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Abstract

The crystallization of amorphous syndiotactic polystyrene (s-PS) films when induced by bulky solvents, whose molecules are too big to be
enclosed as guest of s-PS clathrate phases, generally leads to the formation of y-phase. This kind of solvent induced crystallization in
amorphous films generates a preferential (200) uniplanar orientation of the y-crystalline phase. Moreover, the presence of highly boiling
solvents in the amorphous phase of these y-form samples can induce a y— P phase transition, as a consequence of thermal annealing
procedures at atmospheric pressure. A comparison with literature data suggests that the formation of the thermodynamically stable B-phase is
generally favored with respect to the formation of the kinetically favored a-phase, by any s-PS dilution.

© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Syndiotactic polystyrene (s-PS) is characterized by a
complex polymorphic behavior, which, making some
simplifications, can be described in terms of two crystalline
forms, o and B, containing planar zigzag chains and two
forms, v and 3, containing s(2/1)2 helical chains (generated
by TTGG conformational sequences [1,2]). Moreover,
several molecular complexes between different guest
molecules and s-PS s(2/1)2 helical chains (clathrate [3-7]
and intercalate [8] crystalline phases) have been also
obtained. The polymorphic behavior of s-PS is further
complicated by the occurrence of different modifications of
the trans planar o- and B-phases, ranging between limit
disordered (o' and B') and limit ordered («” and B")
modifications [1,2,8—14]. A schematic summary of crystal-
lization and interconversion conditions between s-PS
polymorphic phases is shown in Fig. 1 and it encloses
information prevailingly already available before 1992 [1,2,
15-17]. In fact, only the achievement of the nanoporous
d-phase was reported later [18,19] and disclosed in the open
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literature after 1997 [20-24]. For the sake of simplicity, the
scheme of Fig. 1 does not enclose the mesomorphic trans
planar [25-27] and helical [28] phases, which have been
also studied in detail.

Several studies have shown that molecular interactions of
s-PS with other molecules can significantly change the
crystallization and phase interconversion routes, generally
favoring the clathrate phases for room temperature
treatments and the B-phase for high temperature treatments
[12-14].

As for room temperature treatments, it is well known that
hundreds of organic molecules are readily absorbed from air
or water (also when present at low concentrations) as guest
(G) of d-form nanoporous phases, eventually leading to the
formation of s-PS/G molecular complexes [20-24]. Room
temperature treatments of s-PS amorphous samples (and
often also of a- and y-form samples) by some of these guest
molecules (e.g. chloroform, methylenechloride 1,2-dichlor-
oethane, tetrachloroethane, benzene, toluene, tetrahydro-
furan, carbon disulfide etc. indicated as G’ in Fig. 1) at high
concentrations also induce the formation of molecular
complexes [16,29,30]. On the other hand, other guest
molecules (e.g. acetone [31,32], compressed carbon dioxide
[33], limonene, carvone indicated as G” in Fig. 1) at high
concentrations induce the crystallization of amorphous
samples in the y-phase.
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Fig. 1. Schematic representation of the main crystallization and
interconversion conditions for the polymorphic crystalline phases of
syndiotactic polystyrene. G, VG and NG stand for molecules, which are
guest (G), or volatile guest (VG), or non-guest (NG) of the nanoporous 3-
phase. G’ and G” stand for subclasses of guest molecules defined in the
introduction. 7 and P indicate increases of temperature and pressure,
respectively. Thick lines indicate interconversion routes shown in this
paper.

As for high temperature treatments, most of the observed
changes of the interconversion routes between s-PS phases,
due to molecular interactions with other molecules, tend to
favor the thermodynamically stable B-phase [2,34-36] with
respect to the kinetically favored a-phase. For instance,
while all annealing procedures on samples presenting the
nanoporous d-phase always lead to the <y-phase and
subsequently to the c-phase, the high temperature annealing
(above 150 °C) of clathrate samples, when the annealing
temperature is suddenly reached [1] can produce a direct
transformation into the B-form [13—14]. In addition, as for
cold-crystallization of glassy samples, direct crystallization
in the B-phase (rather than in the usual a-phase) has been
achieved for miscible blends of s-PS with poly(2,6-
dimethyl-1,4-diphenyleneoxide) (PPO) [37,38] as well as
a consequence of treatments with compressed CO, [39]. It
has been also shown that s-PS annealing with compressed
CO, (57 atm) can produce a.— 3 [39] as well as y — 3 phase
transitions [39,40]. This latter transition has also been
observed for thermal treatments in the presence of suitable
solvents like cyclohexanol [41] or 1,1,2,2-tetrachloroethane
[42].

