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ABSTRACT: The occurrence of polymesolvent intercalates of syndiotactic polystyrene (sPS) in biphenyl,
benzophenone, and diphenylmethane has been observed from thermodynamic, structural, and morphological
investigations. For each system the temperatamncentration phase diagram has been established by DSC and
has allowed one to determine the number of sPS/solvent compounds. Experiments by X-ray diffraction and neutron
diffraction bear out the outcomes of TC phase diagrams of these systems. In addition, these diffraction experiments
have shown that the highly solvated form, discovered in sPS/benzene systems [DaniPlogtrabr1996 37,

1273], is more common than expected. We suggest to designate the usual chlathrate dgforraswhile the

more solvated form could be namégform. Also, another form has been observed in these systems, which
possesses a nematic-like order. As this form is also a sPS/solvent compound, we suggest to desighate it as
form The morphology of each system significantly varies with the solvent.

Introduction al’® and more recently by Petraccone efalhese authors

. . . ' . actually refer to the usuab-form as chlathrates and the
Syndiotactic polystyrene (sPS) which was first synthesized “swollen” form as intercalates. We shall suggest that the

in the late 19805* displays a very complex polymorphic chlathrates could be designated as theform while the

behavior unl_lke Isotactic polystyrene and particularly POSSESSES..q\vollen” form designated as intercalates by Petraccone’ét al.
the propensity of forming a wealth of polymesolvent com-
could be named thé;-form.

pounds. The polymorphic behavior of sSPS has been extensively o
investigated by using differential scanning calorimetry (D$C), Here, we report on a similar class of sPS/solvent compounds
Fourier transformed infrared (FTIR) spectrosc8piwide-angle ~ that are prepared from solvents with molar volumes ranging
X-ray diffraction (WAXD),”~9 etc. So far, four main crystalline ~ from 150 to 168 crfimol, for which the diffraction patterns
forms have been identified: two crystalline forms,and 3, significantly differs from that repqrted for thé.-form and
containing the all-trans conformation (planar zigzag) with esembles that of théx-form. In addition to the-form, another
identity period 0.51 nm and two forms,andy, containing a  orm is observed which seems to possess a nematic-like order,

21 helical chain conformation with identity period of 0.77 fim.  @nd that we propose to designate asdheform.

Among the four crystalline forms of sPS, theform consists In this paper we shall present the temperatia@ncentration

of a polymer-solvent compound (also designated sometimes phase diagram, the morphology, and the structure by time-
as crystallosolvates, intercalates, or chlathrates) and forms in aresolved X-ray diffraction and by neutron diffraction of a series
large variety of solvents such as benzéhtmluene!! chloro- of samples prepared from closely related solvent molecules,
form, bromoformi2 diethylbenzené3 naphthalené? tetralin 1° namely sPS/biphenyl, sPS/benzophenone, and sPS/diphenyl-
trans-decalin, etc., that are either liquid or solid at room methane. The chemical structures of three solvents are as
temperature. Surprisingly enough, no significant change of the follows: biphenyl (left), benzophenone (middle), and diphe-
experimental lattice parameters have been observed hithertonylmethane (right).

despite the formation of sPSolvent compounds with solvent

molecules of highly differing shapes and sizes. Solvent molar

volumes are ranging typically from 60 to 150 ¥mol, and

molecules with shapes as different as 1,2-dichloroethane and

trans-decalin produce virtually the same diffraction pattern.

'_I'he first observation of a dlf_ferent lattice, showing the Experimental Section
existence of a second class of intercalates, was reported by
Daniel et alt® for sPS/benzene. This structure could be described ~ Materials. The syndiotactic polystyrene (sPS) samples, hydro-
as a “swollen” form of the)-form in the sense that the reflection ~ genated (sPSH) and deuterated (sPSD), were synthesized following
atq = 5.5 nnt! (d = 1.14 nm) is shifted t@ = 3.9 nnT! (d the method devised by Zambelli and co-workefghe content of
= 1.61 nm). Similar results were later reported by Rastogi et syndiotactic triads characterized By NMR was found to be over

