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eters to being orthorhombic as observed for the planar
form. It is difficult to know whether these calculated
values for the kink and planar forms are close enough to
permit polymorphism. They apply to the energy differ-
ence at 0 K as opposed to the free energy difference at
somewhere in the region of room temperature. The energy
difference of 13.4 kJ /(mol repeat) corresponds to ~1kd/
(mol chain atom) and about 13% of the calculated lat-
tice dissociation energy. In the case of 6—6 polyester, the
calculations place the planar-2 form as 9 kJ/(mol repeat)
more stable energetically than the kink structure, the lat-
ter representing the experimentally observed one. This
amounts to ~0.6 kd/(mol chain atom) and about 8% of
the lattice dissociation energy. This is probably near the
level of reliability of the calculations.

In summary, it can be concluded that the kink con-
taining structures are stable because, in the appropriate
examples, the energy penalty for forming them com-
pared to the planar counterparts is modest and they pack
competitively or better than the planar forms. By the
time aliphatic lengths of those in 6-10 polyester are reached
the packing in planar form is less perturbed by the ester
groups, the packing is favored in the latter, and the
intramolecular penalty for kink formation is apparent.
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ABSTRACT: Both the crystalline forms containing zigzag planar conformations (pure or mixed) can be
obtained by melt crystallization of syndiotactic polystyrene. Some of the factors that influence the poly-
morphic behavior in samples crystallized on cooling from the melt are described: the cooling rate from the
melt, the crystalline form of the starting material, the maximum temperature of the melt, the time of res-
idence in the melt at that temperature, and, in some cases, also the heating rate to reach melting. A pos-
sible interpretation of the observed polymorphic behavior in melt crystallizations for moderate cooling
rates is that when a memory of a-form crystals remains in the melt, the acquisition of the « form is favored,
otherwise the 8 form is obtained. The formation of the « form, also by quenching from the melt or by
annealing from the amorphous phase, could be a kinetically controlled process.

Introduction

The polymorphic behavior of syndiotactic polystyrene
(s-PS) is very complex. Two crystalline forms contain-
ing molecular chains in a zigzag planar conformation (with
an identity period of 5.1 A)! and two crystalline forms
containing molecular chains with s(2/1)2 symmetry and
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an identity period close to 7.7 A have been very recently
described.>® For the chains with s(2/1)2 symmetry a con-
formation TTGG was proposed on the basis of energy
calculations.®

Although the preparation by melt crystallization is
described in the literature for only one form, a careful

© 1990 American Chemical Society



1540 Guerra et al.

analysis of the crystallization from the melt shows that
both the crystalline forms containing zigzag planar chain
conformations (as pure forms or as mixtures of them)
can be obtained.

In the present paper, some of the factors that influ-
ence the polymorphic behavior in samples crystallized
on cooling from the melt are described and an interpre-
tation of the experimental results is attempted.

Experimental Section

The s-PS (M,, = 6.6 X 10° determined by GPC) was supplied
by Istituto Guido Donegani of Montedison. The polymer frac-
tion insoluble in methyl ethyl ketone is 93%.

The melt-crystallization processes were generally conducted
in a moulding press. The polymer powders were introduced in
the press already heated at the maximum temperature (T,,,)
and held at that temperature under pressure (~2 kg/cm?) for
a given time (¢,,,). The cooling to room temperature was in
the press at a cooling rate close to 10 °C/min. The samples
obtained were about 0.5 mm thick. To achieve more con-
trolled conditions for T,,,, and for the cooling rates, melt-crys-
tallization experiments were also conducted in a DSC appara-
tus.

Wide-angle X-ray diffraction patterns were obtained with nick-
el-filtered Cu Ka radiation. The compression-moulded sam-
ples were analyzed with an automatic Philips powder diffrac-
tometer while the much smaller samples prepared in the DSC
apparatus were analyzed with a photographic flat camera.

From the patterns of the diffractometer, quantitative evalu-
ations of the content of the two crystalline forms possibly present
in the melt-crystallized samples were also obtained. The 26 region
10°-15° is considered, and a base line between the two inten-
sity minima located at 26 = 10.8° and 26 = 14.8° is drawn. The
areas (A) of the two peaks located at 20 = 11.6° and 26 = 12.2°
are measured, and the percent content of the o form in the
crystalline fraction is evaluated by the approximate relation

__18A(116)/A(12.2)
“7 1+ 1.84(11.6)/A(12.2)

where 1.8 is the ratio between the intensities (measured in the
same experimental conditions) of the peaks at 11.6° and 12.2°
for samples of equal thickness and crystallinity in the pure «
and 8 forms, respectively.