In this paper, we show that room temperature treatments
of s-PS amorphous samples with bulky solvents, whose
molecules are too big to be enclosed as guest of s-PS
clathrate phases [23,43] indicated as non-guest (NG) in
Fig. 1, induce direct crystallization in the y-phase. This NG
solvent induced crystallization in amorphous films generally
leads to the formation of y-phase presenting a preferential
(200) uniplanar orientation. Moreover, we show that when a
significant amount of bulky solvents remains absorbed in

the amorphous phase of these semicrystalline samples, a
y— B phase transition can be easily achieved, by thermal
annealing procedures at atmospheric pressure.

2. Experimental section

Syndiotactic polystyrene was supplied by Dow Chemical
under the trademark Questra 101. '>C nuclear magnetic
resonance characterization showed that the content of
syndiotactic polystyrene triads was over 98%. The weight-
average molar mass obtained by gel permeation chroma-
tography (GPC) in trichlorobenzene at 135 °C was found to
be M,,=3.2X10° with the polydispersity index, M/M,=
3.9.

Amorphous s-PS films 100-150 um thickness, obtained
by extrusion, were crystallized by immersion in pure liquids
for 3 days at room temperature. The solvent content was
determined by thermogravimetric analysis (TGA).

Unoriented y form sample of Fig. 2(A) was obtained by
following procedures analogous to those described in detail
in Ref. [1].

The molecular volume of the guest molecules has been
simply evaluated from their molecular mass (M) and density
(0): Vguess=MI/pN, where N is the Avogadro’s number
(6.02 X 10** molecules/mol).

Wide-angle X-ray diffraction patterns with nickel filtered
Cu Ko radiation were obtained, in reflection, with an

intensity (a.u.)

Fig. 2. X-ray diffraction patterns (Cu Kot) of semicristalline sPS samples:
powder (y-form, A); amorphous s-PS film after crystallization by
immersion in CD (y-form, B) and subsequent annealing at 160 °C,
(uniplanar oriented y-form, C) and at 220 °C (B-form, D); y-form including
nearly 15 wt% of CTD after heating up to 230 °C at a heating rate of
10 K/min (planar oriented B-form, E). The main Miller indexes of the most
intense reflections of the y-phase (A), (C) and of the B-phase (D) are also
indicated.
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automatic Philips powder diffractometer as well as, in
transmission, by using a cylindrical camera (radius=
57.3 mm). In the latter case the patterns were recorded on
a BAS-MS Imaging Plate (FUJIFILM) and processed with a
digital imaging reader (FUJIBAS 1800).

In particular, in order to recognize the kind of crystalline
orientation present in the samples, photographic X-ray
diffraction patterns were taken by placing the film sample
parallel to the axis of the cylindrical camera and by sending
the X-ray beam parallel or perpendicular to the film surface,
as shown on the left of Fig. 3(A) and (B), respectively.

The degree of uniplanar orientation of the crystallites
with respect to the film plane has been formalized on a
quantitative numerical basis using Hermans’ orientation
functions [32,44—-47], in analogy to that one defined for the
axial orientation in Ref. [44]:

(3 cosZxpyy — 1)

Jha = (D

by assuming cosxy, as the squared average cosine value of
the angle, xy,;q, between the normal to the film surface and
the normal to the (hkl) crystallographic plane.

Since, in our cases, a fyy incidence of X-ray beam is
used, the quantity cos?xy, can be easily experimentally
evaluated:
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Fig. 3. X-ray diffraction patterns taken with beam parallel (A) and
perpendicular (B) to the film plane, of the s-PS y-form film of Fig. 2(C)
(obtained by immersion in CD of an amorphous film followed by annealing
at 160 °C). The patterns clearly indicate the occurrence of the y-phase (200)
uniplanar orientation.
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where I(xnx) is the intensity distribution of a (hkl)
diffraction on the Debye ring and xpy is the azimuthal
angle measured from the equator.

The diffracted intensities I(xnx) of Eq. (2) were obtained
by using an AFC7S Rigaku automatic diffractometer (with a
monochromatic Cu Ko radiation), and were collected
sending the X-ray beam parallel to the film surface and
maintaining an equatorial geometry. Because the collection
was performed at constant 26 values and in the equatorial
geometry, the Lorenz and polarization corrections were
unnecessary.

In these assumptions, fiy is equal to 1 and —0.5 if (hkl)
planes of all crystallites are perfectly parallel and
perpendicular to the plane of the film, respectively.

TGA measurements were carried out with a Mettler
TGS50 Thermobalance in a flowing nitrogen atmosphere, at a
heating rate of 10 °C/min, in the temperature range 25—
300 °C.

Differential scanning calorimetry (DSC) measurements
were carried out with a DSC 2920 TA Instruments in a
flowing nitrogen atmosphere, at a heating rate of 10 °C/min.

