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Noncrystalline Order in Swollen Syndiotactic Polystyrene
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ABSTRACT: The syndiotactic polystyrene shows a complex polymorphism, and the structural organization
depends on thermal or solvent treatments. The effect of different solvents on oriented samples crystallized
in a zigzag conformation has been investigated, and in some cases a transition to the helix conformation is
observed. The obtained results show that the transition occurs through an intermediate amorphous state
in which the molecular orientation is maintained. This evidence points to the conclusion that some kind of
noncrystalline order is present in the intermediate swollen state.

Introduction

The syndiotactic polystyrene (sPS) shows a complex
polymorphism, and different crystalline forms can be
obtained, depending on thermal and/or solvent treatments.
Two forms characterized by a zigzag conformation can be
obtained by thermal crystallization; one of these, first
observed by Ishihara et al.! and previously indicated as
form 1,2 is indicated in the more recent literature as the
a form.? Its structure has been analyzed by electron
diffraction,* and a hexagonal unit cell was suggested. The
second form characterized by chains in a zigzag confor-
mation, first indicated as form II,2 is now definitely
indicated as the 8 form.? The unit cell is orthorhombic,5
and as for the a form the period along the chain axis is 0.51
nm. Two more forms characterized by a helix confor-
mation can be obtained by solvent-induced crystalliza-
tion.2¢7 The period along the chain axisis 0.75 nm. These
forms, first observed by Immirzi et al.,8 are now indicated
as the 6 and v forms. They can be obtained by starting
from amorphous glassy films”8 or by dissolving the « form
in appropriate solvents.28 At variance with the « form,
the 8 form is stable to the solvent treatments.® Zigzag and
helix conformations have also been observed in meso-
morphic structures in which the organization is restricted
to the conformational and short-range order.!%!! From
this very short picture the complex network of relationships
between structure and thermal and solvent treatments is
clearly evident. In the present paper we report further
evidence of the great tendency of sPS to arrange different
levels of structural organization. In fact the analysis of
the swelling behavior of oriented samples points to the
conclusion that some kind of noncrystalline order is present
in the swollen state.

Materials and Experimental Section

The syndiotactic polystyrene was kindly supplied by Istituto
Donegani of Himont-Italia (Novara, Italy). Glassy films were
obtained according to a previously described procedure, quench-
ing to -80 °C the molten sample.” The glassy film was drawn at
two different temperatures using an extensometer cell and
controlling the drawing degree with reference ink marks. A first
sample, indicated as sample A, was obtained by drawing at 110
°C up to A = 4; a second sample, indicated as sample B, was
obtained by drawing at 160 °C up to A = 3 (A is the ratio between
the final and initial length); a third sample, indicated as sample
C, was obtained by annealing sample B 1 h at 180 °C. The
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thickness of the samples after drawing was about 0.02 cm. The
structural rearrangements induced by different solvents were
analyzed by wide-angle X-ray scattering (WAXS). The solvents
used were chloroform, toluene, and tetralin. WAXS was analyzed
using a Seifert Debyeflex diffractometer; the radiation was Cu
Ka. The sample and swelling solvents (in large excess) were
sealed in a glassy capillary tube and collimated with the X-ray
beam. Thediffraction patterns were detected using a flat-camera
(6-cm distance from the sample). The sample birefringence was
evaluated at a qualitative level using an optical microscope.

Results

(a) Dry Sample Structure. The structural organi-
zation of samples A-C, before any solvent treatment, was
analyzed by detecting the X-ray diffraction patterns.
Samples A shows a diffraction pattern indicative of low
structural order; however, a reflection of the first layer is
observable, and a period of 0.51 nm along the chain axis
can be calculated. In a previous paper, for samples
obtained at the same drawing temperature, the experi-
mental data suggest the presence of mesomorphic order
induced by drawing.!? The organization is restricted
mainly to the conformational order which is zigzag planar,
and a periodicity of 0.51 nm can be detected by the WAXD
data. The same period is observed in the two crystalline
aand forms.! %13 Sample B shows the diffraction pattern
of an oriented crystalline system, and the observed
reflections are indicative of the « form. In sample C the
oriented « form is still present, but the diffraction spots
are sharper, indicating better formed and larger crystals.

