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ABSTRACT: The structural features and the thermodynamics of melting of thermally reversible gels of
poly(diphenylsiloxane) (PDPhS) formed from 1.5 to 85 wt % solutions in diphenyl ether (DPhE) have
been studied by means of differential scanning calorimetry, X-ray diffraction, and electron scanning
microscopy. It was established that gelation occurs as a consequence of the crystallization of PDPhS that
leads to a specific spherulitic morphology; i.e., overlapped spherulite-like superstructures, which are
composed of lamellar crystallites, form a three-dimensional skeleton filled with the solvent. The phase
diagram of the PDPhS/DPhE system was constructed. Its particular feature, resulting from the crystal-
mesophase transition in the undiluted PDPhS, is interference between the crystal-isotropic solution
and the thermotropic mesophase-isotropic solution equilibrium. The equilibrium temperature Tm° and
the heat ∆Hm° of a virtual crystal-isotropic melt transition in PDPhS in the absence of solvent were
estimated (280 °C and 10.34 kJ mol-1) through use of the Flory equation when taking the melting
temperatures of the annealed gels as the equilibrium melting points of PDPhS crystals in the presence
of DPhE. The isotropization temperature (∼560 °C) of the mesophase, which cannot be measured
experimentally because of PDPhS thermal degradation, was assessed by extrapolation of the mesophase-
isotropic solution boundary curve on the phase diagram of the PDPhS/DPhE system to the 100% polymer
concentration. Phase diagrams expected for the system solvent-crystalline flexible/semirigid-chain
polymer, exhibiting a crystal-mesophase transition, were schematically considered and compared to that
of the PDPhS/DPhE system. On the basis of this consideration, the conclusion was drawn that the
mesophase behavior of PDPhS is connected, at least in part, with a relatively high stiffness of its
macromolecules.

Introduction
Poly(diphenylsiloxane) (PDPhS) has drawn attention

for years as a polymer possessing enhanced thermal and
oxidative stability.1 Interest in this polymer has quick-
ened in the past decade due to its thermotropic me-
sophase behavior.2 However, considerable difficulties in
synthesizing high molecular weight PDPhS, which is
thermodynamically unstable, hindered its comprehen-
sive investigation. Earlier studies on the thermody-
namic characteristics3 and structure4 of the crystalline
phase in PDPhS were performed using rather low
molecular weight samples. Recently, we have shown
that high molecular weight PDPhS can be prepared by
anionic solid-state polymerization of hexaphenylcyclo-
trisiloxane.5 This method opens up new opportunities
for further detailed investigation of this polymer. In
particular, the crystalline structure6 was refined and
rheological properties in the mesophase state were
measured.7

Highly crystalline PDPhS exhibits a crystal-me-
sophase transition at about 260 °C.2b,5,8,9 The isotro-
pization temperature Ti of PDPhS is above the onset of
its thermal degradation and cannot be measured ex-
perimentally. High molecular weight PDPhS is soluble
only in high boiling solvents such as diphenyl ether
(DPhE), o-dichlorobenzene, and 1-chloronaphthalene at
temperatures higher than 150 °C. Nevertheless, inves-
tigation of PDPhS solutions is undoubtedly of academic
and technical application interest.

The addition of diluent to a crystallizable polymer
reduces the melting point and this phenomenon under-

lies the approach to determining the equilibrium melt-
ing point and heat of fusion.10 The reported pertinent
data for PDPhS3 were obtained on the low molecular
weight samples and without regard to its mesophase
behavior. Thus, it seemed to us quite reasonable to
return to this problem and carry out a more detailed
investigation in order to refine the reported and gain
new data on thermodynamic parameters of the phase
transitions in PDPhS using high molecular weight
samples and currently available information about this
polymer. This was one of the aims of the given work.

Another aspect of our investigation is gelation ac-
companying crystallization in PDPhS solutions. It is of
importance both for a better insight into this phenom-
enon in polymers and in searching effective routes to
purification of PDPhS and its processing. In principle,
the formation of thermally reversible gels due to crys-
tallization of polymer from solutions is a well-known and
extensively discussed phenomenon, e.g. refs 11 and
12. Most of such gels are formed with slightly crystal-
lizable macromolecules which contain a sufficiently
large number of irregularities, i.e., comonomer units in
copolymers and various defective monomer units in
homopolymers (e.g., poly(vinyl chloride),13 poly(vinyl
alcohol),14 branched15 and chlorinated16 polyethylene,
ethylene-vinyl acetate copolymer17). The morphology
of such gels in a simplified manner can be described by
the often postulated fringed micelle model, i.e., crystal-
lites of small sizes, formed by regular sequences in
macromolecules, bind together irregular portions of
chains into a three-dimensional network.

