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Structural Organization and Properties of
Syndiotactic Polystyrene Gels

Christophe Daniel

Summary: In this manuscript, the structural organization of syndiotactic polystyrene
(sPS) gels is reviewed with particular emphasis on the structure of molecular
complexes (clathrates and intercalates) formed in sPS gels. Hereafter, results con-
cerning macroscopic properties such as the rheological behaviour and the light
transparency are reported and discussed on the basis of the gel molecular organ-

ization.

syndiotactic polystyrene

Introduction

Syndiotactic polystyrene (sPS) displays a
complex polymorphic behaviour!!! and in
the crystalline state four crystalline forms
(designed by the acronyms «, $, vy, and d)
and numerous molecular complexes (clath-
rates'? and intercalates[3]) can be obtained
with low-molecular-mass compounds.

The two crystalline forms o, and ! are
characterized by zig-zag trans planar chains
while the y and 8! forms and the molecular
complexes present s(2/1)2 helices.

All the crystalline structures of sPS clath-
rate and intercalate phases which have been
determined®”! present several features com-
mon to the & form. In fact, all known sPS
molecular complexes are monoclinic with
space group P2,/a and they are characterized
by the same ac layers of close-packed
enantiomorphous s(2/1)2 helices. However
clathrates are characterized by a closer
packing between the ac polymer layers. Thus
for clathrates, guest molecules are enclosed
into host cavities while for intercalates the
guest molecules are not isolated into cavities
but form layers of contiguous guest inter-
calated with mono-layers of enantiomor-
phous polymer helices.
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SPS can also form thermoreversible gels
with a large number of organic solvents and
several studies focussing on the morphol-
ogy, the thermal behaviour, or the mole-
cular structure of sPS gels have been
published in the literature.l”’ Depending
on the solvent-type and/or thermal treat-
ments the crystalline junctions of sPS gels
are characterized by s(2/1)2 helical polymer
chain conformation”*>JXl or by the B
phase with planar zigzag chain confor-
mation. 7™

The crystalline structure and in particular
the stoichiometry of the s(2/1)2 helical mole-
cular complex phases formed in sPS gels has
been the matter of debate due to contra-
dictory results of differential scanning calori-
metry studies and diffraction analysis. In fact,
some diffraction patterns of sPS gels are
consistent with x-ray diffraction patterns
obtained with the clathrate samples while
the stoichiometry derived from differential
scanning calorimetry (DSC) studies is found
to be very different from the typical clathrate
stoichiometry (i.e. 4 monomeric units/guest
molecule).’&h-oPl

In this contribution, the issue of the
structural organization of sPS gels will be
reviewed. Moreover the close relationship
existing between gel structural organi-
zation and macroscopic properties such as
the rheological behavior and light transpar-
ency will be shown.

L EHWILEY .
InterScience*



2

Macromol. Symp. 2007, 251, 1-10

1. Structural Organization in
sPS Gels

1.1. SPS Gels in Non-Complexing Solvents
It has been observed that solvents whose
molecules are bulkier than 300 A* generally

are not able to form molecular complexes
with sPS.*"! However quenching of sPS
solutions in these solvents can lead to the
formation of gels.[”"™!

In Figure 1, are reported, the FTIR spect-
rum (Figure 1A) and the x-ray diffraction
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(A) FTIR spectrum of a gel prepared in CTD at C,,,; = 0.10 g/g after subtraction of the CTD contribution; (B) X-ray
diffraction pattern for a gel prepared in CTD at C,o =0.20 g/g.
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Figure 2.
Scanning micrographs of an aerogel obtained from a
gel prepared at Cp, = 0.10 g/g in CTD.

pattern (Figure 1B) of a gel prepared in
chlorotetradecane (CTD, V,,=450 A% at
Cpoi =0.10 g/g.

The FTIR spectrum (Figure 1A) shows
absorption bands at 541 and 1222 cm™!
which are characteristic of the all-trans

planar conformation'® of sPS while the
x-ray diffraction pattern (Figure 1B) dis-
plays reflections at 26 =6.1°, 12.3°, 13.6°,
18.5° and 20.2° thus indicating the for-
mation of the orthorhombic B-form,”! in
the gel.