(b) Solvent Treatments. The swelling with the three
solvents gives rise to different effects depending both on
the solvent and on the structural organization of the
sample.

When chloroform is used, any discrete diffraction
disappears in less than 1 h, and the sample appears
amorphous. The optical microscope, however, indicates
the persistence of an appreciable birefringence. This
situation remains unchanged until the sample is immersed
in the solvent, also for days. After solvent removal,
diffraction of an oriented crystalline system is observed;
the reflections are those previously reported for the §
form,38 characterized by a helix conformation with a period
along the chain axis of 0.75 nm. The diffraction pattern
of sample B after solvent removal is shuown in Figure 1.

When tetralin is used as the swelling solvent, the
diffraction pattern remains unchanged, and only at very
long swelling times, and for sample A only, some weak
evidence of destructuration is observable. Itisinteresting
to note that tetralin induces crystallization in the 5 form
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Figure 1. X-ray diffraction pattern of sample B, immersed in
chloroform and then dried.

Table I
Diffraction Data for Sample B Swollen in Toluene
time in period along 29 distance
toluene (h)  chain axis (nm) (nm)
0 0.51 hk0 6.8 1.30
11.7 0.76
13.5 0.65
hkl 20.5 0.43
2 0.51 hk0O 12.2 0.72
hkl 20.5 0.43
12 diffused scattering

27 0.75 hk0O 7.9 1.12
10.2 0.87
hkl 17.3 0.51
52 0.73 hk0 7.8 1.13
10.2 0.87
hkl 16.8 0.53
20.0 0.44
23.1 0.38
hk2 25.0 0.35

when the swelling is carried out on isotropic amorphous
films.14

Much more interesting is the behavior observed when
toluene is used; in this case it is possible to observe the
disappearance of the oriented o form, the persistence of
the amorphous birefringent state, and the appearance,
stillin the presence of the swelling solvent, of the oriented
§ form. This sequence of structural transitions occurs on
a time scale which increases from sample A to C, i.e., as
the structural order of the dry sample increases. In Table
I, the more intense diffractions and the corresponding
Bragg distances are reported for sample B, at different
times of immersion in toluene.

As is evident in Table I, after 2 h of immersion the
zigzag conformation, characterized by a period of 0.51 nm,
is still present and the equatorial reflection at 6.8 nm is
absent, while a new equatorial reflection at 12.2 nm
(intermediate between 11.7 and 13.5 nm) is observable;
the system transforms into an intermediate amorphous
form (amorphous on the basis of WAXS data), and after
about 2 days the period of 0.75 nm, which characterizes
the helix conformation, appears. The number of detectable
diffractions increases with time, indicating an increasing
crystalline order. The diffraction pattern, also at very
long immersion time, clearly indicates that the orientation
ismaintained during the entire process, asis also confirmed
by optical observations.

This sequence is shown in Figure 2, where some more
significant diffraction patterns are observable. In Figure
2a the diffraction of sample B before any solvent treatment
is shown; in Figure 2b after 2 h of immersion in toluene
the zigzag form is still observable; Figure 2c shows the
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diffused halo of the amorphous intermediate; Figure 2d
shows the diffraction pattern of the helix form observable
in the swollen state after 27 h of immersion, while Figure
2e shows the diffraction pattern after drying. The time
scale of this sequence is not perfectly reproducible for
different specimens of sample B, obtained with the same
procedure but in different preparations. However, with
some fluctuations, the disappearance of the a form occurs
within 6 h and the sample remains amorphous within about
15 h, while at longer times the helix form appears. The
observed fluctuations, even if well appreciable, are neg-
ligible when comparing sample B with samples A and C.
In fact in sample A the presence of the helix form is
observable in less than 1 h after immersion, with the
consequence that it is very difficult to observe the
intermediate amorphous state. On the other hand, in
sample C the time required to observe the disappearance
of the initial « form is on the order of 15 h.