Crystallization of stereoregular homopolymers from
dilute and moderately dilute solutions yields, as a rule,* Corresponding author: e-mail vspapk@ineos.ac.ru.
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precipitated crystalline phases of different morphology.
The morphology depends on solution concentration,
temperature, and the type of phase separation, i.e.,
whether the crystallization occurs directly from homo-
geneous solution or a liquid-liquid demixing precedes
it.18 Meanwhile, there are several prominent examples
of the formation of thermoreversible crystalline gels by
stereoregular polymers, in particular in such binary
systems as isotactic polystyrene-decalin,19 linear poly-
ethylene-xylene,20,21 poly(ethylene oxide)-xylene,21 and
poly(4-methyl-1-pentene)-cyclohexane.22

A prerequisite of gelation from the polystyrene solu-
tions was suggested to be crystallization in the crystal-
line modification that can lead to fringed micellar
crystallites.19 The gelation of poly(4-methyl-1-pentene)
in cyclohexane solutions demonstrates in a striking
fashion the gel structure of another type. In this system
gels are formed by linked crystalline spherulites filled
with the solvent. According to Mandelkern et al.,21 such
a type of morphology, which results from the three-
dimensional growth, impingement, and joining of well-
organized spherulite-like superstructures, comprising
crystals with lamellar habit, should be common for the
gels formed by homopolymers (and even by copolymers
with a low counits content) in dilute solutions.

We have found that gelation in the PDPhS /DPhE
system is an interesting example of crystallization
leading to a similar spherulite-like morphology. The
study of these gels was the second objective of our work.

In this paper we present data on the formation and
melting of PDPhS/DPhE gels and their morphology
obtained using differential scanning calorimetry (DSC),
X-ray diffraction, and scanning electron microscopy
(SEM). On the basis of these data, the phase behavior
of the PDPhS/DPhE system at different concentrations
and temperatures is analyzed and the thermodynamic
properties of the crystalline and mesomorphic phases
in PDPhS are determined.

Experimental Section
PDPhS was synthesized by anionic solid-state polymeriza-

tion of hexaphenylcyclotrisiloxane and freed from the initiator
of polymerization following the reported procedure.5 Two
PDPhS samples, i.e., PDPhS-A with specific viscosity 2.4 in
1% solution in DPhE at 145 °C (Mw ) 727 000, Mw/Mn ) 2.7
according to GPC data based on polystyrene standards;
measured on a Waters 150-C chromatograph at 135 °C using
0.04 wt % o-dichlorobezene solutions5) and PDPhS-B with
specific viscosity 0.75 were used. Commercially available DPhE
was purified by recrystallization from melt prior use (mp 28
°C, bp 259 °C).

Solutions of PDPhS in DPhE with concentration from 1.5
to 50 wt % were prepared by heating corresponding mixtures
in sealed tubes at 300 °C. Solutions of higher concentration
were produced by evaporation of a corresponding amount of
DPhE from the 20% solution. Upon natural cooling of the
solutions, turbid coherent gels formed pervading all the
solution volume. These virgin gels served as initial samples
for all the performed measurements. Dried gels were prepared
from them by extraction of DPhE with boiling acetone in a
Soxhlet apparatus and subsequent drying in a vacuum.

The volume fraction in the gels at a given temperature was
calculated with consideration for thermal expansion of both
components. The density of DPhE Fs in the temperature range
from 200 to 300 °C was estimated through use of the following
empirical relationship derived from the density data available
in the literature:23

where t is in °C.

As the density of amorphous PDPhS cannot be measured
due to its thermal degradation, we used that of the mesophase,
Fm, which was deduced from the reported data on linear
dilatometry6 according to the following relationship:

DSC measurements were performed on a DSM-3 calorimeter
(Biopribor, Puschino, Russia) at a heating/cooling rate of 8 °C/
min using ∼20 mg gel samples placed in sealed aluminum
pans. The presented below values of the heat of gel melting
and gelation are the averages of several successive measure-
ments, at least seven in the region of gel concentration below
10% where the monitored heats of transition were about 1 J
g-1.

X-ray diffractograms of gels were obtained on a DRON-3
diffractometer (Russia) fitted with a heater and temperature
controller within (2 °C. Wet gel samples were placed in sealed
special thin-walled capillary tubes. Nickel-filtered Cu KR
radiation was used.

Optical experiments were carried out using a polarizing
microscope equipped with a hot stage and photographic unit.
The maximum temperature of observations was 350 °C. Gel
samples were placed in sealed thin-walled containers with a
rectangular cross section. SEM studies of the dried PDPhS
gels were performed on a Hitachi-S-590 scanning microscope
operated at 20 kV. Two kinds of dried gel samples were
investigated. Dried gels from PDPhS-A were prepared using
a freeze-drying method. A wet gel sample, placed on a
substrate, was quenched in liquid nitrogen and then the
solvent was sublimated under vacuum in a special device upon
heating to room temperature for 12 h. We suggested that such
a procedure had the least effect on the original morphology of
the gel. Dried gels from PDPhS-B were obtained by extraction
of DPhE with acetone as described above.