The morphology of sPS gel polymer-rich
domains can be easily observed, after sol-
vent extraction procedures by a supercriti-
cal fluid leading to the corresponding
aerogels.[g] In fact these procedures gen-
erally allow to avoid the collapse of the gel
structure and thus preserve the morphology
of polymer-rich phase of the native gel.''"’

In Figure 2 is reported the scanning
electron micrograph of a gel prepared
at C,5=0.10 g/g in CTD after solvent ex-
traction with supercritical carbon dioxide.

The micrograph shows that the poly-
mer-rich phase of sPS gels obtained with
non-complexing solvent molecules consist
in interconnected lamellar crystals.
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FTIR spectra for the wavenumber range 625-475 cm ™ of sPS gels prepared in various complexing solvent

molecules.
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1.2. SPS Gels in Complexing Solvents
In Figure 3 are reported the FTIR spectra
for the wavenumber range 625-475 cm ™' of
sPS gels prepared in various solvents form-
ing a molecular complex phase (clathrate or
intercalate) with sPS.

The FTIR spectra of the different
gels show absorption bands at 502, 538,

549, and 572 cm™! which are characteristic
of the ordered s(2/1)2 helical confor-
mation.®!

1.2.1 SPS Gels with a Clathrate Phase

The presence of molecular complex phases
in gels obtained with solvents capable to
form a clathrate phase with sPS has been
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Figure 4.

(A) Temperature-concentration phase diagram for sPS/toluene gels. (B) Neutron diffraction patterns for sPS/
toluene gels prepared at Cy; = 0.60 g/g (corresponding to the stoichiometry of compound C,). Top: deuterated
polystyrene in hydrogenous toluene; bottom: deuterated polystyrene in deuterated toluene.
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clearly established from the gel tempera-
ture-concentration phase diagrams and from
neutron diffraction experiments./7&-0P!

For instance, the temperature-phase
diagram for sPS/toluene gels!™ is reported
in Figure 4A and the neutron diffraction
patterns obtained with sPS/toluene gels
prepared at C,,=0.6 g/ with different
isotopic solvent labeling!”" is reported in
Figure 4B.

The temperature-concentration phase
diagram shows the formation of two
polymer-solvent compounds C; and C, of
different stoichiometries. C; is an incon-
gruently melting compound with a stoichio-
metry about 1.25 monomer unit per 1
toluene molecule while the stoichiometry
of G, is about 4 monomeric units per 1
toluene molecule.

The neutron diffraction patterns ob-
tained with sPS/toluene gels (Figure 4B)
prepared at C,,=0.6 g/g show a clear
variation of the peak intensities when sol-
vent labeling is modified. This clearly
confirms the formation of a polymer-
solvent compound with the presence of
solvent molecules in the crystalline lattice
of sPS/toluene gels.

The presence of molecular complexes
was also clearly established in gels obtained
with other solvents known to form a clath-
rate structure with sPS.7"°P! In Table 1
are reported the stoichiometries deter-
mined from temperature-concentration
phase diagrams of the complexes formed
in different gel systems.

The values reported in Table 1 show
that the stoichiometries of the molecular
complexes forming the cross-link domains
are quite different from the typical 4/1
monomer unit/guest molecule stoichiome-

try determined for clathrate crystalline
structures, by x-ray diffraction studies on
fiber samples while the gel diffraction pat-
terns were found to be qualitatively con-
sistent with x-ray diffraction patterns
obtained with clathrate samples.

In particular in Figure 5, are compared
the neutron diffraction pattern of a gel
prepared in deuterated toluene at C, =
0.6 g/g and the x-ray diffraction pattern of a
sPS/toluene clathrate sample obtained by
sorption of toluene in an amorphous film.

Figure 5 shows that the diffraction pat-
terns of the gel and the clathrate obtained
with toluene present the diffraction peaks
located at the same position 26=7.85,
10.20, 17.55, 20.05, 23.46, and 27.9°. This
result suggests the formation of the same
crystalline structure (and thus the same
stoichiometry) in both samples.