99%. The molecular weight characterization of these samples was
performed by GPC in dichlorobenzene at I4Dand yielded the

o

TCNRS UPR 22. following data: My, = 1.0 x 1C® with M,,/M,, = 4.4 for sSPSHM,,
# CNRS-UJF UMRS5588. _ - o = 4.3 x 10* with My/M,, = 3.6 for sPSD.
§ Present address: Polymer Science Unit, Indian Association for the
Cultivation of Science, Jadavpur, Kolkata 700032, India. Hydrogenous and deuterated benzophenone, hydrogenous and
* Corresponding author: e-mail guenet@ics.u-strasbg.fr:133 (0) 388 deuterated biphenol, and hydrogenous diphenylmethane were
41 40 87; Fax+33 (0) 388 41 40 99. purchased from Aldrich and were used without further purification.
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Techniques. Differential Scanning CalorimetryThe thermal samples. To prevent possible artifacts from arising from evaporation,
behavior of the gel was investigated by means of a Perkin-Elmer the tubes contained about 20800 mg of sample, and the setup
DSC Diamond. The systems were systematically melted above 200was so arranged that the X-ray beam crossed the sample right in
°C for 10 min and then cooled t620 °C at 5°C/min. Thermograms its middle part.
were recorded at heating rates of 5 and Z3min. The phase Note that glass is virtually transparent to X-rays at the wavelength
diagrams were established on the basis of the thermograms obtainedised.
at the lowest heating rates. Possible kinetic effects, particularly on  Neutron Diffraction.Neutron diffraction can be an appropriate
cooling the homogeneous solutions, were assessed by using differeninvestigation tool for systems involving polymesolvent com-
heating rates and cooling rates. The weight of the sample waspounds thanks to the deuterium-labeling possibility of either
checked after each experiment, and the instrument was calibratedcomponent. When dealing with a binary system, four labeling
with indium before each set of experiment. possibilities are accessible which provides one with four structure

For producing adequate DSC samples two procedures werefactors without significantly changing the molecular arrangement.
employed. The first procedure was used for polymer fractions lower The existence of polymersolvent compounds can be demonstrated
than X, = 0.30 g/g. Homogeneous solutions were prepared by qualitatively by this techniqu&®as is illustrated by the general
heating at desired temperature in a hermetically closed test tubeexpression for the intensity diffracted by a binary system composed
that contained a mixture of appropriate amounts of polymer and of one type of polymer and one type of solvent:
solvent. Pieces of the solid samples obtained after a subsequent
cooling of these solutions at room temperature were then transferred I(q) = Apz(q) Si(@) + AZ(q) S(a) + 2A4(0) Ada) S,da) (1)
to into “volatile sample” pan that were hermetically sealed. The
systems were reheated to erase the thermal history and then coolegyhere A(q) and () with appropriate subscripts are the coherent
at controlled cooling rates in the DSC apparatus. scattering amplitude and the structure factor of the polymer (p)

Mixtures of polymer fractions higher thaXy, = 0.30 g/g were  and of the solvent (s), ar{(q) is a cross-term which is related to
prepared by allowing evaporation and/or sublimation of the solvent the coorganization of the polymer and the solvent.
from the low-concentration sample (typicaly, = 0.30 g/g) until Neutron diffraction experiments were carried out on D16, a two-
the desired polymer fraction was reached as checked by weighingcircle diffractometer located at Institut Laue Langevin, Grenoble,
the sample. The samples were introduced into the DSC pan, France. This diffractometer is equipped with a position-sensitive
hermetically sealed, and then subsequently heated to obtain a&He multidetector with 128& 128 wires. It operates at a wavelength
homogeneous system. The reliability of the second procedure wasj = 0.454 nm obtained by diffraction of the neutron beam onto a
checked with samples prepared ¥, = 0.35 g/g by both pyrolytic graphite mosaic crystal (mosaicity0.7°) oriented under
procedures. Bragg conditions (further details available at http://Awww.ill.fr).

Optical Microscopy Optical investigations were carried out by  Momenta transfeq = (4/1) sin(0/2) rangedg frong = 2 to 17
means of Nomarsky phase contrast with a NIKON Optiphot-2 nm~L. Detector calibration and correction for cell efficiency were
equipped with a CCD camera. Image processing and analysis wereachieved with a spectrum given off by light water.
achieved by means of LUCIA, a software developed by Laboratory  The compounds were prepared directly in amorphous quartz tubes
Imaging. The samples used for optical observation were preparedof 3 mm inner diameter. After introducing a mixture of polymer
by remelting between glass slides those samples prepared beforeand solvent, these tubes were sealed from the atmosphere.
hand in test tubes. To minimize solvent evaporation, the edge of Homogeneous solution were obtained by heating and then were
the thin upper glass slide was glued with epoxy resin. quenched to room temperature.