Results
Differential Scanning Calorimetry. We have in-

vestigated the phase behavior of PDPhS-A/DPhE sys-
tems with the polymer weight fraction w2 up to 0.85.
Starting with w2 = 0.015, mechanically stable thermo-
reversible turbid gels are formed upon cooling transpar-
ent homogeneous solutions. X-ray diffraction has re-
vealed a crystalline structure of these gels (see below).
Melting of the gels on heating manifested itself as the
occurrence of an endotherm on DSC traces extended
over a certain temperature interval (see Figure 1).
Optical observations under polarizing microscope showed
that at the same temperatures the gels with w2 < 0.8
converted directly into homogeneous solutions. Their
subsequent cooling led in turn to a heat evolution
accompanied by the appearance of birefringent domains.
At w2 g 0.8 the melting of gels occurred in a more
complex manner: formation of isotropic solutions fol-
lowed the previous transformation of the crystalline
phase into the mesophase. This phenomenon will be
described in more detailed below (see section “Isotro-
pization”).

The dependencies of the gel melting temperature Tm
and the gelation temperature, assigned further as the
crystallization temperature Tc, on the content of PDPhS
in gels are shown in Figure 2. Locating the end of
melting endotherms and the onset of crystallization
exotherms on DSC curves is a rather problematic
procedure (especially in the case of retarded kinetics of
dissolution and gelation of high molecular weight poly-
mers with a wide molecular weight distribution). There-
fore, we have taken the melting and crystallization peak
temperatures as the Tm and Tc. In Figure 2 Tm are
given, which were monitored in the second DSC runs

Fs ) 0.884 + 7 × 10-4(250 - t)

Fm ) 1.03 + 5 × 10-4(270 - t)
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after the virgin gel samples, obtained as described in
Experimental Section, were melted in the calorimeter
during the first heating run and then cooled with a
cooling rate of 8 °C. Upon cooling the gelation, crystal-
lization occurred at the temperatures lower by 20-50
°C than Tm of the gels. At the polymer weight fraction
below 0.2, Tc and Tm decreased quite sharply in a similar
manner. Annealing the gels at temperatures close to the
onset of the melting peaks led to an increase in Tm on
subsequent heating, especially considerable at w2 below
0.2 (see Figures 1c and 2).

Dried virgin gels exhibited on heating the crystal-
mesophase transition at 200-210 °C (DSC peak tem-
peratures in Figures 1b and 2). Note that at the high
contents of PDPhS in parent wet gels the endotherms
of this crystal-mesophase transition on the DSC traces
are spread over a rather wide temperature range, and
some of them are even multiple (Figure 1b). This points
to the occurrence of a partial perfection of some crys-
tallites, which proceeded at higher gelation tempera-

tures. In gels, dried after previous annealing, the
temperature of this transition, Tc-m, increased by ∼30
°C, and the transition peaks became single and consid-
erably sharper (Figures 1c and 2).

The heat of melting/gelation of the wet gels ∆Hm vs
polymer content is given in Figure 3. At w2 > 0.2 a
straight line can be fitted to the data points, whose
extrapolation to w2 ) 1 yields the heat of fusion of the
polymer crystalline phase formed at gelation (∼13 J
g-1). In the polymer content range w2 ) 0-0.2 this plot
is a curve coming from the origin. In this region the heat
of mixing of DPhE with PDPhS provides a perceptible
contribution into the total heat of melting of the gels
(see section “Thermodynamics of Melting”). The heat of
crystal-mesophase transition ∆Hc-m was found to be
practically constant for all the dried gels and equal on
the average to 10.3 J g-1. ∆Hc-m for dried samples
obtained from the annealed gels was above, if any, this
value by no more than 10%.

X-ray Data. The crystalline structure of the PDPhS
gels was verified by X-ray diffraction. Figure 4 furnishes
the X-ray diffractograms taken at various temperatures
for some wet and dried gels with different content of
PDPhS. A particular feature of the X-ray diffractograms
of all the wet gels, taken at ambient temperature, is
the existence of a diffraction peak at 2Θ ) 7°-10°
(corresponding to the 7.01 nm d spacing) with more or
less clear-cut shoulders at 9.4° and 10.5° in 2Θ (d )
0.94 and 0.84 nm). For the gels with w2 > 0.1 there is
a poorly resolved doublet in the region of larger diffrac-

Figure 1. DSC traces of PDPhS/DPhE gels with various
polymer weight fraction w2. (a) Wet gels formed upon cooling
with a cooling rate of 8 °C /min. (b) Dried gels prepared from
their wet precursors formed upon fast cooling. (c) Wet and
dried gels with w2 ) 0.2: (1) virgin wet gel; (2) wet gel
annealed at 165 °C for 1 h; (3) dried virgin gel; (4) dried
annealed gel; (5) dried gel after annealing at 300 °C. Heating
rate 8 °C /min.

