduced, the number of solvent molecules required
for occlusion in the lattice decreases; and (iii) the increase 0 N ; A . A o
o 0 20 30 40 50 60

in the crystallinity of the « form retards the absorption
of the solvent beyond a certain amount.

3. Exposure to Cyclooctane Vapor at Several Tem-
peratures. Cyclooctane is another solvent which is known
to promote the crystallization of the § structure, as has
been shown previously.! It has been found in the present
study that cocrystallization of both structures has been
achieved using this solvent as well. The values of X_and
k, corresponding to the two conformers, and the overall
value of X, and k, the amounts of absorbed solvent and
swelling, are given in Table III. Some of these data are
shown as a function of temperature in Figure 5. Again,
these results correspond to equilibrium conditions.

Table III and Figure 5 show that the values of X («),
X (8), and the overall X  do not change significantly in
the temperature range of 25 to 45 °C. This suggests that
the growth curves for the two conformers overlap to the
same extent in this temperature range. Beyond 45 °C, the
crossover occurs, the X (8) decreases drastically, and X («)
increases significantly. It is seen that, generally, over the
temperature range up to 45 °C, the value of X («) is lower
than that measured for the case of hexahydroindan vapor
(cf. Table IT). Similar to the latter, as the T, of the 3 form
is approached (~80 °C using cyclooctane), the decreased
supercooling results in diminished nucleation and growth
rates. The disorder parameters follow the same trend as
in Table II. The overall X, corrected for the solvent
absorbed varies as before, from 0.53 and 0.65, when the
contributions from both « and 8 structures are included.

The equilibrium concentration of the absorbed solvent
decreases with increase in temperature. Since the crys-
tallinities of the two conformers remain almost constant
in the range of 25 to 45 °C, it can be concluded that the
equilibrium mass uptake is not influenced by crystallinity,
but by the reduced amount of solvent required to depress
the T, below T as the latter is increased. It is interesting

T (°C)
Figure 5. Same as Figure 4, but for the case of cyclooctane vapor.

to note that the equilibrium mass uptake in the case of
hexahydroindan and cyclooctane shows a striking simi-
larity at high supercoolings. Swelling is quite significant
in both cases and follows the same trend as the solvent
absorption.

Comparing the values of X.(8) and k(3) in Tables II and
I1I, two features are obvious: (i) the drastic reduction in
X.(8) occurs between 40 and 45 °C with hexahydroindan
and between 45 and 55 °C in the case of cyclooctane ex-
posure. Before this “crossover”, the X (8) is the same at
a given temperature, with both solvents; (ii) the values of
k(B) are slightly higher for the case of cyclooctane vapor
exposure. These differences are understandable consid-
ering that the specific solvent-polymer segment interac-
tions, at the short-range level, would differ in the two cases
and so would the packing of the lattice-occluded solvent.

The resultant morphology was also found to be solvent
dependent. Two films, exposed at 30 °C to hexahydro-
indan and cyclooctane, were ultramicrotomed and exam-
ined with the polarizing optical and transmission electron
microscopes. Spherulitic morphology was observed in both
cases, and the positively birefringent spherulites were of
the same size, with an average diameter of ~10 um.
However, only the film crystallized with cyclooctane vapor
contained ringed spherulites, with a regular periodicity of
~3 um, as shown in Figure 6. Preliminary electron dif-
fraction results suggest that the spherulites are due to the
8 structure. Thus, the nature of the solvent and SINC
conditions influence the morphology, and can be expected
to affect, e.g., the rheological properties. The morpho-
logical aspects of the cocrystallized films will be treated
further elsewhere.®
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Figure 6. Transmission electron micrograph of the iPS film
exposed to cyclooctane vapor at 30 °C, showing ringed spherulitic
morphology.