3. Results and discussion

3.1. NG solvent induced crystallization

The X-ray diffraction pattern obtained by an automatic
powder diffractometer of an amorphous s-PS film after
crystallization by immersion in liquid 1-chloro-decane
(CD), whose molecular volume (338 A3) is much bigger
than the cavity of the nanoporous d-phase (120-160 A%
[23], is shown in Fig. 2(B). For the sake of comparison, the
X-ray diffraction pattern of an unoriented y-form (powder)
of s-PS is shown in Fig. 2(A). It is clearly apparent that, as a
consequence of immersion in CD, the amorphous s-PS film
has been crystallized in the y-form. As usual, the quality of
the y-phase crystallites can be improved by annealing in the
range 160—170 °C. In particular, the X-ray diffraction of the
sample of Fig. 2(B) after annealing at 160 °C for 2 h, is
shown in Fig. 2(C). It is worth noting that the quality of the
pattern of Fig. 2(C) has been improved with respect to the
pattern of Fig. 2(B) not only due to the increased size and
perfection of the crystallites (as clearly shown by the
reduced half-height width of the 200 reflection at 20, k,=
9.25°) but also due to the removal of CD molecules
absorbed in the amorphous phase and contributing to the
amorphous halo.

For a better comparison between the patterns of Fig. 2, the
Miller indexes of the most intense y-phase reflections [45]




9552 P. Rizzo et al. / Polymer 46 (2005) 9549-9554

have been explicitly indicated close to the patterns A and C.
Substantial differences between the relative intensities of
the reflections, (compare Fig. 2(A) and (C)), clearly indicate
the occurrence of crystalline phase orientation. In particular,
the largely increased intensity of the (200) reflection (at
20cy ke =9.25°) [45,46], suggests a preferential parallel
orientation of this crystalline plane with respect to the film
plane.

A better understanding of the crystalline phase orien-
tation of the film of Fig. 2(C), can be achieved by the X-ray
diffraction patterns taken with beam parallel and perpen-
dicular to the film plane and collected on a photographic
cylindrical camera, which are shown in Fig. 3(A) and (B),
respectively. The pattern B presents only Debye rings while
the pattern A presents intense (200) reflection arcs centered
on the equatorial line and weak nearly meridional (020)
reflection arcs. These X-ray diffraction data clearly indicate
the occurrence of the (200) uniplanar orientation and a
quantitative evaluation indicates that the degree of uniplanar
orientation is not far from f5n=0.6.

Similar y-form semicrystalline films, presenting different
degrees of (200) uniplanar orientation are achieved by
crystallization of amorphous films induced by other bulky
molecules like, for instance, 1-bromo-octane (287 53), ethyl
nonanoate (357 A%, 1-dodecene (369 A*), 3,5-di-tert-
butyltoluene (395 10\3), or 1-chloro-tetradecane (450 A3 ).

A (200) uniplanar orientation of the y-phase was already
obtained by annealing of 3-phase films presenting a (210)
crystalline phase orientation [47].

3.2. NG solvent induced v — @ transition

Thermal annealing procedures at atmospheric pressure
on y-form samples, when a significant amount of highly
boiling solvents remains absorbed in the amorphous phase,
can lead to a direct y — 3 phase transition. In particular, for
v-form films with an absorbed amount of CTD or CD or BO
higher than 5 wt%, the y— [ transition can be easily
achieved by sudden heating in the temperature range 210-
250 °C. Just as an example, the X-ray diffraction pattern of
the y-form film of Fig. 2(B) (including at room temperature
23% of CD) after heating at 220 °C (Fig. 2(D)) clearly
shows the formation of a nearly unoriented -phase [13,14].

When the absorbed solvent is the highly boiling CTD
(T,=292 °C), also heating rates as low as 10 °C/min are
sufficient to generate the -phase. Just as an example, a film
whose crystallization in the y-form has been induced by
CTD and including at room temperature nearly 15 wt% of
CTD (presenting a X-ray diffraction pattern similar to that
one of Fig. 2(B)), after heating up to 230 °C at a heating rate
of 10 K/min, presents the X-ray diffraction pattern shown in
Fig. 2(E). This pattern clearly presents the typical reflections
of the B-phase, although the intensity of the first layer line
peak, nearly located at 20°, is strongly reduced with respect
to the intensities of the equatorial reflections. This indicates
the presence for the B-phase of a partial planar orientation,

with the chain axes, which tend to be parallel to the film
plane [46,48].

Hence, the y— B transition, as already observed for the
clathrate—  transitions [46,48], can imply a partial
maintenance of the crystalline phase orientation, being
uniplanar for the starting helical phases and planar for the
final trans-planar phase.