Figure 2. Temperatures of gelation-crystallization (Tc), gel
melting (Tm), crystal-mesophase transition (Tc-m) and isotro-
pization [mesophase dissolution] (Ti) as a function of polymer
weight fraction in PDPhS/DPhE wet and dried gels and
solutions. Data points are the peak temperatures on DSC
traces obtained at a heating/cooling rate of 8 °C /min. Anneal-
ing temperatures were lower by ∼10 °C than Tm of initial wet
gels (annealing time ) 1 h). Dashed curve is calculated using
eq 3 with Tm° ) 553 K (280 °C), ∆Hu° ) 10.34 kJ mol-1 (52.2
J g-1), and B ) 8.8 J cm-3 (see text). Dotted line is a schematic
drawing of the mesophase-isotropic solution boundary curve
(see text).
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tion angles at 19°-19.5° and 20.5° 2Θ (d ) 0.455-0.470
and 0.433 nm) which has two shoulders at ∼18° and
22° 2Θ (d ) 0.492 and 0.403 nm). Amorphous halo
originated from X-ray scattering by molten DPhE
molecules is located in the same region of diffraction
angles. This is an intense halo (see Figure 4a) which,
being superposed on the crystalline reflections of the
PDPhS, obliterates the profile of the gels diffractograms,

especially strongly at low polymer concentrations. In
Figure 4a this fact is illustrated by the diffractograms
of a gel with w2 ) 0.03. In the range of diffraction angles
from 16° up to 20°, there exists only one rather wide
and intense diffraction peak, but the other crystalline
reflections indicated above are indiscernible.

In the course of stepwise heating the gels all the
above-listed crystalline reflections became more pro-
nounced and, in addition, extra weak reflections ap-
peared at ∼11.5° and 13° 2Θ (d ) 0.77 and 0.68 nm).
Such changes in the diffractograms point to perfection
of the initially formed crystalline phase, and this fact
is in line with the observed increase in the gel melting
temperature after annealing. As melting advances, the
crystalline reflections gradually disappear, and in the
diffractograms of the molten gels there exist only two
amorphous halos centered at ∼6° and 20° 2Θ. The
location of the former is determined by the weight
fraction of PDPhS, shifting to lower diffractions angles
with decreasing polymer content in the gel. The inten-
sity of this amorphous halo is increasing without any
change of its position during gradual gel melting upon
heating. These facts suggest that amorphous domains
do not swell with DPhE to an appreciable extent in these
crystalline gels. Coexistence of the crystalline phase of
PDPhS and its solution in DPhE in the temperature
range of melting is illustrated by the diffractogram of a
gel with w2 ) 0.75 taken at 210 °C (Figure 4c). Upon
subsequent cooling the solutions, which were formed
after complete dissolving PDPhS, the initial profile of
the diffractograms was always recovered.

The profile of the diffractograms of dried gels depends
on the polymer weight fraction in the parent wet ones.
The diffractograms of dried samples, prepared from wet
gels with w2 ) 0.03, 0.1, and 0.75, are shown in Figure
4d. Dried gels with low initial content of PDPhS (w2 <
0.05) exhibit diffractograms containing a single peak at
∼8.8° 2Θ and also a wide one centered at ∼20° 2Θ with
hardly distinguishable shoulders. With increasing poly-
mer content in the wet gels the second peak becomes
more and more structured. Annealing of gels before
drying led to the development of more clear-cut crystal-
line reflections.

In Figure 4d, the diffractogram is also presented for
one of the dried gels that was annealed in the meso-
morphic state at 300 °C for 2 h and then crystallized
upon slow cooling. This is a sample with a very high
degree of crystallinity (seemingly close to 1) and a heat
of crystal-mesophase transition of 37 J g-1 (see its DSC
trace in Figure 1c). Its X-ray diffractogram corresponds
to the earlier described monoclinic crystalline modifica-
tion6 with unit cell parameters a ) 2.133 nm, b ) 0.991
nm, c ) 2.030 nm, and γ ) 108.9°. Comparison of the
X-ray diffractogram of this sample with those for the
wet and dried gels shows that the peaks at 1.01, 0.94,
0.77, 0.68, 0.492, 0.470, 0.433, and 0.403 nm in the latter
diffractograms can be associated with the (200), (010),
(11h0), (110), (300), (104), (22h1), (120), and (005) reflec-
tions of the monoclinic crystal. A certain discrepancy
in the location of some of these peaks and their more
spread profiles can be attributed to a lower perfection
and small sizes of crystallites in the gels as well as to
an effect of X-ray scattering from amorphous domains.
Unfortunately, it is practically impossible to estimate
the amorphous phase content in the dry gels using their
X-ray diffractogram patterns. The reason is that the
first sufficiently sharp intense amorphous halo, which

Figure 3. Heats of fusion of wet gels (9) and gelation-
crystallization from solutions (0) and heat of the crystal-
mesophase transition in dried gels (O) as a function of PDPhS
weight fraction.