Table IV
Crystallinity and Disorder Parameters Derived for iPS
Film Following the Sequence of Treatments Indicated®

treatment X(0) k(O) X8 kB X (o) k(a)

hexahydroindan, 0.55 13 035 34 0.23 7
30 °C

ethylbenzene, 0.26 5
23 °C

reexposed to 0.20 2
ethylbenzene, 23 °C

annealed at 190 °C, 0.27 2
16h
¢See text.

4. Solvent Annealing. Analogous to thermal an-
nealing, the effect of “annealing” a cocrystallized film by
vapor exposure to a solvent which is known to crystallize
the « structure was investigated. A cocrystallized film was
prepared by exposure to hexahydroindan vapor at 30 °C.
This film was then exposed to ethylbenzene vapor, at am-
bient conditions, for 24 h. The values of X, and k&, before
and after the exposure to ethylbenzene, are given in Table
IV. It is evident that the absorption of ethylbenzene vapor
caused the melting of the 8 structure. The concentration
of the absorbed solvent dropped from 37% to 6%, im-
plying that solvent exchange has occurred. Atkins et al.2
observed that a gel prepared from cis-decalin, when solvent
exchanged with a more volatile solvent such as acetone or
diethyl ether, showed the presence of only the « structure.
It was suggested? that this effect was attributable to the
melting of the 8 form and/or mutual conformational
tranformation. The results in Table IV show that the
solvent exchange causes only the melting of the 8 structure.
Further exposure to ethylbenzene vapor resulted in a de-
crease in X (a), and an improved k, suggesting that the
crystallites reorganize into a more stable phase. Subse-
quently, the film was annealed at 190 °C, for 16 h. The
crystallinity increased to 0.27, but not higher. This rules
out the possibility of transformation of the extended
conformation to the threefold helical form and supports
the previous conclusion! that the melting of the 8 structure
and the crystallization of the « form are independent ev-
ents.

5. Thermal Annealing of a Cocrystallized Film.
The results discussed above pertain to exposure of iPS
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Figure 7. DSC trace of the cocrystallized iPS film.
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Figure 8. X-ray diffractometer traces recorded for the cocrys-
tallized iPS film, following annealing at various temperatures
indicated. The principal peaks due to the « and 8 forms are
marked in trace a.
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films to solvent vapor, at various temperatures. In this
section, the results of annealing a cocrystallized film (ob-
tained using hexahydroindan vapor) at various tempera-
tures, below, at, and above the T, of the 8 form, are
presented. A typical DSC trace of the cocrystallized film
is shown in Figure 7. A series of X-ray diffractometer
traces, recorded after annealing the same film successively
at temperatures indicated, is shown in Figure 8. The
overall values of X_ and & as well as those corresponding
to the two polymorphs are given in Table V.
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Table V
Variation of Crystallinity and Disorder Parameters for
Cocrystallized iPS Film Following Annealing at
Temperatures Indicated®

T,°C X0 k(O) X8 kB Xlo) k@

0.48 11 0.30 29 0.22 5
35 0.44 12 0.25 29 0.22 10

40 0.47 14 0.25 28 0.23 8
52 0.45 14 0.23 24 0.23 8
60 0.39 1 0.16 22 0.24 8
65 0.34 6 0.09 16 0.25 4
160 0.29 2 0.29 2

3See footnote to Table IL

Below the T, of the 8 form, in the range from 35 to 52
°C, the values of X, and k show no significant change. It
is seen from parts b and ¢ of Figure 8 that the diffraction
maxima associated with the two structures remain fairly
constant. This shows that the crystallites in the § structure
are stable below their melting temperature. A slight de-
crease in the intensity of the peaks due to this structure
is noted in Figure 8d, after annealing at 52 °C, and a
decrease in X (8) and an improvement in &(8) are noted
in Table V. From the DSC trace, it is seen that the melting
endotherm of the 3 structure is fairly broad. Since this
temperature is close to the onset of the melting of the 8
form, the decrease in X(8) can be attributed to the melting
of the smaller, less perfect, crystallites. When the film is
annealed at 60 °C, midway in the melting endotherm of
the 8 form, the value of X (8) drops further. The X (a)
and k(«) remain constant, however, through this tem-
perature range, confirming that the melting of the 8 form
has no influence on the crystallinity of the « structure.
The decrease in X.(8) continues through the melting en-
dotherm and after annealing at 65 °C, the diffraction
maxima, corresponding to the 8 form are hardly noticeable
in Figure 8f. Finally, at 160 °C, well above the Ty, of the
8 form, X («) improves to a value comparable to that
deduced for a film annealed directly (cf. Table I). Note
that once the 8 form melts, the contribution to the overall
X, is derived only from the o« form and even prolonged
annealing does not increase X, to the value recorded for
the initial cocrystallized film.

