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Syndiotactic Polystyrene Physical Gels: Guest Influence on Structural
Order in Molecular Complex Domains and Gel Transparency
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ABSTRACT: Correlation lengths of crystalline domains of syndiotactic polystyrene (sPS) gels prepared in different
solvents, and those of derived aerogels, have been investigated by wide-angle X-ray diffraction. The correlation
length Do1g), along the direction perpendicular to thelayers of close-packed enantiomorphous s(2/1)2 helices,

is strongly dependent on the chemical nature of the guest molecules not only for molecular complex phases of
gels but also for the nanoporous crystallihn@hase of aerogels. Moreover, for a large series of solvents, it has
been clearly established that sPS gel transparency is markedly dependent on the solvent and regularly increased
asDojo correlation length is decreased.

Introduction the corresponding aerogels), which has been achieved by wide-

. . angle X-ray diffraction measurements.
Syndiotactic polystyrene (sPS) presents a complex polymor- 9 y

phic behaviok which can be described in terms of two
crystalline forms with trans-planar chaing &nd3?) and two
crystalline forms with s(2/1)2 helical chains ( and 63). The syndiotactic polystyrene used in this study was manufactured
Moreover, this polymer in its helical conformation forms by Dow Chemicals under the trademark Questra 181 .nuclear

crystalline molecular complexes (clathraaed intercalaf® with ;ni%?;gitirgiﬁgzgCv?/a(;hg\r/ae?tg%/at'll?hne snr;g‘g’se‘ja\}gg t:emgcl’::erggsosf
several different low-molecular-mass compounds. Y o 9

obtained by gel permeation chromotography (GPC) in trichloroben-
In several organic solvents, sPS can form thermoreversible zene at 135C was found to bév,, = 3.2 x 10° g mol-® with a

gels where the polymer rich-junctions are formed by crystalline polydispersity indexM,,/M,, = 3.9. Solvents were purchased from
domains. Depending on solvent-type and/or thermal history, two Aldrich and used without further purification.
kinds of gel can be obtained: past-like opaque gels for which  All sPS gel samples were prepared in hermetically sealed test

Experimental Section

the crystalline domains present the trans-plgharystalline tubes by heating the mixtures above the boiling point of the solvent
phasé and elastic gel$ for which the crystalline domains until complete dissolution of the polymer and the appearance of a
present s(2/1)2 helical molecular complex (clathrateinter- transparent and homogeneous solution had occurred. Then the hot

solution was cooled to room temperature where gelation occurred.

calaté) phases. . _ . )
Ind d fth li fihe . Aerogel samples were obtained by treating native gels with a
ndependent of the crystalline structure of the junction zones gey 50 sypercritical carbon dioxide extractor (ISCO Inc.) using

of the sPS gels, high porosity aerogels can be easily obtainedine following conditions:T = 45°C; P = 200 bar; extraction time

by supercritical C@ extraction procedurésThese aerogels  t = 60 min.

present crystalline phasgs (or 0) and crystalline texture X-rays diffraction patterns were obtained on a Bruker D8

(lamellae or fibrils), which are determined by the crystalline automatic diffractometer operating with nickel-filtered CuxK

phase § or molecular-complex, respectively) of the junction radiation.

zones of the starting sPS physical gels. Evaluation of the correlation lengi of the crystalline domains
Helical sPS gels are generally more stable than trans-planar(Where an ordered disposition of the atoms is maintained) was

sPS gels. In fact, for instance, rheological measurements haveeffected using the Scherrer formula

shown that the dynamic storage modutisfor equal polymer

concentrations, is generally higher for gels with helical crystal- D = 0.9/(5 cosb)

line phases than for gels with trans-planar crystalline ph#ses.

Hence’ helical sPS ge's can be also prepared with Very d||uteWhereﬁ is the full width at half-maximum eXpl’essed in radiant

solutions (polymer concentration as low as 1 wt %). units, 4 is the wavelength and the diffractic_)n angle. Fof < 1°, _
. . . the value ofs was corrected from the experimental effects applying
Several literature studies report that helical SPS gels can bethe procedure described in ref 10. In particular, a KBr powder

either translucent (in benzeffetoluene’® carbon tetrachloridé, sample having a full width at half-maximum, under the same
or chloroforn™) or turbid (in decahydronaphthaleffe,or geometrical conditions, of 0.27vas used.
o-xylen€9). The values were determined directly from peak intensities after

In this communication, the transparency of helical sSPS gels Subtraction of the amorphous signal from the X-ray diffraction
with several different solvents has been quantitatively compared. Patterns (see Supporting Information for further information on the
Moreover, these gel transparency data have been rationalized€termination method of the correlation lengths). .
by quantitative information on correlation lengths of crystalline _ Light transmission measurements were carried out with a Perkin-

: Elmer Lambda EZ201 UV/vis spectrometer. Gel samples were
domains (molecular complex phases for gels amhases for directly prepared in quartz cells of 1 mm thickness.