Figure 4. X-ray diffractograms taken at different tempera-
tures for wet (a-c) and dried (d) gels with various PDPhS
weight fraction w2: (a) w2 ) 0.03, the dotted curve is X-ray
diffractogram of DPhE; (b) w2 ) 0.20; (c) w2 ) 0.75; (d) dried
gels with initial w2 ) 0.03 (1), 0.10 (2), and 0.75 (3) and a gel
annealed at 300 °C (4); the indices of reflections are indicated
according to ref 6.
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could likely be appropriate for this purpose, is positioned
at the same diffraction angles as the crystalline reflec-
tions (200) and (010) (judging from the X-ray diffracto-
gram of the molten PDPhS oligomer9a). However, the
existence of amorphous phase in the gels in about 0.7
weight fraction is evidenced by comparison of the heat
of crystal-mesophase transition for all the dried gels
(∼10.3 J g-1) with that of the above-mentioned sample
of PDPhS crystallized upon cooling from the mesomor-
phic state (37 J g-1). The earlier reported results of
dynamic mechanical and dielectric measurements5b also
evidence the existence of amorphous phase in PDPhS
samples with the low heats of the crystal-mesophase
transition.

Earlier we have reported that the dried samples,
which were prepared from gels with low PDPhS content
and showed X-ray diffraction patterns similar to dif-
fractogram (1) in Figure 4d, contained after coextrusion
with lead at 150 °C the partially distorted tetragonal
crystalline phase with unit cell parameters a ) 1.02 nm
and c ) 0.99 nm.6 The difference between the X-ray
diffraction patterns of the oriented tetragonal and
monoclinic crystalline phases can be seen from Figure
5. We suggest that upon coextrusion the monoclinic
modification could convert into the tetragonal one.
Nevertheless, we cannot completely exclude that on
gelation a certain fraction of the tetragonal crystals is
formed as well. Note, in this connection, that the most
intense reflection observed in the X-ray patterns of the
tetragonal crystalline phase are (100) and (102) with d
) 1.02 and 0.445 nm (2Θ ) 8.66° and 19.93°).6

Scanning Electron Microscopy. The scanning
electron micrographs presented in Figure 6 reveal the
morphology of the gels of PDPhS-A dried in a vacuum
(see “Experimental Section”). The wet parent gels were
obtained on self-cooling of solutions and had the melting
temperatures close to those indicated in Figure 2. We
can see that the gels possess well-organized spherulite-
like superstructures overlapping with each other. Ear-
lier, the similar morphology was already observed for
polyethylene and poly(ethylene oxide) gels formed from
xylene.20,21 Electron micrographs taken at low magni-
fication show that with increasing polymer concentra-
tion in the initial solution spherulites become larger and
their amount per unit volume of the formed gel de-
creases. For instance, the diameter of spherulites in gels
with w2 ) 0.07, 0.20, and 0.75 was found to be ∼10,
30-50, and ∼60 µm, respectively (Figure 6a,c,d). Such
a trend may be explained by a larger number of primary
crystalline nuclei in the course of the gelation-crystal-
lization at lower temperatures, especially at w2 < 0.2
(see Figure 2). This suggestion is supported by the fact
that, upon slow cooling of the solutions of lower con-

centration or their prolonged isothermal crystallization
at higher temperatures, spherulites grow considerably
larger in size. As an illustration, the optical photomi-
crograph of an intermediate stage of gelation from the
3 wt % solution, cooled very slowly to 105 °C, is given
in Figure 7a.

The electron micrographs in Figure 6b,e,f, taken at
high magnification, reveal the inner organization of the
spherulites. They are cellular superstructures, consist-
ing of slightly twisted crystalline lamellae that branch
and join each other. In the gels with low polymer content
the cellular skeleton is quite loose, but with increasing
polymer content it becomes increasingly dense. The
density of the inner part of spherulites (a characteristic
inverse to the cell dimensions) is changing along the
radius. Figure 6e shows that the outer layer of a
spherulite in the gel with w2 ) 0.75 is more loose than
its core. This is likely due to a gradual decrease in the
solution concentration as the spherulite grows.

The lamellar thickness seems to be practically the
same for all the gels independent of w2 and equal to 80-
100 nm. These values were derived from the width of
the lateral faces of lamellae, which lie in the plane of
the micrographs or are slightly inclined to it. It is
noteworthy that no increase in the lamellar thickness
was observed after annealing wet and dried gels even
at temperatures above Tc-m. The electron micrographs

Figure 5. X-ray fiber patterns of oriented dried gels with an
initial w2 ) 0.03 before (a) and after (b) annealing at 300 °C
(reproduced from ref 6).

Figure 6. SEM micrographs of dried PDPhS-A gels with
various initial w2 ) 0.07 (a, b), 0.20 (c), and 0.75 (d, e) and
dried PDPhS-B gel with initial w2 ) 0.05 (f) before (left) and
after (right) annealing at 300 °C for 1 h.
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of a PDPhS-B gel with w2 ) 0.05 before and after
annealing at 300 °C (Figure 6f) are illustrative of this
fact. Unlike the gels of PDPhS-A, this gel after extrac-
tion of DPhE with acetone did not retain integrity and
consisted of fragments of broken spherulites and single
twisted lamellae. The edges of some crumbled lamellae,
especially after annealing, clearly show their inner
striated structure that suggests the alignment of the
macromolecular chains perpendicular to the end faces
of the lamellae.