Conclusions

Cocrystallization of both the o and § structures of iPS
has been achieved, by exposure of amorphous iPS films
to hexahydroindan and cyclooctane vapor. The crystal-
linities corresponding to the two conformers have been
determined. It is shown that upon melting of the
structure, the chain segments which participated in this
structure exercise no influence on the crystallinity of the
o form.

The overall crystallinity obtained with the cocrystallized
films exceeds 0.50. Previous estimates of the crystallinity
of the iPS films, in which the o form alone had been
crystallized, have been of the order of 0.3. The significant
additional contribution of the 8 structure to the overall
crystallinity has now been demonstrated here quantita-
tively. The large values of the disorder parameter obtained
here for the 8 form shows that the lattice-occluded solvent
molecules are disordered and thus, this low-melting poly-
morph is a low-density crystalline form of iPS.

The various parameters determined here correspond to
equilibrium values following solvent exposure. The
question arises as to whether, during the cocrystallization
process, the « or the 8 form crystallizes first or whether
both of them do simultaneously. The morphological fea-
tures'® indicate that the crystallites in the 8 form can act
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as effective nucleating sites for the crystallization of the
a structure. Wellinghoff et al.? concluded similarly, based
on their calorimetric studies. Whether the same mecha-
nism applies to the experimental conditions used here can
be determined only by systematic kinetic studies.

As mentioned above, the cocrystallization of « and 3
forms by SINC, adds a new dimension to the phenomenon
itself. Both o and @8 forms crystallizing upon solvent ex-
posure and the 8 form occluding the solvent molecules in
the lattice offer another example for modeling the process
of SINC. In essence, Figures 4 and 5 represent part of the
phase diagram of the crystalline polymorphs of iPS, upon
exposure to solvent vapor. Under the conditions of these
experiments, it can be speculated that the maximum
crystallinity of the 8 form occurs at about 25 °C, and that
of the «, between 50 and 60 °C. Growth rates for the two
structures should follow a similar trend, based on the
pattern of variation of & with temperature. It was not
possible to extend the curves in Figures 4 and 5 to tem-
peratures lower than 25 °C, due to experimental diffi-
culties.

The success in the crystallization of the 8 structure in
the bulk clearly supports the theoretical conclusions? on
the accessibility of the nonstaggered tt conformation of
contiguous skeletal bonds in iPS, and the perpetuation
which is necessary for crystallization would indicate that
the tt conformation is not just an occasional defect which
serves to disrupt the tg sequence. It has been shown in
a series of papers?*? that for isotactic vinyl chains with
planar substituents, including disubstituted chains such
as PMMA, the near-tt conformation is accessible. The
recent thoughts®?" on the crystalline structure of isotactic
PMMA confirm this conclusion. The lack of incidence of
such g structures from other vinyl chains of this type is
not due to the absence of these conformations but rather
due to the insufficient understanding of the conditions
which would lead to their crystallization.

Acknowledgment. We are indebted to Dr. G. K.
Hamer of this laboratory for the NMR data and to Dr. A
Perovic for the TEM micrographs.

Registry No. (PS, 25086-18-4; hexahydroindan, 496-10-6;
cyclooctane, 292-64-8; ethylbenzene, 100-41-4.