Scanning electron micrographs were obtained using an ASSING
* Corresponding author. E-mail: cdaniel@unisa.it. LEO scanning electron microscope.
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100 1 It is worth noting that similar fiber range diameter has also
benzene been observed with scanning electron microscopy for sPS/
80| naphthalene (4695 nm}#2and sPS/chloroform (26100 nmy4°

gels after freeze-drying.

The observed differences in gel light transmittance cannot
be either explained by differences in refractive index between
the solvent and the polymer-rich phase. For instance, DCE and
chloroform orp-xylene andn-xylene have practically the same
refractive index (see column 3 of Table 1) while gels prepared
in these couples of solvents display totally different light
transmittance.

60
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20 |

DCE

0 _‘ — T T T, We have explored, by X-ray diffraction measurements, the
400 450 500 550 600 650 700 750 possibility that the different transparency of sPS gels could be
Wavelength (nm) related to the structural order in the crystalline junctions of the

Figure 1. Visible light transmission for sPS gels (thickness 1.0 mm) gels. In our analysis, particular attention has been devoted to
prepared in benzene, chloroform, tetrahydrofuran (THF), trichloro- the (010) reflection, corresponding to theplanes, which (not

ethylene (TCE), and 1,2-dichloroethane (DCEXg4 = 0.10 g/g. only for the & phasé but also for all known sPS molecular
) ) complex phases, both clathraend intercalat®d are formed by
Results and Discussion the close packing of enantiomorphous s(2/1)2 helices (see, e.g.,
Transmission curves in the visible wavelength range of sPS Figure 1 in ref 15a). In fact, a recent study on structural order
ge|s’ ha\/ing a thickness of 1.0 mm and prepareﬁpat: 10 in sPS cast films has shown that the chemical nature of the

Wt % in benzene, chloroform, tetrahydrofuran (THF), trichlo- guest can have a strong influence on the correlation length
roethylene (TCE), and 1,2-dichloroethane (DCE) are reported Perpendicular to these (010) planes and a weak influence on
in Figure 1. These transmission curves greatly differ depending the correlation length along other crystalline directiéht. is
on the solvent: for instance, the gel prepared with DCE is totally @lso worth adding that these planes present the highest planar
opaque while the gel prepared in benzene is transparent. ~ density and hence correspond to the generally preferred uni-
The light transmittance calculated by integration of the planar orlelgtatlo%ﬁand present the lowest permeability to guest
transmission curves in the range 4660 nm are listed in ~ Molecules.
column 2 of Table 1. Typical X-ray diffraction patterns in the@2range 4-12° of
In general, the gel turbidity or opacity can originate from gels prepared in THF, benzengxylene, and DCE a€yo =
the size of the polymer-rich domains and from the difference 0.20 g/g are reported in Figure 3.
in refractive index between the solvent and the polymer-rich  Since the amount of crystallites is small and the X-ray solvent
phase. absorption is important, the quality of the diffraction patterns
The sPS gel polymer-rich domains can be easily observed,is poor and well-resolved Bragg peaks are not always displayed.
after solvent extraction procedures by a supercritical fluid Moreover, the (010) reflection, which is strong for the empty
leading to the corresponding aerogels. In fact, these procedureghase, can be very weak for some molecular complex pHases.
generally allow to avoid the collapse of the gel structure and In particular, for the gels prepared in THF, benzeneaxglene
thus preserve the morphology of polymer-rich phase of the we can clearly observe the diffraction peak of (010) planes at
native gel®13 20 (Cu Ka) = 7.80°, 20 = 5.95, and & = 7.9C while this
Results show that all SPS aerogels obtained from gels of Tablediffraction peak is barely present for the gel prepared in DCE
1 present a similar fibrillar morphology. This is shown, for @nd it is not detected for the gel prepared in chloroform
instance, in Figure 2 by the scanning electron micrographs of (diffraction pattern not shown here). The position of the
aerogels obtained by supercritical €®xtraction from gel  diffraction peaks for gels obtained in THF, DCE amatylene
prepared in THF, chloroform, DCE, and TCEGy, = 0.1 g/g, are indicative of clathrate pha$e4®7 while the low angle

showing for all the aerogels fibril diameters in the range-20  diffraction peak observed atf2= 5.95 with benzene is
110 nm. characteristic of an intercalate ph&seFrom the diffraction