The DSC scans were carried out in a Mettler TA3000 (DSC
30) calorimeter, in a flowing-nitrogen atmosphere at a heating
rate (if not otherwise specified) of 10 °C/min.

X 100

Results and Discussion

Powder Patterns of the Known Modifications of
the Crystalline Forms of s-PS. The X-ray diffraction
patterns of unoriented samples of the four crystalline forms
of s-PS, prepared as described in the literature, are reported
in Figure 1. Since it is not yet present in the literature,
the nomenclature for the different forms used in a pre-
vious patent? will also be defined.

The « form (Figure 1A), which can be obtained by com-
pression moulding,’®® and the 8 form (Figure 1B), which
can be obtained by solvent casting at high temper-
atures,’ are characterized by an identity period of 5.1 A
(as derived by diffraction patterns of oriented samples).

The two forms having an identity period of 7.7 A can
be obtained by swelling of samples of the « form in dif-
ferent solvents and by successive removal of the sol-
vents.? For completely desiccated samples, patterns like
that of Figure 1C are obtained, corresponding to a dif-
ferent crystalline form, which is thereafter called the v
form. For the swelled samples, the diffraction intensi-
ties of the different reflections as well as the precise loca-
tion of the reflections are changing with the solvent; this
clearly indicates the inclusion of molecules of the sol-
vents in the crystalline structure. This variable crystal-
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Figure 1. X-ray diffraction patterns of the four crystalline forms
of s-PS associated with the proposed nomenclature and the prep-
aration method described in the literature:*-3 (A) « form, com-
pression-moulded sample; (B) 8 form, cast from a o-dichloroben-
zene solution at 170 °C; (C) v form, a-form sample swelled by
dichloromethane and then completely desiccated; (D) é form,
a-form sample swelled in dichloromethane (see text).

line structure of s-PS, which includes molecules of sol-
vent, will thereafter be called the 6 form. Just as an exam-
ple of the various possible patterns of the é form, the X-
ray diffraction pattern of a sample swelled in dichloro-
methane and held at 60 °C for 14 h under vacuum (residual
solvent content close to 13% by weight) is reported in
Figure 1D.

Powders in the v and é forms can be also obtained by
precipitation from polymer solutions followed by desic-
cation in drastic or mild conditions, respectively. The
X-ray diffraction patterns of the é form samples depend
again on the kind of solvent and on its residual content.

Melt Crystallization of s-PS. In our analysis of the
crystalline forms of samples crystallized on cooling from
the melt, conditions of moderate cooling rates and rapid
quenching from the melt are treated separately.

Moderate Cooling Rates. The polymorphic behav-
ior of s-PS for moderate cooling rates is substantially inde-
pendent of the cooling rate, at least for the range 1-40
°C/min. In this case the crystalline form of the melt-
crystallized samples is mainly related to the thermal his-
tory of the melt; the maximum temperature at which the
melt is heated up (T,,,) and the time of permanence of
the melt at that temperature (t,,,) are particularly rel-
evant.

The X-ray diffraction patterns of some samples obtained
by compression moulding of powders in the v form with
different T, values and t,, = 3 min are, for instance,
reported in Figure 2.

For sufficiently high values of T,,, and t.,, (e.g.,
Thax = 340 °Cand t_,, = 1 min or T, = 300 °C and
tmax = 60 min), melt-crystallized samples always present
diffraction patterns like one reported in Figure 2A, inde-
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Figure 2. X-ray diffraction patterns of compression-moulded
samples, from y-form powders, obtained for ¢t_.. = 3 min and
for (A) T, = 340 °C, (B) T, = 280 °C, and (C) T,,,, = 310
°C.
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Figure 3. Percent content of the o form in the crystalline phase
(P,) for compression-moulded samples from y-form powders
versus the maximum temperature of heating of the melt
(Tmax).- The time of permanence of the melt at T,,,, is 3 min.

pendent of the crystalline form of the starting material.
This pattern is quite similar to that of the 8 form (Fig-
ure 1B); however, the peak at 26 = 15.7° and the shoul-
der at 26 = 11.5° (indicated by arrows in Figure 1B) are
not present here. The peak at 26 = 15.7° is slightly broader
than the other peaks. This ensemble of data seems to
indicate the presence of different crystalline modifica-
tions for the 8 form. The modifications presenting the
patterns of Figure 2A (sample obtained by melt-crystal-
lization) and Figure 1B (sample obtained by high-tem-
perature casting) will be named thereafter 8’ and 3”, respec-
tively.