References and Notes

(1) Sundararajan, P. R.; Tyrer, N. J. Macromolecules 1982, 15,
1004.
(2) Sundararajan, P. R. Macromolecules 1979, 12, 575.
(3) Atkins, E. D. T.; Isaac, D. H.; Keller, A.; Miyasaka, K. J. Po-
lym. Sci., Polym. Phys. Ed. 1977, 15, 211.
(4) Sundararajan, P. R.; Tyrer, N. J.; Bluhm, T. L. Macromole-
cules 1982, 15, 286.
(5) Natta, G.; Corradini, P.; Bassi, I. W. Nuovo Cimento, Suppl.
1960, 15, 68.
(6) Rebenfeld, L.; Makarewicz, P. J.; Weigmann, H. D.; Wilkes, G.
L. J. Macromol. Sci., Rev. Macromol. Chem. 1976, C15, 279.
(7) Makarewicz, P. J.; Wilkes, G. L. Polym. Prepr., Am. Chem.
Soc., Div. Polym. Chem. 1977, 18, 360.
(8) Makarewicz, P. J. Ph.D. Thesis, Princeton University, 1977.
(9) Makarewicz, P. J.; Wilkes, G. L. J. Polym. Sci., Polym. Phys.
Ed. 1978, 16, 1559.
(10) Boon, J.; Azcue, J. M. J. Polym. Sci., Part A-2 1968, 6, 885.
(11) Overbergh, N.; Bergmans, H.; Smets, G. Polymer 1975, 16, 703.
(12) Turska, E.; Janeczek, H. Polymer 1979, 20, 321.
(13) Ware, R. A,; Tirtowidjojo, S.; Cohen, C. J. Appl. Polym. Sci.
1981, 26, 2975.
(14) Kusuyama, H.; Miyamoto, N.; Chatani, Y.; Tadokoro, H.
Polymer 1983, 24, 119.
(15) Ruland, W. Acta Crystallogr. 1961, 14, 1180.
(16) Tyrer, N. J.; Sundararajan, P. R. Macromolecules, in press.
(17) Vonk, C. G. J. Appl. Crystallogr. 1973, 6, 148,
(18) Challa, G.; Hermans, P. H.; Weidinger, A. Makromol. Chem.
1962, 56, 169.
(19) Wunderlich, B. “Macromolecular Physics”; Academic Press:
New York, 1973; Vol. 1.



Macromolecules 1984, 17, 2303-2306 2303

(20) Painter, P. C.; Kessler, R. E.; Snyder, R. W. J. Polym. Sci.,
Polym. Phys. Ed. 1980, 18, 723.
(21) Sundararajan, P. R.; Tyrer, N. J. Polym. Bull. (Berlin) 1982,

6, 359.
(22) Wellinghoff, S.; Shaw, J.; Baer, E. Macromolecules 1979, 12,
932

(28) Atk'ins, E. D. T.; Keller, A.; Shapiro, J. S.; Lemstra, P. J.
Polymer 1981, 22, 1161.

(24) Sundararajan, P. R.; Flory, P. J. J. Am. Chem. Soc. 1974, 96,
5025.

(25) Sundararajan, P. R. Macromolecules 1977, 10, 623; 1978, 11,
256; 1980, 13, 512.

(26) Kusanagi, H.; Tadokoro, H.; Chatani, Y. Macromolecules 1976,
9, 531.

(27) Bosscher, F.; Brinke, G.; Eshuis, A.; Challa, G. Macromolecules
1982, 15, 1364.

Solution Properties and Chain Dimensions of
Poly(n-alkyl methacrylates)

Xu Zhongde!®

Department of Chemistry, University of Science and Technology of China,
Hefei, Anhui 230029, People’s Republic of China

Nikos Hadjichristidis!®

Division of Chemistry, University of Athens, Athens (144), Greece

Lewis J. Fetters*!?

Institute of Polymer Science, University of Akron, Akron, Ohio 44325.