¢ Ppatterns of Figure 3, the dimensions of crystallites can be
| evaluated with accuracy only for gels prepared in benzene, THF
dand p-xylene and the correlation length perpendicular to (010)

It is worth emphasizing that differences observed in gel ligh
transmittances cannot be explained by differences in fibri
diameters. In particular aerogels obtained from gels prepare . .
in TCE (Figure 2d) present similar fibril diametexs £ 50 + planes (i.e.ac planes)Doyois equal to 4.5, 6.3, and 15.2 nm,
13 nm) than aerogels obtained from gels prepared in THF "eSPectively.

(Figure 2a,$ = 50 &+ 13 nm) and chloroform (Figure 2ip, = A much more accurate evaluation of the correlation lengths
46 + 13 nm) while the light transmittance values of the D can be achieved for aerogels obtained by supercritical CO
corresponding gels are totally different. It is also worth adding €extraction of the solvent present in the native gels. Typical X-ray
that small differences observed in sample micrographs reporteddiffraction patterns, after subtraction of the amorphous halo (see
in Figure 2 such as fibril bundles (Figure 2a) cannot either Supporting Information), of aerogels obtained from gels pre-
explain the different gel light transmittance values. Indeed, the pared in benzene, THF, TCE and DCEGy, = 0.10 g/g are
bundle distribution is not homogeneous and depending on thereported in Figure 4.

region shown on the micrograph, bundles can be present or not The presence of strong reflections located @(Qu Ko) =

(see Supporting Information). 8.3° (010), 13.8 ((111) and (101)), 16:8(111), 20.7 ((321)

Thus, we can conclude that differences observed in gel light and (301)), 23.5(411) and the absence of a strong diffraction
transmittances cannot be explained by the occurrence of differentpeak at 2 = 10.6° (210) indicates that, in agreement with a
morphology or size of the polymer-rich domains. previous reporf, the crystalline phase of aerogels is tEBV
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Table 1. Light Transmittance Values of SPS Gels in Different Solvents, Solvent Physical Properties (Refractive Index, Molecular Volume, and
Solubility Parameter) and Correlation Lengths of the Crystalline Domains,Do10 and Dz;1, of Aerogel Samples Obtained by Supercritical CQ
Extraction of Gelsd

DZul (nm) Dom (nm) Dom(nm)

solvent LT (%) np2° MV P (nm?) SP S (Mpal’?) aerogel aerogel film 12
benzene 79 1.501 0.148 188 6.9 4.6 4.0
1,3,5-trimethylbenzene 79 1.499 0.231 180 6.4 5.1
o-dichlorobenzene 73 1.551 0.187 205 6.3 6.1
m-xylene 69 1.497 0.203 18p» 7.0 5.9
chloroform 69 1.445 0.133 15 8.4 7.5 5.3
tetrahydrofuran (THF) 66 1.407 0.135 188 7.3 6.9 5.2
toluene 59 1.496 0.177 1812 7.2 8.8 -
trichloroethylene (TCE) 19 1.476 0.149 1838 6.3 115 7.2
p-xylene 21 1.495 0.204 18 6.7 145 7.7
1,2-dichloroethane (DCE) 0.6 1.444 0.131 120 6.0 15.4 14.0

aLight transmittance evaluated by integration of the light transmission curves in the rang&3M@m obtained for sPS gels having a thickness of 1
mm.  Molecular volume evaluated from molar mass (M) and dengifytifrough MV = M/pNa. € Solubility parameterd For the sake of comparisddoio
values measured for solution cast films (data by Daniel &) alre reported in the last column.

SHOnm =] sPS-DCE 1B% 1h batch,cont. Z8nin depress 28Abar 45°C sez Mag= 39.08 K X | 1pm '—' ePS-TCE 18% 1h Zh 2h 208bar 45°C (sez) Hag- 50.88 K X

Figure 2. Scanning electron micrographs of aerogels obtained from gels prepaEgg-at0.10 g/g in THF (a), chloroform (b), DCE (c), and TCE
(d). Magnification x50000 for all micrographs but (x30000); scale as indicated.

nanoporous)-phasé? independent of the solvent used to form It is also worth noting that for aerogels obtained from gels
the gel. prepared in benzene, THF apekylene the values oD are