Scanning Electron Microscopy Hitachi S-2300 operating at
a voltage ranging from 15 to 25 kV was used. A film of the sPS/ Results and Discussion

naphthalene system was dried in a vacuum at room temperature, - pyoiminary Remarks. Before presenting and discussing the
and it was coated with a gold layer of thickness 40 nm by sputtering o
results for the three polymer/solvent couples, it is worth

technique in an argon atmosphere. S . o . .
X-ray Diffraction. The X-ray experiments were performed on reminding that the reflections observed in diffraction experi-

beamline BM2 at the European Synchrotron Radiation Facility Ments ag=5.5,7.4,9.5,9.83,and 11.8 ni(d = 1.13, 0.85,
(ESRF), Grenoble, France. The energy of the beam was 15.8 keV,0.66, and 0.53 nm) are characteristic peaks fordhrm of
which corresponds to a wavelength/of 7.86 x 102 nm. At the sP$7 (the solvated form made up with Zelices) while the
sample position the collimated beam was focused with a typical reflections atg = 4.5, 7.6, 8.6, 9.0, and 10.0 nih(d = 1.42,
cross section of 0.1x 0.3 mn?. The scattered photons were 0.83, 0.73, 0.7, and 0.63 nm) stand for the signature of the
collected onto a two-dimensional CCD detector developed by g-form of sPS (the nonsolvated form with totally extended
Princeton Instruments, presently Roper Scientific. Typical acquisi- chains, namely the planar zigzag form). There exist variants of
tion times are ab_out 1020 s, Whi_ch allows time-resolved experi- this form named? and 3",
mier?thsegir?g r?,ﬁg'Sge(éuftoft%@&p%r\ﬁgﬁtgose to the 2.5/ sPS/Biphenyl.The temperatureconcentration phase diagram

: as established for a heating rate of 2&min although rates

The sample-to-detector distance was about 0.2 m, correspondingW i . . . . )
to a momentum transfer vectorrange of 1< q (nm3) < 17 of 5 °C/min were used for testing possible kinectic effects.

with q= (4‘7-[/1) S|n(0/2), whered and @ are the Wave|ength and Typ|ca| DSC traces are drawn in Flgure 1. The thermal events
the scattering angle, respectively (further information is available aroundT = 70 °C are related to solvent melting while those at
on the Web site http://www.esrf.fr). 90°C and above 15€C are related to the polymer. Worth noting
The scattering intensities obtained were corrected for the detectoris a small exotherm observed after the event at®@@t higher
response, the dark current, the empty cell, the sample transmissionpolymer concentration as was reported for the sB¢decalin
and the sample thickness. To obtain a one-dimensional X-ray patternsystem® The temperatureconcentration phase diagram to-
out of the two-dimensional digitalized pictures, the data were gether with the Tamman diagram mapped out from the DSC
radially regrouped, and a behonate sample was used for determ'n'nguaces are drawn in Figure 2. As is custom#&E192! dashed

the actual values of the momenta transfer lines represent plausible extensions determined on the basis of
The sPS/solvent systems were prepared directly in glass tubes P P . ;
of 3 mm inner diameter and wall thickness 0.1 mm. After <!BBS phase rules. Three nonvariant events are observed: at

introducing a mixture of polymer and solvent these tubes were 1 = 70 °C (endothermic)T = 90 °C (endothermic)T = 100
sealed from atmosphere in order to prevent from solvent loss. °C (exothermic), and abové = 150 °C (endothermic). Note
Homogeneous solution was obtained by heating that was eventuallythat there is a splitting of the solvent melting endotherm, an
guenched to room temperature for producing the crystallized effect related to the size of the solvent crystals. CDV
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Figure 1. Typical DSC traces recorded for sPS/Biphenyl systems at
2.5 °C/min. ConcentrationXpo (W/w) as indicated.
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Figure 2. Temperatureconcentration phase diagram (lower) and

Tamman'’s diagram (upper) for sPS/biphenyl systems. There is a direct
correspondence for the data points symbols in each diagram, excep

for the solvent melting enthalpyd) which stands for the sum of the
enthalpies of the two solvent melting even gnd®).

t
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Figure 3. Neutron diffraction experiments performedTat= 75 °C:
upper curve, sRgbiphenyk; lower curve, sPSbiphenyb; Xpo = 0.40
(w/w). To avoid the strong reflection from solvent molecules, we have
plotted diffraction results for each system above the melting point of
the corresponding solvent.

extrapolation toX,q = 1 of the enthalpy associated with the
melting of the solid-phase;$jivesAH = 35 J/g, which suggests
a crystallinity of about 50% if one takeAHsps~ 75 J/g, a
value valid for all nonsolvated crystals of polyolefins.

On the basis of eq A2 (see Appendix), and a degree of
crystallinity of about 50% for the compound, one has to consider
a “stoichiometry” of the amorphous part for the intercalates of
Sic1~ 2.2 solvent molecules/monomer if Corresponds to the
1/2 structural stoichiometry, ar@ico~ 0.75, if G, corresponds
to the 1/4 structural stoichiometry.