It is worth adding that the stoichiometry
of the polymer-rich phase of sPS/1,2-
dichloroethane (DCE) was also evaluated
from Fourier transform infrared spectro-
scopy (FTIR) study of the conformational
equilibrium of DCE."M It was shown that
the polymer rich phase of sPS/DCE gels
presents a stoichiometry nearly constant for
the entire composition range and is substan-
tially coincident with the typical stoichiome-
try of the clathrate crystalline structure.

Recently, different explanations have
been proposed to rationalize the discrepancy
between the stoichiometry determined from
the phase diagram and that deduced from
structural data (x-rays or FTIR). The dis-
crepancy may arise from the degree of
solvation of the amorphous phase[7q] or to
the formation of the phase.”“]

With regard to morphology, SEM micro-
graphs of areogels obtained after solvent

Table 1.

Stoichiometry of molecular complexes formed in sPS gels determined from temperature-concentration phase
diagrams.

Solvent Molecular complex stoichiometry

chloroformt"!
trans-decalin’?!
naphatalene?®!

benzenel’8l

1 monomer unit/ 1 solvent molecule

1 monomer unit/ 1 solvent molecule

1 monomer unit/ 0.8 solvent molecule
3 monomer units/ 1 solvent molecule

1 monomer unit/ 4 solvent molecules
1 monomer unit/ 1 solvent molecules
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Figure 5.
Neutron diffraction pattern of a gel prepared with deuterated polystyrene in deuterated toluene at C,o = 0.60
g/g and x-ray diffraction pattern of a clathrate sample obtained by sorption of toluene in an amorphous film.
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Figure 6.
Scanning micrographs of an aerogel obtained from a gel prepared at Cy, = 0.10 g/g in 1,2-dichloroethane.
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extraction from gels have shown that sPS
gels with a clathrate phase present a similar
fibrillar morphology.”"!

This is shown, for example, in Figure 6
for an aerogel obtained from a gel prepared
in 1,2-dichloroethane at C,,=0.10 g/g.

1.2.2 SPS Gels with an Intercalate Phase

As mentioned above, it has been observed
that, in addition to clathrates, sPS can also
form a different type of molecular complex
defined as intercalate.!

In Figure 7 the x-ray diffraction pat-
tern of a gel prepared in norbornadiene
at C,=0.15 g/g (curve a) is compared with
the diffraction patterns of a desiccated gel
(curve b) and of a semicrystalline inter-
calate sample obtained by norbornadiene
sorption into amorphous sPS*! (curve c).

The diffraction patterns of both gels
(native gel and desiccated gel) present dif-
fraction peaks located at c.a. the same
positions than the diffraction peaks of the
film with an intercalate phase.

This result suggests that the crystalline
phase of the cross-link domains of sPS/

norbornadiene gels is an intercalate phase.
It is worth adding that diffraction data
suggest also the existence of intercalate
phases in gels formed in various solvents
such as benzene,[’®! benzylmethacrylate,”’
cyclohexylmethacrylate,[! benzophenone,”
biphenyl,[7q] diphenylmethane,m] 1,3,5-tri-
methylbenzene,'"! and 14-dimethylnaph-
thalene.""! For sPS/benzene gels, both the
intercalate and the clathrate phase can be
obtained depending on the gel polymer
concentration.”!

The morphology of sPS gels with an inter-
calate phase was also observed and SEM
micrographs have shown that sPS gels with an
intercalate phase are generally characterized
by a fibrillar morphology.[’¢4*!

2. Properties of sPS Gels

2.1 Rheological Behaviour

In Figure 8 are reported the dynamic
moduli G’ and G” measured at 25°C for
sPS gels prepared at C,o = 0.02 g/g with the
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X-ray diffraction patterns for gels prepared in norbornadiene and for a film presenting a sPS/norbornadiene
intercalate phase: (a) gel prepared at Cp, = 0.15 g/g; (b) desiccated gel (Cpo = 0.80 g/g) obtained from a gel
prepared at Cpo = 0.20 g/g; (c) film with an intercalate phase obtained by sorption of norbornadiene into

amorphous sPS.
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trans-planar and a s(2/1)2 helical polymer-
rich phase.!’™!