The thickness of 100 nm corresponds to a molecular
weight of about 80 000 for the extended cis-trans
conformation of the siloxane backbone (0.5 nm per [-O-
Si(C6H5)2-]2 unit6). The molecular weight of PDPhS-A,
estimated from GPC data using polystyrene standard,
is about 720 000. The real molecular weight can be
somewhat less, as PDPhS macromolecules appear to be
more rigid than polystyrene ones. (According to the
recent theoretical calculations, the “characteristic ratio”
C for PDPhS macromolecules with high degrees of
polymerization is ∼60 at 300 °C.24) Nevertheless, it is
evident that the lamellae are built up from folded
chains.

To summarize, formation of thermally reversible gels
of PDPhS from DPhE solutions is a result of the growth
and overlapping of spherulite-like superstructures con-
sisting of crystalline folded chain lamellae. Being in a
close contact, the spherulites build up a pervading all
the volume, unified skeleton, which provides integrity

and elasticity of the gel. The mechanical properties of
the gels are obviously determined by the type of
contacts, the size, and inner structure of spherulites.
Our tentative measurements of the modulus of elasticity
in compression yielded values of 19.6 kPa and 2.1 MPa
for the gels with w2 ) 0.1 and 0.5, respectively.

Discussion

Structure of Gels. Although the general concept of
the spherulitic morphology is quite clear, the inner
structure of spherulites calls for a more detailed con-
sideration. The spherulite-like superstructures can ap-
parently be treated as highly grown dendrites with
relatively large longitudinal dimensions of their con-
stituent lamellae (∼1-3 µm). Judging from the size of
spherulites and their amount per unit volume of the gel,
the number of the crystalline nuclei, on which the
spherulites grow upon cooling, increases as the concen-
tration of solution decreases (see Figure 6). This fact
can apparently be explained by lower temperatures of
gelation-crystallization from solutions of lower concen-
trations. The factors governing longitudinal dimensions
of lamellae and the mechanism of their branching are
not quite clear.

Another interesting issue is the inner lamellar struc-
ture. The fact that annealing leads to increasing both
the gel melting temperature, especially pronounced for
the gels with low polymer content, and the temperature
of the crystal-mesophase transition in the absence of
solvent (see Figure 2) implies that the crystalline
lamellae initially growing from DPhE solutions are of
low perfection. It is well-known that on crystallization
of flexible polymers from dilute solution methastable
lamellae grow which dissolve and melt at lower tem-
peratures than those formed on crystallization from the
melt25 (see also ref 26 and references therein). Increase
in the melting point of such lamellar crystals due to
annealing is mainly connected with increasing chain
fold. However, annealing of the wet PDPhS gels and the
dry ones at the temperatures above Tc-m did not lead
to any detectable change in the lamellar thickness. This
means that the gel melting point Tm is determined not
by the whole thickness of lamellae but only by the length
of crystalline chain sequences in them, i.e., by the
concentration of various defects and their distribution
within lamellae. In principle, the well-known paracrys-
talline model of Hosemann27 summarizes all possible
defects to be expected in the crystalline PDPhS lamellae.
The structure of a defective PDPhS lamella can sup-
posedly be presented in a simplified fashion by a
conventional two-phase model. The lamella with ir-
regular chain folds consists of an outer amorphous layer
(free chain ends and long chain loops) and a crystalline
core in which small domains of conformationally disor-
dered chain segments are randomly embedded inter-
rupting the crystalline sequences of macromolecules.
Recall that the estimated above content of amorphous
phase in dried gels is about 0.7.

Let us speculate further how the concentration of
solution can affect the inner organization of such
crystalline lamellae in the case of their athermal
primary nucleation. According to Hoffman’s nucleation
theory,28 the growth of a lamellar crystal proceeds via
formation of secondary nuclei at its growing lateral face.
Dimensions of the critical secondary nucleus are a
function of the reciprocal of supercooling. On crystal-
lization from the solution of a given concentration two

Figure 7. Optical photomicrographs of a 3 wt % solution of
PDPhS-A, slowly cooled to 105 °C, at an intermediate stage
of gelation (a) and of a 85 wt % heterogeneous solution of
PDPhS-A, containing a birefringent mesophase, at 270 °C (b)
(in polarized light; crossed polars).
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factors must be taken into account, which determine the
supercooling required for experimentally reasonable
rates of crystallization in a cooling regime used. These
factors are (i) depression of the equilibrium melting
point of the polymer in the presence of solvent, which
can be described by the Flory equation,10 and (ii)
influence of the polymer concentration in solution on
the dimensions and kinetics of formation of secondary
crystalline nuclei.

According to the theory, the width (a*) and the length
(l*) of the critical secondary nucleus can be expressed
as

Here Tm° is the equilibrium melting point of the
undiluted polymer, γ and γe are the side and end surface
free energy, ∆T is the supercooling, and ∆h and Fc are
the specific heat of fusion and density of the crystal.