The crystalline form which is obtained for lower val-
ues of T, and t, ., is dependent on the crystalline form
of the starting material. In particular, if the starting mate-
rial is in the 3 (8’ or 8”) form, again the 8’ form is obtained,
while if the starting material is in one of the other three
forms, the melt-crystallized samples can contain pure a-
form crystals (Figure 2B) or mixtures of crystals in the
a and @’ forms (Figure 2C).

The percent content of the two forms in the crystal-
line phase, for compression-moulded samples from v-
form powders, is reported versus T, (for ., = 3 min)
in Figure 3. The overall crystallinity of these samples,
as evaluated on the basis of the X-ray diffraction pat-
terns, is instead scarcely dependent on T,,,.
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Figure 4. X-ray diffraction patterns of a sample precipitated
from o-dichlorobenzene (and desiccated under vacuum at 60
°C) at different temperatures: (A) 60, (B) 100, (C) 140, (D) 160,
(E) 180, (F) 200 °C.

Substantially the same behavior is observed for the melt
crystallization from samples in the « form. For melt crys-
tallization from samples originally in the é form, the poly-
morphic behavior is strongly dependent also on the ther-
mal history during the heating up to the melting temper-
ature. For very low heating rates (e.g., 1 °C/min) the
behavior is very similar to that of the v form. For inter-
mediate heating rates the minimum values of T,,,, and
t maxs Which give rise to the formation of the pure 8’ form,
are lowered. In fact, for instance, powders in the 6 form,
heated up in a DSC apparatus at a heating rate of 40
°C/min, produce, for t,,,, = 1 min, pure 8’ form samples
already for T, = 300 °C and mixed « and 3’ forms for
Tmax = 280 °C. For very high heating rates (as, for
instance, for powders suddenly heated between hot plates
of a moulding press) always the 8 form is obtained.

The similar crystallization behavior of samples origi-
nally in the «, v, and é form can be easily understood,
since, by thermal treatments for low heating rates, -
form crystals are firstly transformed into vy-form crys-
tals and subsequently into a-form crystals.? This is shown,
for instance, by the X-ray diffraction patterns of a sam-
ple originally in the & form (precipitated from o-dichlo-
robenzene solution and desiccated under vacuum at 60
°C) subjected to successive increases of the temperature
of 20 °C in the range 60-200 °C (Figure 4). It is appar-
ent that in these conditions the pure y form is present
above 140 °C and the pure a form above 200 °C. In par-
ticular, the pattern of Figure 4F corresponds to a disor-
dered modification of the a form (described in detail in
the next section).

Similar information can be obtained by the analysis of
the DSC scans at 10 °C/min of the samples in the three
forms, reported in Figure 5. The scan of the « form (Fig-
ure 5A) presents only one melting endotherm close to
270 °C. The scan of the ¥ form (Figure 5B) presents a
very similar melting peak together with a smaller endother-
mic peak centered close to 180 °C; the smaller peak is
associated with the v — « transition, the larger peak,
with the melting of the « form. The scan of the § form
(Figure 5C) presents besides the usual melting peak a
very complex endothermic behavior in the range 100-
220 °C; this corresponds to the gradual transformation
from the é to the v form and from the ¥y to the « form
combined with the removal of the solvent while the high-
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Figure 5. DSC scans of the samples in a form (A), ¥ form (B),
and é form (C), which present the X-ray diffraction patterns of
parts F, C, and A of Figure 4, respectively.
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Figure 6. X-ray diffraction patterns of a sample originally in
the & form and suddenly heated up to 150 °C (A) or up to 160
°C (B).
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temperature endothermic peak corresponds again to the
melting of the o form.

The peculiar behavior of powders in the & form, when
suddenly heated up to the melting temperature, can also
be understood on the basis of the following annealing
experiments. In fact the annealing of 6-form powders at
high temperatures (above 150 °C), when the annealing
temperature is suddenly reached, seems to produce a direct
transformation into the 8 form rather than into the v
(and subsequently «) form. The X-ray diffraction pat-
terns of a sample originally in the 6 form (the same sam-
ple as Figure 4A) suddenly heated up to 150 and 160 °C
(between hot plates of a moulding press) are shown, for
instance, in parts A and B of Figure 6, respectively. A
direct transition from the & to the 8” form is apparent.