Discussion

The obtained results show that the transition to the
helix conformation induced by the solvent treatment
depends both on the initial sample structure and on the
solvent. One can start from the trend observed using
toluene; the mechanism must involve three different
stages: (i) permeation into the crystalline phase; (ii)
solvent-induced “melting”; and (iii) crystallization in the
new crystalline form.

It seems clear that the first stage is affected by the degree
of order of the existing structural organization, the entry
of the solvent in more ordered structures being more
difficult. In sample A, for which the presence of meso-
morphic order was suggested,!? the solvent rapidly dis-
solves the preexisting structure, and the new organization
appears in less than 1 h. The process is slower in sample
B, and the initial induction time is even longer in the
annealed sample C. Probably a role is also played by the
dimensions of the ordered domains, because a larger size
means a smaller specific surface available for the solvent
entry.

However, particularly interesting is the evidence that
some kind of structural organization must be present in
the amorphous intermediate state. Infactthe orientation
is maintained, as is confirmed by the optical observations
and more clearly by the diffraction of the helix form, when
it grows, which is typical of an oriented structure. This
evidence suggests that the interchain aggregation, even in
the swollen state, must be strong enough to prevent the
relaxation of the chain orientation, in spite of the complex
conformational reorganizations, required to crystallize in
the new form. Some kind of solvated noncrystalline
structure can be suggested, as was previously reported for
the swollen forms obtained with toluene, starting from an
isotropic amorphous film.!> In that case the helix crys-
talline 6 form does not appear in the swollen state but
after solvent removal, indicating that in the present case
the preexisting structure promotes the structural tran-
sition. The presence of noncrystalline order in the swollen
state has been suggested by other authors. Nematic-like
structures in gels of isotactic polystyrene have been
suggested by Guenet et al.,’® and similarly noncrystalline
order was suggested by Tadokoro et al. to explain, as in
the present case, the persistence of molecular orientation
in gels of syndiotactic poly(methyl methacrylate).}?

In the third stage the helix structure appears; the
diffraction angles are slightly different from those first
reported for the § form,® indicating that the chain packing
is affected by the nature of the solvent, which in some
cases can be included in the crystalline structure.
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Figure 2. X-ray diffraction patterns of sample B: (a) dry sample before any solvent treatment; (b—d) detected in the swollen state

after 2, 27, and 45 h; (e) dried.

When chloroform is used, the destructuration process
is rapid, but the onset of the new crystalline order is
observable only after solvent removal; this effect is
probably related to the degree of swelling observable in
chloroform, which is larger than that in toluene, with the
consequence of increasing the chain segmental mobility
at levels that are high for any crystallization process.

However, also in this case the chain orientation is
maintained, and therefore a solvated noncrystalline order
can be suggested in analogy with the previous consider-
ations.

When the behavior of tetralin is considered, one can
suggest that the size of the tetralin molecules is too high
for permeation in the preexisting ordered domains, and
therefore the initial structure remains substantially stable

to the solvent action, at least on the time scale of our
observations. The influence of the molecular size on
solvation phenomena is expected and has been discussed
by Klein and Guenet.!®* However, as herein noted, tetralin
induces crystallization in isotropic amorphous films;'4 the
helix form is observable after solvent removal, but in that
case the first stage, required when a preexisting order is
present, is of course absent.

The conclusive picture that can be drawn assumes a
three-stage model for the transition process. The first
stage is affected by the degree of order of the preexisting
structure and by the specific tendency of the solvent to
induce phase transitions. This statement implies that
different levels of organization are possible in the zigzag
form, as is indeed suggested.>!3 The second stage, when
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activated (with toluene and chloroform), is characterized
by the formation of a solvated noncrystalline structure, in
which the chain—-chain interactions are strong enough to
prevent the relaxation of the chain orientation. The third
stage can be activated in the swollen state, or after solvent
removal, on the basis of conditions probably related to the
degree of swelling and therefore to the molecular mobility
in the noncrystalline structure.

Work is in progress, with different techniques, to analyze
the organization of the intermediate state.
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