A closer look to the diffraction patterns reported in Figure 4 4.6, 6.9, and 14.5 nm, i.e., similar ;0 values determined
shows that most diffraction peaks are broad and their widths for the native gels (4.5, 6.3, and 15.2 nm; see comments to
are nearly independent of the solvent used to form the native Figure 2). Hence, the structural order initially formed in gels is
gel, as observed for instance for the rather isolatetiiy4  essentially maintained after solvent extraction by supercritical
diffraction peak (located atfR, k, = 23.5). However, the (010) ~ CO, leading to the corresponding aerogels.
diffraction peak (located até2, ko, = 8.3°) can be broad or For the sake of comparison with th#) values measured
narrow depending on the solvent used to form the native gel. for aerogels, last column of Table 1 presents Ehgy values
For instance, it is narrow for aerogels prepared from TCE and measured for molecular complex crystalline phases of films cast
DCE gels, indicating a high structural order along the direction from polymer solution3? in the same solvents used for gel
perpendicular to (010) planes (i.ac planes). This phenomenon  preparation. The comparison indicates that correlation length
is more clearly shown in Table 1 where the correlation lengths perpendicular to (010) planes presents a similar guest depen-
of the (411) and (010) diffraction peak evaluated for all the dence for both crystallization technique (film casting or gel
examined aerogels are reported in columns 6 and 7, respectivelyformation). Hence, the present results well agree with éibev
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Figure 3. X-ray diffraction patterns in the@range 4-12° for gels
prepared in THF, benzenp;xylene, and DCE &€y, = 0.20 g/g. The
diffraction peaks have been indexed by comparison with the diffraction
patterns of the known crystalline structure of sPS molecular com-
plexestdgh
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Figure 4. X-ray diffraction patterns of aerogels obtained from gels
prepared in benzene, THF, TCE, and DCEGCgt = 0.10 g/g (the
amorphous signal has been subtracted for all the spectra).

previous hypothesis that the correlation length perpendicular
to the (010) planes of the different sSPS molecular complex
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Figure 5. Variation of the gel light transmittance vs the correlation
length of (010) planes $5°9¢Cpo = 10 wt %, thickness= 1.0 mm).

corresponding aerogels, have been characterized by wide-angle
X-ray diffraction. In particular, the correlation lengths (i.e., the
distance for which the structural order is maintained) along
different crystal directions have been evaluated, from width at
half-maximum of the main diffraction peaks.

The chemical nature of the guest has a strong influence on
the correlation length perpendicular to the (010) planes, i.e.,
the crystalline planes presenting the highest planar density, due
to the close packing of enantiomorphous s(2/1)2 helices. This
correlation lengthDo;0, can change depending on the guest from
ca. 4.5 to 15.5 nm, while the guest influence for correlation
length along other crystalline directions is generally poor.

The guest influence oDg1pVvalues observed for the crystalline
phases of gels and aerogels is similar to that one observed for
solution cast films. This confirms the previous hypothesis that
Do10 mainly increases with the strength of heguest interac-
tions into sPS molecular complex phaseés.

The paper also presents quantitative evaluations of the large
differences in light transmission between sPS gels presenting

phases is essentially determined by the strength of the occurringM0!ecular-complex crystalline phases with different solvents.

host-guest interaction¥ In this respect, it is worth adding that

no correlation occurs betweddyip and the Bragg distances

(do10)*? neither with the guest molecular volume (fourth column
of Table 1) nor with the solubility parameter (fifth column of

Table 1).

In Figure 5, the gel light transmittance data (second column
of Table 1) are reported vs the correlation length perpendicular
to theac planes Doiq seventh column of Table 1).

We can clearly observe that the gel light transmittance

regularly decreases with increasing the structural order along

the direction perpendicular to (010) planes. A higher gel turbidity
is often associated with the formation of larger size crystal
domains. In this respect, it worth emphasizing that the correla-
tion lengthDo10 depends not only on crystalline order but also
on the size of crystal domains along the direction perpendicular
to the (010) planes.

Finally, it is also worth adding that the correlation between
gel light transmittance and the structural order holds both for

Moreover, the large guest dependence of the sPS gel transpar-
ency has been rationalized on the basis of the observed
differences in structural order along the direction perpendicular
to the (010) planes. In fact, the gel light transmittance does not
depend on the solvent refractive index or morphology of the
polymer-rich domains (always fibrillar) but regularly decreases
with increasing correlation lengtDoio (Table 1 and Figure 5).
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gels with an intercalate phase (benzene and 1,3,5-trimethylbenmaterial is available free of charge via the Internet at http:/

zene) or with a clathrate phase (all the other guests of Table 1).

Conclusions
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