The DSC melting behavior of pure a- and #’-form sam-
ples, for different heating rates, is compared in Figure 7.
The increase of the melting temperatures by reduction
of the heating rate suggests the occurrence of reorgani-
zation phenomena for both the crystalline forms. For
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Figure 7. DSC melting behavior of pure §'-form (A) and a-
form (B) samples at different heating rates.
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Figure 8. X-ray diffraction pattern of a 3-form sample in the
melting region.

the 3 form two melting peaks, whose relative intensities
change with the heating rate, are observed, as typically
occurs for the case of recrystallization phenomena.b The
very close location of the higher peak of the 8 form and
the single peak of the o form could suggest a possible
recrystallization of the 8-form samples into the o form.
However, X-ray diffraction analyses at high tempera-
tures allow us to discard this hypothesis. A typical X-
ray diffraction pattern of a sample in the 8 form in the
melting region is shown, for instance, in Figure 8. It is
apparent that also in this predominantly melted sample
the residual crystalline phase is still in the § form. It is
possible to conclude that during the heating no 8 — «
transition but only a recrystallization to more perfect 3
form crystals occurs.

On the basis of these observations, our interpretation
of the polymorphic behavior in melt-crystallized sam-
ples is that when a memory of the a-form crystals is still
present in the melt the attainment of the « form is favored,
otherwise the 8 form is obtained. This happens under
mild melting conditions, whenever we start from a sam-
ple in the « form or from samples originally in the ¥y
form (or slowly heated 6 form), which are transformed
into the a form prior to melting (as indicated before).
According to our interpretation, a memory of the a-form
crystals would hence be maintained, at least for short
times, also in a wide temperature range above its melt-
ing temperature. The presence of a memory of the crys-
talline structure in macromolecular melts is well-known
and related with the largely studied phenomenon of self-
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Figure 9. X-ray diffraction patterns of (A) a quenched film of
s-PS (continuous curve) and an atactic polystyrene film (dashed
curve), (B) a quenched thick sample (0.7 mm), and (C) a sam-
ple crérstallized from the amorphous phase upon heating up to
250 °C.

nucleation in the melt crystallization.”® Starting with
samples in the 8 or in 6 forms suddenly heated up, since
the o form during heating is not formed, no memory of
it can be present in the melt and consequently the §’
form is always obtained.

Quenching Conditions. An efficient quenching of
melted samples in liquid nitrogen, as for instance for thick-
nesses lower than 0.5 mm, produces amorphous samples.
The X-ray diffraction pattern of an amorphous film of
s-PS is reported in Figure 9A, where it is compared with
the pattern of atactic polystyrene.

Less efficient liquid-nitrogen quenching procedures,
which do not lead to amorphous samples (e.g., quench-
ing of thicker samples), lead to the formation of a-form
crystals, independently of the melting conditions; the dif-
fraction pattern of a 0.7-mm-thick sample maintained at
320 °C for 5 min and then quenched is shown in Figure
9B. An increased width of all the reflections as well as
a depression of some of them (e.g., those at 26 = 14° and
26 = 15.6°) with respect to the pattern of Figure 1A indi-
cates that, due to the quenching procedure, lower degrees
of crystal perfection are obtained.

Annealing of the amorphous samples above 140 °C allows
crystallization; by crystallization from the amorphous
phase, samples in the « form are again obtained. Depend-
ing on the annealing conditions they present different
(but generally very low) degrees of crystal perfection. A
representative diffraction pattern of a sample crystal-
lized from the amorphous phase (in particular, upon heat-
ing up to 250 °C with a heating rate of 4 °C/min) is
reported in Figure 9C. In this pattern the reflections,
which in Figure 1B are only depressed, have now nearly
completely disappeared.