For the gel with the s(2/1)2 helical
crystalline phase, G’ is much larger than
G” throughout the entire range of investi-
gated frequencies. This feature agrees with
the mechanical definition of a gel which
should display a solid like behaviour. For
the sample with the trans planar rich phase,
the storage modulus G’ is much lower than
for the gel with the helical crystalline phase
and a cross-over between G’ and G” can
be observed at low frequency. The sample
prepared with the trans-planar rich phase
displays rather a liquid like rheological
behaviour.

These two different rheological behav-
iours can be attributed to a different
morphology. For sPS gels with a molecular
complex phase, the polymer rich phase of
the gel is made of fibrils leading to the
formation of a three-dimensional network
(see Figure 6) and thus the gel displays a
solid like behaviour while for sPS gels with
a trans-planar rich phase, the morphology is
lamellar (see Figure 2) and hence the
system should be described as a suspension
of crystals rather than a gel.

2.2. Light Transparency

Depending on solvent-type, sPS gels with
s(2/1)2 helical molecular complex phases
can be either turbid (in decahydronaphta-
lene!”! or o-xylene!”¥) or transparent (in
benzene,l’"! toluene,’®! carbon tetrachlor-
ide " or chloroformm’]).

In particular in Figure 9, is shown the
visual aspect of a gel prepared at Cy, =
0.10 g/g in benzene (Figure 9A) and in
1,2-dichloroethane (Figure 9B).

In order to quantitatively compare the
transparency of sPS gels, light transmission
measurements in the visible wavelength
have been carried out with gels prepared
at Cpo1=0.1 g/g in various solvents leading
to the formation of s(2/1)2 helical mole-
cular complex (clathrate and intercalate)
phases.”"l It was observed that the light
transmittance calculated by integration
of the transmission curved in the range
400-750 nm can vary between 79% (gel
obtained with benzene) and 0.6% (gel
obtained with 1,2-dichloroethane).

It has been shown that the differences in
light transmittance cannot be explained by
differences in refractive index between the
solvent and the polymer-rich phase neither
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Figure 8.

Dynamic moduli measured at 25°C prepared at Cyo = 0.02 g/g with a s(2/1)2 helical and the trans-planar
polymer-rich phase as evaluated for different frequencies.
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(A)

Figure 9.

(B)

visual aspect of a gel prepared at Cp, = 0.10 g/g in benzene (A) and in 1,2-dichloroethane (B).

by the occurrence of different gel morphol-
ogy (always fibrillar) nor by the size of the
polymer-rich domains.

On the other hand it has been estab-
lished, for a large variety of solvents, that
sPS light transparency is strongly depen-
dent on the structural order in gel crystal-
line domains.

In Figure 5, the gel light transmittance
data are reported versus the correlation
length perpendicular to the ac planes
(Do)

Results clearly show that the gel light
transmittance regularly decreases with
increasing the structural order along the
direction perpendicular to (010) planes.

Conclusions

The structural organization of sPS gels is
strongly correlated to sPS polymorphic
behaviour. In non complexing solvent
molecules, the gel junction zones consist
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Figure 10.

Variation of the gel light transmittance (Cp = 0.10 g/g, thickness =1.0 mm) .vs the correlation length of (010)

planes Dy
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of the solvent-free B phase and a lamellar
morphology is obtained. With solvents
capable to form a s(2/1)2 helical molecular
complex phase (clathrate or intercalate)
with sPS, the same molecular complex
phases are obtained in the gel and a fibrillar
morphology is generally observed.

Results reported in this communication
also show that the molecular organization
can strongly influences gel macroscopic
properties such as the rhelogical behaviour
and the light transparency.

Acknowledgements: The author is greatly in-
debted to Prof. Gaetano Guerra and Prof.
Jean-Michel Guenet. Financial support of the
“Ministero dell’Istruzione, dell’Universita e
della Ricerca” (Prin 2004) and of Regione
Campania (Legge 5 and Centro di Competenza)
is gratefully acknowledged.