Received September 9, 1983

ABSTRACT: The influence of n-alkyl side-chain length on the unperturbed chain dimensions of poly(n-alkyl
methacrylates) has been examined. For the cases where the side-chain groups were decyl (C,), tridecyl (Cy3),
stearyl (C,g), and docosyl (Cy,), the unperturbed dimensions expressed in terms of the characteristic ratio
were found to be, respectively, 13.0, 14.7, 20.4, and 23.6. This trend demonstrates that a change in the identity
of the n-alkyl group is reflected in the unperturbed posture of the chain backbone.

Introduction

The influence of side groups on the unperturbed di-
mensions of substituted polyethylene chains is well docu-
mented.?2 In the case of the polymethacrylates, interest
has focused on the changes induced by altering the length
of the n-alkyl ester group (methyl to dodecyl)®>® or the
identity of the ester linkage, e.g., as in poly(cyclohexyl
methacrylate) and poly(S-cyclohexyl thiomethacrylate).?0

An understanding of the properties of such poly(n-alkyl
methacrylates) is at least particularly dependent on the
ability to relate their equilibrium configuration-dependent
behavior to their structure. The application of matrix
methods!?!? in the form of the rotational isomeric state
(RIS) model has been used to calculate configurational
properties, e.g., Flory’s characteristic ratio (C.), for various
polymers. The general approach involves a consideration
of bond lengths and angles as well as the short-range
contributions to potentials affecting rotation about the
main-chain bonds.

The RIS model, though, has not been used to evaluate
the influence of the chain length of the n-alkyl ester group
on the unperturbed chain dimensions of the poly(n-alkyl
methacrylates). This paper presents our experimental
findings pertaining to C., for poly(n-alkyl methacrylates)
where the n-alkyl group was decyl (PDMA), tridecyl
(PTDMA), stearyl (PSMA), or docosyl (PDCMA).

Experimental Section

The decyl, tridecyl, and stearyl methacrylate monomers were
obtained from Polysciences, Inc. The docosyl methacrylate
monomer was synthesized in toluene as follows:

CH2=C(CH3)'CO_OCH3 + n-C22H450H i
CH,;=C(CH;)-CO-OCy;H,; + CH;0H

with p-toluenesulfonic acid as the catalyst. The methanol was
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Table I
Refractive Index Differences for Poly(n-alkyl
methacrylates)

sample solvent temp, °C dn/dc
PDMA cyclohexane 30 0.0544¢
ethyl acetate 25 0.1146°

PTDMA tetrahydrofuran 30 0.0828°
ethyl acetate 27 0.1209°

PSMA cyclohexane 20 0.0539¢
n-propyl acetate 36 0.10700

PDCMA cyclohexane 30 0.0545°
amyl acetate 31 0.0903?

9633 nm. %436 nm.

distilled off during the reaction. The solid docosyl methacrylate
was then purified by recrystallization from hexane solution at ca.
-30 °C. The monomer was then vacuum-dried. Both 'H NMR
and IR were used to check monomer purity. The results indicated
that all the monomers used in this work were virtually free of
impurities.

The solution polymerizations were done under vacuum at 50
°C using purified AIBN as the initiator and benzene as the solvent.
Two polymerizations were done for each monomer. The samples
were fractionated using dilute (~1% (w/v)) toluene solutions with
methanol as the nonsolvent. All of the solvents used in this work
were dried and distilled prior to use. GC analysis of these solvents
did not reveal any impurities.

Polymer molecular weight characterization was done using a
combination of light scattering, membrane osmometry, and size
exclusion chromatography (SEC). The Chromatix KMX-6 low-
angle laser photometer (A = 633 nm) was used for the light
scattering molecular weight measurements while the Sofica PGD
(A = 436 nm) was used for the © temperature determinations. The
dn/dc values were determined with the Chromatix KMX-16
refractometer (A = 633 nm) and the Brice-Phoenix refractometer
(A = 436 nm). These results are shown in Table I.

The respective O temperatures were determined in the usual
fashion by plotting the light scattering second virial coefficient
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