Finally, one has to consider another narrow domain, contain-
ing G, + liquid in order to fulfill Gibbs phase rules. The
exothermic event all = 100 °C might be related to the
transformation of ginto S, more precisely to the transforma-
tion of the 2 helical form into the planar zigzag. As a matter
of fact, this transformation is exothermic since the nonsolvated
21 helix is metastable.

The existence of sPS/biphenyl compounds is borne out by
neutron diffraction experiments as shown in Figure 3. In these
experiments the change from hydrogenous biphenyl to deuter-
ated biphenyl entails a drastic change of the relative intensities
between diffraction peaks. We further note that the first peak
is observed atj = 3.9 nnT! 4 0.1, a value different from the

The shape and the variation of the enthalpies in the Tammanusuald-form but quite reminiscent of a value reported by Daniel
diagram suggest the existence of two sPS/solvent compoundst al. for benzené? The time-resolved X-ray data obtained on
and one solid phase. The maximum of the melting enthalpy these systems will provide one with additional information as

AHgp of the event at 90C provides one with the “thermody-
namic” stoichiometry of compoundiCnamely~1 biphenyl/
monomer (see Appendix for the definition of the “thermody-
namic” stoichiometry vs structural stoichiometry). The concentra-
tion at whichAHgo together with the melting enthalpy of the

to this new crystalline phase for sPS compounds. They are
plotted in Figure 4 foiX,o = 0.31 (&),Xp01 = 0.43 (b), andXpol

= 0.50 (c). As can be seen, the X-ray data are in excellent
agreement with the DSC data, as one clearly sees the different
transformation, in particular thg-form is observed at high

solvent becomes zero gives the “thermodynamic” stoichiometry temperature as expected.

of compound G, namely~0.5 biphenyl/monomer.
Of further note is the transformation of compoung i6to
compound G at the crystallization temperature of biphenyl.

The new form observed foritas typical reflections aj =
3.9+ 0.1, 7.4+ 0.1, 11, 14.14+ 0.1, and 15.2+ 0.1 nnT?
which totally differ from those reported for the usuaform

Again, this phenomenon has been observed with benzene andut correspond to the solvated form reported by Daniel &t al.

suggests that compound €ontains solvent molecules that are

loosely bound as they eventually crystallize rather than remain-

ing within the compound.

for sPS/benzene compounds. As mentioned in the Introduction
section, we propose to name this form thdorm, the subscript
“i” indicating that more solvent molecules are intercalated

The terminal melting always consists of two endotherms as between polymer stems on the basis of the crystal structure
was already observed for other sPS/solvent systems. As the ratiaecently described by Petraccone et’alnterestingly, in the
of these endotherms is independent of the heating rate, it iscase of the diffraction data for the highest concentration, one

thought that they correspond to different crystal sizes. Note that observes reflections which differ from th&-form and the

Ccbv
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Figure 5 SEM m|crographs for sPS/biphenyl systems for which the
solvent has been sublimated at room temperafgg= 0.20 (w/w).
Scale as indicated.
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Figure 6. Typical DSC traces obtained for sPS/benzophenone systems
at a heating rate of 2.8C/min. ConcentrationXpo (W/w) as indicated.

°C/min heating rate on samples that had been cooled at the same
ML A N S S B rate. Typical DSC traces are shown in Figure 6.
Figure 4. Time- rezsol\‘/‘ed ?( ra8 e:oer:n?er;lt: alea function of temper The temperatureconcentration phase diagram together with
atgre for three sPS/biphenyl siste?ﬁs)o. 031 (8) Xom = 0.43 (b) P Tamman's diagram mapped out from the DSC traces are drawn
Xoo = 0.50 (c) concentrations in wiw. In (c) the arrow highlights the IN Figure 7. As can be seen, three nonvariant events are observed
reflection at 6.8 nmt. at 40, 50, and 10€C. The first two events are related to solvent
crystallization, while the third corresponds to a solid transforma-
p-form. This structure, which corresponds tg i@ the phase tion.
diagram, is characterized by two reflections: one, relatively = The Tamman diagram shows that the entha\{isoo related
sharp, afj= 6.8+ 0.1 nnt! and a second, relatively broad, at to the third nonvariant event @t= 100°C departs from linearity
g = 11.8+ 0.1 nnTl. Note that the second broad reflection is in its ascending part, while a linear variation is observed in its
already observable at lower temperature and should not bedescending part. The value AH;00 goes through a maximum
confused with the sharp reflection gt= 11.6 + 0.1 nm%, at Xpo = 0.43+ 0.03 w/w. The total solvent melting enthalpy
corresponding to thg-form as seen at higher temperature. We AHs varies linearly and becomes zero %y, = 0.6 w/w. The
therefore suspect that,ds rather of the mesophase type enthalpyAHr associated with the terminal melting increases
(possibly a nematic-like structure). That the reflectiomat linearly and extrapolates to zero &y, = 0.21. It amounts to
6.8+ 0.1 nmtis not immediately seen just above the solvent AHy = 40 J/g after extrapolation t¥y = 1 w/w, which,
melting point but is seen to appear at higher temperature in theconsidering as above, that 100% crystallized sPS under the
C; + C, domain may arise from a gradual improvement of the A-form would give AHgps = 75 J/g, suggests a degree of
order of the chains in this mesophase. This form could be namedcrystallinity of SPS once under this form of about 53%. Note
the on-form to emphasize a probable nematic order. that, as above, the terminal melting always consists of two
SEM observations have revealed a fibrillar morphology after endotherms as was already observed for other sPS/solvent
solvent removal at room temperature through sublimation (see systems. The ratio of these endotherms is a constant as a function
Figure 5). of the heating rate, so that they probably correspond to the
sPS/Benzophenoneéds was emphasized in the Experimental melting of crystal with differing sizes. The existence of a
Section, the DSC experiments were carried out by using a 2.5maximum for AHigo is consistent with the existence ofcaDV
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Figure 7. Temperatureconcentration phase diagram (lower) and
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Figure 8. Neutron diffraction experiments performedTat= 75 °C:
upper curve, sRghenzophenoneg lower curve, sP§benzophenong
Xpol = 0.41 (wiw).