Hence, by quenching or crystallization from the amor-
phous phase crystallites are obtained that are different
not only in morphology (smaller and less perfect) but
also in the fine structure, as compared to those obtained
by compression moulding. The sample with the pattern
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Table I
Intensities and Bragg Distances Observed in the Powder
Spectra for Two « Modifications (o' and o', See Text) of
s-PS Compared with the Bragg Distances Calculated
According to the Unit Cell Proposed by Greis et al.%!°

’ g

[+3 [24

hkl dcalc dobs Iobs dobs Ioba
110 13.13 13.07 ms 13.11 s
200 11.37 11.37 w
210 8.595 8.56 mw
300 7.580 7.51 m 7.58 ms
220 6.565 6.53 m 6.56 ms
310 6.307 6.31 ms
400 5.685 5.67 m
320 5.217 5.18 vw
410 4.962 4.94 w 4.94 mw
211 4.351 4.34 vs 4.37 vs
510 4.084 4.01 vw
600 3.7187 3.77 w 3.74 w
002 2.523 2.55 mw 2.54 mw

Table 11

Intensities and Bragg Distances Observed in the Powder
Spectra for Two 8 Modifications (8’ and 8, See Text) of
s-PS Compared with the Bragg Distances Calculated
According to the Unit Cell Proposed by Chatani et al.!

ﬁl 6//

hkl dcalc dobs I obs dobn { obs
020 14.40 14.37 ms 14.34 ms
110 8.425 8.46 w 8.48 w
120 7.516 7.48 m
040 7.205 7.18 A 7.17 vs
130 6.493 6.52 m 6.49 m
140 5.677 5.56 mw
060 4.803 4.78 m 4,18 m
111 4.338 4.39 vs 4.38 vs
041 4.141 4.18 ms 4.20 ms
170 3.730 3.72 w 3.72 w
080 3.603 3.58 vw 3.56 W
002 2.530 2.56 m 2.5 mw

of Figure 9C is possibly close to a limiting disordered
modification (a’) of the « form while the sample with
the pattern of Figure 1A is possibly close to a limiting
ordered modification (a’’) of the @ form. A “continuum”
of different modifications may exist between the two lim-
iting ones.

On the basis of the conclusions of the previous sec-
tion, the formation of the « form also by rapid quench-
ing and by annealing from the amorphous phase could
be a kinetically controlled process.

Structural Considerations. The results of the X-
ray diffraction experiments on the a (¢’ and «”’) and 8
(8’ and 8”) modifications of s-PS can be correlated with
structural data already known®1° or in formulation in
our laboratories.

The intensities and Bragg distances observed in the
powder patterns for the « and 8 modifications are com-
pared in Tables I and II to the distances calculated accord-
ing to the unit cell reported by Greis et al.*!° and Cha-
tani et al.,! respectively.

As for the disordered 8 modification, the absence of
the (hk!) reflections with A + k = 2n + 1 is consistent
with a statistical pseudocentering on the d-b face of the
unit cell.!

As for the « modifications, we stress that the observed
diffractions are all accounted for by a unit cell having
hexagonal axes a = 26.26 A and ¢ = 5.04 A as reported
by Greis.!° However, the absence in the o’ modification
of the reflections with —~h + k& + 1 # 3n (and their weak-
ness in the «” modification) is indicative of a quasi-
rhombohedric symmetry, presenting a packing of the phe-
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Figure 10. Possible mode of packing of benzene rings in a rhom-
bohedral lattice as it occurs in the & modifications of s-PS. Rel-
ative heights of the centers of the benzene rings are in the units
c¢/6. The three groups of six benzene rings around 3-fold axes,
which present different heights, are enclosed in dashed circles;
the relative displacements of sextets are 0, 2¢/6, and 4c¢/86.

~1/2 2'1/2
/ /

Y nd
z z
A B

Figure 11. Two different and isosteric orientations of triplets
of s-P8S chains corresponding to the groups of six benzene rings
defined in Figure 10. Dark circles indicate the main-chain car-
bon atoms. The presence of a statistical disorder in these ori-
entations characterizes the o’ modification.

nyl groups as shown in Figure 10. Groups of six benzene
rings are shifted along z of 2¢/6. This mode of packing
is curiously reminiscent of that present in isotactic poly-
styrene (compare Figure 10 of this paper with Figure 4
of ref 11), giving rise in both cases to a very strong (211)
reflection. In the o’ modification there is a statistical
disorder with respect to two different and isosteric ori-

Macromolecules, Vol. 23, No. 5, 1990

entations of triplets of chains around 3-fold axes, as shown
in parts A and B of Figure 11. Notice that in the two
models of parts A and B of Figure 11, while the six ben-
zene rings have essentially the same positions (as that in
Figure 10), the main chain atoms (dark circles in figure)
are rotated by 60°. The presence of a statistical disor-
der in these orientations characterizes the «’ modifica-
tion; an ordering of the orientations of the triplets occurs
in the ¢” form. These models are supported by diffrac-
tion intensity calculations, which will be reported in a
forthcoming paper.
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