Differential scanning calorimetry (DSC) scans, at a
heating rate of 10 °C/min, of y-form films with different
concentrations of absorbed CTD are compared in Fig. 4. It is
clearly apparent that the position of the exothermic peak
corresponding to the formation of the trans-planar crystal-
line phases is markedly shifted toward lower temperatures,
as a consequence of plasticization due to the presence of the
solvent in the amorphous phase. In fact, thermogravimetric
measurements on these samples show that most CTD
molecules are removed from the s-PS film only in the
temperature range 160-220 °C. The influence of the con-
centration of the plasticizing CTD molecules on the
transition temperature between helical and trans-planar
crystalline phases (7}, ., maximum of the exothermic peak)
is more clearly shown by the plot of Fig. 5. In that plot, the
experimental point is labeled with the symbol of the
crystalline phases, which are correspondingly obtained,
when the DSC scans are stopped at 230 °C.

These data could suggest that the direct y — B transition
could be favored with respect to the usual y— o transition
by the reduction of the transition temperature, which for
some reason could make more efficient the nucleation of the
B, being generally more difficult than the nucleation of the
a-phase [1,2].

However, it is worth recalling that the also addition to
s-PS of poly-2,6-dimethyl-1,4-phenylene oxide (PPO), a
rigid polymer (Tg=220 °C) being miscible at molecular
level in the amorphous phase, tends to favor the formation
of the B-phase of s-PS with respect to the a-phase. This
phenomenon occurs not only for the cold crystallization
from the amorphous phase (associated with increases of

o%_ﬂ/J\
5.5%

o
©
c
L
12%
15%
17%
T T T T T T
150 200 250

Temperature (°C)

Fig. 4. DSC scans, at heating rate of 10 °C/min, of y-form s-PS films with
different CTD content (weight percent).
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Fig. 5. Temperatures of the maximum of exothermic DSC peaks,
corresponding to the formation of trans-planar crystalline phases, versus
the s-PS content for: (@, T},_,,) heating of y-form films in the presence of
CTD; (A, T¢y) heating of amorphous films in the presence of PPO [37];
88(, T.,) cooling from the melt in the presence of PPO [49]. The
experimental points are labeled with the symbols of the crystalline phases,
which are obtained.

the cold crystallization temperature, 7.1, due to large glass
transition temperature increases) [37] but also for the melt
crystallization (associated with a decrease of the crystal-
lization temperature from the melt, 7. ) [49], as reported in
Fig. 5.

The data of Fig. 5 suggest that independently on the
nature of the diluent molecular species (being more mobile
as for the low molecular mass compounds, or less mobile as
for the highly rigid miscible polymer) the s-PS dilution tend
to favor the thermodynamically stable B-phase with respect
to the kinetically favored a-phase.

This conclusion also helps to rationalize the well-known
observation that by solution crystallization, the B-phase is
always obtained at high temperatures while the a-phase has
been never obtained [1,2,12-14].

4. Conclusions

The sorptions into s-PS amorphous samples of bulky
solvents, whose molecules are too big to be enclosed as
guest of s-PS clathrate phases, generally induce crystal-
lization in the y-phase. This NG solvent induced crystal-
lization in amorphous films generally leads to a (200)
uniplanar orientation of the y-crystalline phase, with degree
of orientation as high as f50o=0.6.

The presence of these highly boiling solvents in the
amorphous phase of y-form samples can induce a y—f
phase transition, as a consequence of thermal annealing

procedures at atmospheric pressure. In particular, for
v-form films with an absorbed amount of the considered
bulky solvents higher than 5 wt%, the y — B transition can
be easily achieved by rapid heating in the temperature range
210-250 °C. Moreover, when the absorbed solvent has a
very high boiling point (7, >300 °C), also heating rates as
low as 5 °C/min are sufficient to generate the B-phase.

These y— P transitions, as already observed for the
clathrate— 3 transitions [46,48], can imply a partial
maintenance of the crystalline phase orientation. In fact,
v-form films presenting the (200) uniplanar orientation can
lead to B-form films with planar orientation of the chain
axes.

The decrease of the transition temperature between the
helical y-phase and the trans-planar crystalline phases (7}, - )
associated with the increase of the absorbed amount of CTD
(evaluated by DSC measurements) clearly indicate the
occurrence of a large plasticizing effect of the highly boiling
solvent. However, a comparison of these data with literature
data relative to s-PS/PPO miscible blends, indicates that,
independently on the nature of the diluent molecular species
(being more mobile as for the low molecular mass
compounds, or less mobile as for the highly rigid miscible
polymer), the formation of the thermodynamically stable
B-phase is favored with respect to the formation of the
kinetically favored a-phase, by any kind s-PS dilution at
molecular level.
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