the amorphous domain contains the double of solvent molecules

Tamman'’s diagram (upper) for sPS/benzophenone systems. There is avith respect to the organized part of the compound.
direct correspondence for the data points symbols in each diagram, The existence of sPS/benzophenone compounds is given

except for the solvent melting enthalp®)(which stands for the sum
of the enthalpies of the two solvent melting ever@sand @).

compound that we name;Qwith a “thermodynamic” stoichi-

further support by neutron diffraction experiments, as shown
in Figure 8. The change from hydrogenous benzophenone to
deuterated benzophenone producs a drastic change of the

ometry 3 benzophenone/4 monomers (see Appendix). That pothintensities between diffract.ion peaks. Particulgrly, the peak at
AHi00andAHs become zero for the same concentration suggests /-5 + 0.1 nnT! virtually disappears when using deuterated

the existence of another compound we namg ®@hose

benzophenone in lieu of hydrogenous benzophenone. As with

“thermodynamic” stoichiometry is 1 benzophenone/3 monomers. Piphenyl, the first peak observed@t= 3.9+ 0.1 nnT* has a

The fact thatAH0 does not vary linearly in its ascending part
suggests the existence of a third compound we namd i

value different from the usuatform yet similar to that observed
for sPS/benzene compounds.

use of different heating rates has shown this effect to be genuine. The time-resolved X-ray data recorded on these systems are
A similar situation has already been encountered by Saiani etPlotted in Figure 9 foiXyo = 0.10 (a).Xpo = 0.30 (b), andXpoi

al. in the case of syndiotactic PMM#.Such a situation occurs

= 0.59 (c). Again, the X-ray data are in excellent agreement

deconvoluted even by using very low heating rates. As a result, tion, in particular the-form is observed at high temperature
the enthalpy is the sum of two terms as highlighted with dashed @S expected. Here, too, the diffraction pattern in the narrow T,C
lines in the Tamman diagram of Figure 7. Supposing the domain which is supposed to correspond totCliquid differs

existence of a third compound, then its “thermodynamic”

from that observed at lower temperature (the new form, see

stoichiometry should correspond approximately to the zero of Pelow) and at high temperature (tfiform).

the terminal melting enthalpy, namely 2 benzophenone/

monomer. For delimiting the domain ot @ the phase diagram

The diffraction pattern for the domain where compoungs C
and G are supposed to coexisKdg = 0.30) has typical

a dashed line is used purposefully so as to stress that the'eflections ai=3.8+0.1, 7.5+ 0.1, 11+ 0.1, 12.3+ 0.1,

existence of this compound only relies on the nonlinear variation 13-6+ 0.1, 14.24 0.1, and 15.1 0.1 nnT* that again totally
of AHi0 and must be considered as a plausible, yet not differ from those reported for the usuad-form but are close

demonstrated, hypothesis. The two nonvariant events at thet0 those observed above for theform.

solvent melting temperature are consistent with the existence
of this compound and suggest the following transformations:

C,+S—C,+L and C+L—C,+L

where S is the solvent solid phase.

The occurrence of such transformations fulfills the rules
derived by Gibbs for constructing phase diagrams. Similarly,
there must be an additional domain abdve= 100 °C where
one has ¢+ L in order to fulfill Gibbs phase rules. Admittedly,
such a domain is likely to be hardly detectable by DSC
experiments.