The formation of the nucleus with a transverse
dimension a* ) n*d suggests the association of n*
macromolecules with diameter d. It is obvious that the
rate of formation of such nuclei and thus the overall rate
of crystallization should be a function of solution
concentration and n, being at a given concentration the
higher the less n. As a* and, hence, n* are inversely
related to ∆T, commensurate rates of crystallization
from solutions of different concentrations in the same
cooling regime should be experimentally monitored at
different temperatures, which are the lower the smaller
the concentration. This appears to be a reason for the
observed sharp decrease of the gelation-crystallization
temperature at the polymer concentrations in solution
below 0.2 (Figure 2). At the same time, the lower the
crystallization temperature, the smaller is the critical
nucleus length (l* ) a*γe/γ). Within the framework of
the model of PDPhS lamellae proposed above, this fact
can explain the parallel drop in the melting temperature
of the gels in the same range of concentration if one
assumes that the length of crystalline sequences of
macromolecules in the lamellae is determined by l*.

Taking Tm of the annealed gels as the equilibrium
melting temperature Tm

eq of the PDPHS lamellar crys-
tals grown from solution, it is possible to assess tenta-
tively the relation between the length of the secondary
nucleus l* and the final length of crystalline domains l
in the lamellae grown at different gel formation tem-
peratures. For this purpose, we used the theoretical
relationship between Tm and Tc derived for crystalliza-
tion from the melt29

where â ) l/l*. The plot of the calculated â against w2
is presented in Figure 8. We can see that at the lowest
temperatures of crystallization the length of crystalline
domains in the lamellae is close to those of the critical
crystalline nuclei. The significant increase in Tm of the
gels with w2 > 0.4 is likely connected not only with an
expected increase in the length of the secondary nucleus
but also with its subsequent lengthwise growth. Evi-
dently, the above speculations are oversimplified, and
the parameter â reflects in fact not only the nucleus
lengthening in the course of crystallization but also
different perfection of lamellae grown from solutions of
various concentration and at different temperatures.

Thermodynamics of Melting. On the basis of the
Flory approach, Takahashi et al.30 have theoretically
analyzed the effect of the crystal dimensions on the
melting temperature of crystalline gels of copolymers
and branched homopolymers. The relationships derived
by these authors allow, in principle, to calculate the
thermodynamic parameters of fusion of the crystalline
phase if the size of gel crystallites and their interfacial
free energy are known. However, the measurement of
the crystallite sizes is often a very difficult experimental
problem, and reliable data on the surface free energy
are, as a rule, not available.

In our study we suggested that the crystals in the
annealed gels gained perfection close enough to that of
the equilibrium ones. Thus, we considered the melting
temperature of these gels to be the equilibrium melting
points of the crystalline phase of PDPhS in the presence
of DPhE and used the Flory equation for estimating the
equilibrium thermodynamic properties of the undiluted
polymer

where Tm° is the equilibrium melting point of the
undiluted polymer, Tm

eq is the equilibrium melting
temperature of crystallites in the presence of DPhE,
∆Hu° denotes the heat of fusion per polymer repeat unit
[SiO(C6H5)2)], V1 and V2 stand for molar volume of the
solvent and the polymer, φ1 is the solvent volume
fraction, and B represents the polymer-solvent interac-
tion.

We solved a set of eqs 3, written for all the Tm
eq given

in Figure 2, by means of the least-squares method and
calculated Tm° ) 553 K (280 °C), ∆Hu° ) 10.34 kJ mol-1

(52.2 J g-1), and B ) 8.8 J cm-3 under the assumption
that B is constant over the whole concentration range.
As shown in Figure 2, the theoretical curve (dashed),
computed using eq 3 with the above parameters, fits
the experimental data rather well (with a standard
deviation of 0.8 K).

Note that the crystalline phase in PDPhS does not
melt in the absence of solvent but converts above 260
°C into the mesophase, and the isotropization temper-
ature cannot be attained experimentally due to the
onset of thermal degradation at lower temperatures.
Therefore, the calculated ∆Hu° and Tm° are conceptually
the enthalpy and temperature of a virtual transition
from the crystalline phase into an imaginary isotropic
melt. Consequently, ∆Hu° should include the heat of

a* ) 4γTm°/∆h∆TFc

l* ) 4γeTm°/∆h∆TFc (1)

Tm ) [Tm
eq(2â - 1) + Tc]/2â (2)

Figure 8. Parameter â in eq 2 as a function of PDPhS weight
fraction in gels.
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crystal-mesophase transition ∆Hc-m and the difference
between the enthalpies of the mesophase and the melt
at Tm°. The latter contribution may be regarded as the
apparent heat of isotropization ∆Hi°. It is equal to 15.2
J g-1 when taking ∆Hc-m ) 37.0 J g-1 (see above) or to
12.2 J g -1 if the reported5b highest value ∆Hc-m ) 40.0
J g-1 is used.

The value of B can also be assessed using the
presented above data on the heats of gelation and
melting of gels (Figure 3). The experimentally measured
heat of melting (gelation) for a gel sample, hexptl, is made
of two contributions, which can be written as

where hfusion is the heat of fusion of the crystalline phase
and hmix is the heat of mixing of the molten polymer
with the solvent.