[1] [1a] G. Guerra, V. M. Vitagliano, C. De Rosa, V.
Petraccone, P. Corradini, Macromolecules 1990, 23,
1539; [1b] Y. Chatani, Y. Shimane, Y. Inoue, T. Inagaki, T.
Ishioka, T. lijtsu, T. Yukimori, Polymer 1992, 33, 488.
[2] [2a] Y. Chatani, Y. Shimane, T. Inagaki, T. lijtsu, T.
Yukimori, H. Shikuma, Polymer 1993, 34, 1620; [2b] Y.
Chatani, T. Inagaki, Y. Shimane, H. Shikuma, Polymer
1993, 34, 4841; [2c] C. De Rosa, P. Rizzo, O. Ruiz de
Ballesteros, V. Petraccone, G. Guerra, Polymer 1999,
40, 2103; [2d] O. Tarallo, V. Petraccone, Macromol.
Chem. Phys. 2004, 205, 1351; [2e] O. Tarallo, V.
Petraccone, Macromol. Chem. Phys. 2005, 206, 672.
[3] [3a] V. Petraccone, O. Tarallo, V. Venditto, G.
Guerra, Macromolecules 2005, 38, 6965; [3b] O. Tarallo,
V. Petraccone, V. Venditto, G. Guerra, Polymer 2006,
47, 2402.

Copyright © 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

[4] C. De Rosa, G. Guerra, V. Petraccone, P. Corradini,
Polymer Journal 1991, 23, 1435.

[5] C. De Rosa, M. Rapacciuolo, G. Guerra, V. Petrac-
cone, P. Corradini, Polymer 1992, 33, 1423.

[6] C. De Rosa, G. Guerra, V. Petraccone, B. Pirozzi,
Macromolecules 1997, 30, 4147.

[7] [7a] M. Kobayashi, T. Nakaoki, N. Ishihara, Macro-
molecules 1990, 23, 78; [7b] M. Kobayashi, T. Kosaza,
Appl. Spectrosc. 1993, 9, 1417; [7¢] F. Deberdt, H.
Berghmans, Polymer 1993, 34, 2192; [7d] F. Deberdt,
H. Berghmans, Polymer 1994, 35, 1694; [7€] C. Daniel,
C. Dammer, ). M. Guenet, Polymer 1994, 19, 4243;
[7f] M. Kobayashi, T. Yoshioka, M. Imai, Y. Itoh,
Macromolecules 1995, 28, 7376; [7g] C. Daniel, M. D.
Deluca, J. M. Guenet, A. Brulet, A. Menelle, Polymer
1996, 7, 1273; [7h] C. Daniel, A. Menelle, A. Brulet, J. M.
Guenet, Polymer 1997, 16, 4193; [7i] Y. Li, G. Xue,
Macromol. Rapid Commun. 1998, 19, 549; [7j] S. Ratogi,
). G. P. Goossens, P. J. Lemstra, Macromolecules 1998,
31, 2983; [7k] C. Daniel, P. Musto, G. Guerra, Macro-
molecules 2002, 35, 2243; [71] B. Ray, S. Said, A. Thierry,
P. Marie, J. M. Guenet, Macromolecules 2002, 35, 9730;
[7m] C. Daniel, D. Alfano, G. Guerra, P. Musto, Macro-
molecules 2003, 36, 1713; [7n] C. Daniel, G. Guerra, Soft
Mater. 2004, 1, 47; [70] S. Malik, C. Rochas, ). M.
Guenet, Macromolecules 2005, 38, 4888; [7p] S. Malik,
C. Rochas, M. Schmutz, ). M. Guenet, Macromolecules
2005, 38, 6024; [7q] S. Malik, C. Rochas, J. M. Guenet,
Macromolecules 2006, 39, 1000; [7r] C. Daniel, A. Aval-
lone, G. Guerra, Macromolecules 2006, 39, 7578.

[8] G. Guerra, P. Musto, F. E. Karaz, W. ). MacKnight,
Makromol. Chem. 1990, 191, 2111.

[9] C. Daniel, D. Alfano, V. Venditto, S. Cardea, E.
Reverchon, D. Larobina, G. Mensitieri, G. Guerra, G.
Adv. Mater. 2005, 17, 1515.

[10] [10a] S. A. Al-Muhtaseb, ). A. Ritter, Adv. Mater.
2003, 15, 101; [10b] A. I. Cooper, Adv. Mater. 2003, 15,
1049; [10c] R. Valentin, K. Molvinger, F. Quignard, F.
Di Renzo, Macromolecular Symposia 2005, 222, 93.
[11] unpublished results.

www.ms-journal.de