Interestingly, atXpo = 0.59 the diffraction pattern is
reminiscent of what has been observed with sPS/biphenyl. We
still observe the reflections corresponding to thdorm (q =
44 0.1 nntt, 7.6+ 0.1 nnTY) and reflections corresponding
to the oy-form observed above at 68 0.1 and 11.8+ 0.1
nm~L. Note that reflections corresponding to fform are also
present, although the phase diagram indicates that this form
should not be there. It is probably a parasitic effect which may
have two causes: (¥poi = 0.59 is very close to the stoichio-
metric composition, so that if the sample is slightly inhomo-
geneous more concentrated areas are likely to exist wherein the
B-form will grow; (ii) because of the large size of the sample,

On the basis of eq A2 (see Appendix), and a degree of somes-form may have formed due to inhomogeneity in cooling
crystallinity of about 50% for the compound, one has to consider rate. One has to keep in mind that the diffracted intensity of

a “stoichiometry” of the amorphous part for the intercalates of
Sic1~ 1 solvent molecules/monomer ify€orresponds to the
1/2 structural stoichiometry, arféic, ~ 0.5, if C, corresponds

the g-form is usually much stronger than the other forms.
A typical morphology of sPS/benzophenone systems is shown
in Figure 10. The picture may suggest a fibrillar-like morphology

to the 1/4 structural stoichiometry. This means that in both casesalthough no clear-cut conclusions can be drawn, unlike \/H'B{/
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Figure 10. SEM micrographs for sPS/benzophenone systems for which
the solvent has been evaporated at room temperafpie= 0.40 (w/
w). Scale bars as indicated.

2 ) i ) é ) é '1'0'1'2'1'4'16 dQ/dT sPS/Diphenyl methane

Figure 9. Time-resolved X-ray experiments as a function of temper-
ature for three sPS/benzophenone systexfys:= 0.10 (a),Xpo = 0.30

(b), Xe0r = 0.59 (c). Concentrations are in w/w. In (c) the dotted ellipse
highlights the reflection at 6.8 nrh

has been observed for sPS/biphenyl systems. Indeed, in some w= 0.19

places features resembling a crumpled cloth are seen. We suspect
that the way the solvent was removed could have affected the
original fibrillar morphology. As a matter of fact, sPS/ben-
zophenone samples for SEM investigations were prepared by
cooling at room temperature only. Under these conditions, . _
benzophenone is still in a liquid, metastable state, and its T (oC)
removal occurs through evaporation, not sublimation.
sPS/DiphenylmethaneTypical DSC traces are displayed in
Figure 11. They are basically similar to those observed for SPS/Fi e 11, T Oical DSSC tr;((:)((e)s otjtiﬁedzfg? sP§/5d(i) henvimethane
biphenyl and sRS/benzophgnone. The cor_respondlng t.emp?raéy%tems at a)r/l?eating rate of 26/min. Concentrationxfm (wyw) as
ture—concentration phase diagram shown in Figure 12 is quite jngicated.
similar to that established for sPS/biphenyl as far as the overall
shape is concerned. Here, too, the occurrence of two compounds  Time-resolved X-ray experiments are displayed in Figure 13
is suggested. Compound Bas a “thermodynamic” stoichiom-  for Xpo = 0.15 (a) andXye = 0.43 (b). As with the above
etry of about 1 diphenyl methane/monomer against 1 diphenyl systems, reflections differing from the usuél-form are
methane/3 monomers for compoungd. @lso, compound € observed and correspond rather to #fiidorm. Typical reflec-
transforms into compound Gvhile solvent crystallizes. This  tions are seen at= 4+ 0.1, 7.64 0.1, 9.6+ 0.1, 11.4+ 0.1,
again suggests that part of the solvent in compounid ©osely 13.14+0.1,14.5+: 0.1, 15.9+ 0.1, and 17.1 0.1 nn7L. They

Xoo= 0.5

bound. slightly differ at the highesty values from the reflections
Because of the nonavailability of deuterated diphenylmethane, observed for sPS/benzophenone and sPS/biphenyl, which indi-
no neutron diffraction experiments were performed. cates that there are variants of thdisform.

CbhV
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Figure 12. Temperature-concentration phase diagram (lower) and
Tamman'’s diagram (upper) for sPS/diphenylmethane systems. There
is a direct correspondence for the data points symbols in each diagram,
except for the solvent melting enthalp®)which stands for the sum

of the enthalpies of the two solvent melting eversgnd ©).

a 0.15 sPS/Dmph
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b 0.43 sPS/Dmph
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FIGURE 14

2 4 6 8 10 12 14 16 Figure 14. Optical micrograph (upper) and SEM micrographs (middle
and lower) for sPS/diphenylmethar,, = 0.30.

Figure 13. Time-resolved X-ray experiments as a function of tem-
perature for three sPS/diphenylmethane systeXjs:= 0.15 (a);Xpol

= 0.43 (b). Concentrations are in w/w. congruently melting or incongruently melting, could play a role

in the degree of stabilization, the former being more efficient

Here, oo, an additional reflection appeargjat 6.8 + 0.1 than the latter. The dissimilarity in morphology between sPS/

nm~1 within a temperature range corresponding to the domain . . .
labeled G + liquid. This again suggests the existence of a biphenyl and sPS/diphenylmethane systems is therefore rather

mesophase. surprising as they exhibit very similar phase diagram. We,

Interestingly enough, the morphology of sPS/diphenylmethane Nowever, note that the crystallinity of tffeform as obtained
system is not fibrillar but spherulitic instead (see Figure 14). from the extrapolation to<,, = 1 for the terminal-melting
Normally, fibrillar morphology is thought to arise from the enthalpy is ofX. ~ 40%, which is slightly lower than that
stabilization of the helical structure, and correspondingly of determined for thgg-form of sPS/biphenyl systems. This may
chain-folding impediment, by the solvation process, namely the suggest that organization in sPS/diphenyl compounds is poorer
occurrence of a polymer/solvent compound. In a previous paper,than in sPS/biphenyl systems as {hiéorm results from the
we suggested that the nature of the compound, which is transformation of these solvated phases. cDV
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On the basis of eq A2 (see Appendix), and a degree of mgsare the molecular weights of the monomer and the solvent,
crystallinity of about 50% for the compound, one has to consider respectively.
a “stoichiometry” of the amorphous part for the intercalates of ~ Now, if there exists a fraction of disorganized material, the
Sic1~ 1.4 solvent molecules/monomer if Corresponds to the  stoichiometry of the compoung: is written:
1/2 structural stoichiometry, arfic,~ 0.5, if C; corresponds
to the 1/4 structural stoichiometry. S - 1-CJ1+(1—X)S(m/my)] m,

C
Concluding Remarks XL, m

We have reported on a series of solvent wherein sPS form awhere$, is the “stoichiometry” of the amorphous phase (also
type of compound first recognized for sPS/benzene systéms, in terms of number of solvent molecules/monomer) Xgds
which turns out to be more common than expected. We havethe degree of crystallinity. Three cases are worth contemplat-
also observed in the three systems a strong reflection at6.8 ing: (i) If the fraction of the disorganized domains in the
0.1 nnT?, which corresponds to a domain of the phase diagram compound phase is lovk{ ~ 1), then relation Al is retrieved,
where the existence of another compound is expected. Mostand what is determined by DSC corresponds virtually to the
probably, this compound rather possesses a nematic-like strucStoichiometry of the organized part of the compound. PEO
ture so that we suggest to designate ibagorm. The existence ~ Complexes pertain to this categG#yii) The number of solvent
of such a form was already suggested by De Candia %t al. molecules/monomer is the same in the compound and in the

disorganized domains; then one also retrieves relation A1, which

Acknowledgment. IFCPAR-CEFIPRA is gratefully ac- means thf’;lt t.he stoichiometry determj_ned by DSC is the same
knowledged for the financial support of this work (Grant No. @S the stoichiometry of the complex. (iii) The number of solvent
2808-2). The camera equipping the optical microscope togetherMolecules/monomer is not the same in the compound and in
with the image processing software was financed through this the disorganized domains; then the stoichiometry derived from
grant. Sudip Malik is also indebted to IFCPAR-CEFIPRA (Grant the T—C phase diagram may not reflect the stoichiometry of
No. 2808-2) for a postdoctoral fellowship. The authors are also € organized part.
greatly indebted for experimental assistance to Bruno DEME
on D16 (ILL, Grenoble), to Christine Straujpe SEM, and to

Catherine Saettel on DSC. (1) Grassi, A.; Pellechia, P.; Longo, P.; Zambelli, Bazz. Chim. Ital.
1987, 117, 249.
(2) Ishihara, N.; Seimiya, T.; Kuramoto, M.; Uoi, Mdacromolecules

(A2)

References and Notes

Appendix 1986 19, 2465. ) )
From X-ray diffraction patterrfsand FTIR on 1,2-dichloro- ®) gz'mlfg'gg' S.; Pace, E. D.; Martuscelli, E.; Silvestre Folymer1991,
4 - : .
decané? a structural st0|ch|_ometry 1 solvent molecules/4 (4) Chatani, Y.; Shimane, V.. Inagaki, T.; lijtsu, T.; Yukimori, T.:
monomers has been determined for the usuygbrm and 1 Shikuma, H.Polymer 1993 34, 1620. Chatani, Y.; Inagaki, T.;

solvent molecules/2 monomers for the intercalates by Petraccone  Shimane, Y.; Shikuma, HPolymer1993 34, 4841.

17 ; inti (5) Guerra, G.; Musto, P.; Karasz, F. E.; Mazknight, WMakromol.
et al!” It should be stressed that, referring to the descriptions Chem 1990 191 2111

given in the experimental part, no proper control of the (g) Gowd, E. B.; Nair, S. S.; Ramesh, C.; Tashiro, Macromolecules
concentration was never achieved. We have recently noticed 2003 36, 7388.

that concentration can dramatically be altered when transferring (7) Guerra, G.; Vitagliano, V. M.; De Rosa, C.; Petraccone, V.; Corradini,
a small amount of material compound from the preparation tube . P Macromolecules99Q 23, 1539. . -

. . - . . (8) Immirzi, A.; de Candia, F.; lanelli, P.; Zambelli, A.; Vittoria, V.
into capillary tubes. This we observed while comparing neutron Makromol. Chem. Rapid Commuto8s 9, 761.

diffraction and X-ray diffraction experiments supposed to be (9) Vittoria, V.; de Candia, F.; lanelli, P.; Immirzi, AMdakromol. Chem.
carried out at the same concentration. The results were totally _ Rapid Commun198§ 9, 765.

. . (10) Daniel, C.; De Luca, M. D.; Brulet, A.; Menelle, A.; Guenet, J. M.
different as thed.-form was observed by neutron while the Polymer1996 37, 1273.

p-form was observed by X-ray. This was .due to solvent (11) Daniel, C.; Brulet, A.; Menelle, A.; Guenet, J. Molymer1997, 38,
evaporation as later X-ray experiments carried out on large 4193.

quantities of samples directly prepared in sealed glass tubes, a$2) g“ﬁgﬁ{bﬂﬁ 3&%‘?{;22%%‘2‘”;5* "ggzsg‘:hry"erv F.C.D.; Basco, M.; Paoletti,
were prepared the samples for neutron diffraction, were this (13) Moyses, S.; Sonntag, P.: Spells, S. J.; LaveixPGlymer1998 39,

time in agreement with neutron data (thanks to synchrotron 36605.

radiation, experiments can be carried out in a wavelength range(14) Malik, S.; Rochas, C.; Guenet, J.-Macromolecule2005 38, 4888.

where glass is virtually transparent to X-rays). (15) %ﬂg‘ég';e%gzhas' C.; Schmutz,; M.; Guenet, J.Macromolecules
The discrepancy between the stoichiometry determined from (16) Rastogi, S.; Goossens, J. G. P.; Lemstra, Matromoleculed 998

the phase diagram (that we will designate as “thermodynamic” 31, 2983. van Hooy-Corstjens, C. S. J.; Magusin, P. C. M. M.; Rastogi,

inhi ; S.; Lemstra, P. Macromolecule2002 35, 6630.
stoichiometry) and that deduced from spectroscopic methOdS(U) Petraccone, V.; Tarallo, O.; Venditto, V.; GuerraM&acromolecules

(X-rays, FTIR, etc.), namely the structural stoichiometry, may 2005 38, 6965,
arise from the degree of solvation of the amorphous phase, (18) Klein, M.; Menelle, A.; Mathis, A.; Guenet, J.-Mdacromolecules
particularly if the fraction of the latter is high. Clearly, this case 199Q 23, 4591.

may pertain to sPS (19) Point, J. J.; Damman, P.; Guenet, J.fRblym. Communl1991 32,
) 477.

From the temperatureconcentration phase diagram, the (20) Guenet, J.-MThermochim. Actd 996 286, 67.
stoichiometry of the compourfg, namely the number of solvent ~ (21) Klein, M.; Guenet, J.-MMacromolecules989 22, 3716.

; i (22) Saiani, A.; Speacek, J.; Guenet, J. Macromolecule4998 31, 703.
molecules/monomer, is derived throdgh (23) De Candia, F.; Guadagno, L.; Vittoria, ¥. Macromol. Sci., Part B
1995 34, 95.
1-C m, (24) Daniel, C.; Guerra, G.; Musto, Rlacromolecule2002 35, 2243.
= Lx —F (A1) (25) Wagner, J. F.; Dosie, M.; Guenet, J. MMacromol. Symp2005
Cy my 222, 121. Tadokoro, H.; Yoshihara, T.; Chatani, Y.; Murahashi].S.
Polym. Sci., Part BL964 2, 363.
whereC, is the stoichiometric composition in w/w, ang, and MA051852S

Ccbv