As known, the van Laar heat of mixing can be
expressed as a function of solvent (φ1) and polymer (φ2)
volume fractions and the energy of interaction between
molecules of the solvent and the polymer repeat unit.
The latter is equated to B (the square of the differences
between their solubility parameters) and

where v1 and v2 are the volumes of solvent and polymer
in the sample. It is easily shown, e.g. ref 31, that for a
gel with a polymer weight fraction w2 and density of
the melt F2

The plot of hexptl (heats of melting and gelation)/w2
against φ2 is shown in Figure 9. The heat of fusion of
the PDPhS phase, which exhibits a certain degree of
crystallinity, and B can be evaluated from this plot.
Linear extrapolation of the right portion of the curve
in Figure 9 to φ2 ) 1 yields the heat of fusion of the
undiluted PDPhS phase, equal to 12.7 J g-1. This

quantity combines the heats of the crystal-mesophase
transition and the above-mentioned transition me-
sophase-imaginary isotropic melt.

As the heat of crystal-mesophase transition is practi-
cally constant for all the dried gels (see Figure 3), their
degree of crystallinity is obviously the same. It equals
∼0.24 when calculated as the ratio of the extrapolated
value of hfusion ) 12.7 J g-1 to the heat of fusion of the
undiluted totally crystalline PDPhS (52.2 J g-1). This
value of crystallinity is in accord with that (∼0.28)
determined as the ratio between the presented above
heats of the crystal-mesophase transition for the dried
gels and for the sample crystallized upon slow cooling
from the mesomorphic state (10.3 and 37.0 J g-1,
respectively).

The second term on the right-hand side of eq 6
characterizes the heat of mixing of amorphous PDPhS
with DPhE, expressed in J g-1. As shown above, the
crystalline gels of PDPhS possess the lamellar morphol-
ogy and amorphous domains seem to be located inside
of the crystalline lamellae and thus not to be in a direct
contact with DPhE molecules. Such occluded amorphous
phase is expected to dissolve simultaneously with dis-
solving the crystalline part of the lamellae, and conse-
quently, the heat of mixing should be related to the
overall polymer fraction in the gel.

The plot of hexptl/w2 vs φ2 is nonlinear, and therefore,
B is concentration-dependent. Using eq 7, we have
calculated the value of B over the entire range of φ2
taken tentatively F2 ) 1.06 g cm-3 (the mesophase
density at 220 °C). The plots of hexptl/w2 and B vs φ2 can
be described rather well by two fitted polynomials (see
Figure 9), which at φ2 ) 0 give the values of hmix and B
at infinite dilution (7.9 J g-1 and 8.33 J cm-3). Such a
heat of mixing is commensurate with the heat of fusion
of the crystalline phase in the gels (12.7 J g-1). The
value of B at infinite dilution practically coincides with
that estimated above using eq 3. However, with increas-
ing φ2 B does not remain constant but initially drops
sharply and then, at φ2 > 0.4, is striving to level off at
a value of ∼1.1 J cm-3. Such a concentration dependence
of B may reflect changes in the solution structure, which
make eqs 5-7 invalid for calculation of B at higher
concentrations. It also implies that eq 3 with the
constant B is only a certain approximation, and the
calculated value of B is likely an average for the whole
concentration range.

Mesophase Isotropization. Dissolution of the crys-
talline phase of gels with w2 > 0.8 occurs in two steps,
i.e., via an intermediate stage of the mesophase exist-
ence. Therefore, for constructing a complete phase
diagram for the PDPhS-DPhE system it is necessary
to analyze the influence of solvent on the mesophase
isotropization and to draw the corresponding mesophase
isotropization (dissolution) line. Such consideration is
also useful for an assessment of the temperature range
where isotropization of PDPhS would occur in the
absence of thermal degradation. Unfortunately, we
could gain only very scarce data on the phase behavior
of the PDPhS gels at so high polymer concentrations
due to a lot of experimental problems (retarded kinetics
of dissolving; very high temperatures of dissolution
which are in the vicinity and even above the boiling
point of DPhE and, as a result, high DPhE vapor
pressures that make impossible reliable DSC measure-
ments; temperature restrictions in observation under
a microscope).

Figure 9. Plots of specific heat of gel melting and gelation
hexptl/w2, in J g-1, (9) and parameter B, in J cm-3, (0) vs volume
fraction of PDPhS in gels (see eqs 6 and 7). Solids curves are
calculated using two fitted polynomials: hexptl/w2 ) 20.3278 -
47385æ2 + 123.23531æ2

2 - 145.60494æ2
3 - 63.91048æ2

4 and
B ) 8.1057 - 41.56018æ2 + 86.15139æ2

2 - 70.21741æ2
3 +

16.17997æ2
4. Dashed line is hexptl/w2 ) 13.586 - 0.876æ2.

hexptl ) hfusion + hmix (4)

hmix ) (v2 + v1)Bφ1φ2 (5)

hexptl/w2 ) hfusion + F2
-1(1 - φ2)B (6)

B ) (hexptl/w2 - hfusion)F2(1 - φ2 )-1 (7)
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Well-reproducible temperatures of the full dissolution
of PDPhS could be measured only up to a polymer
weight fraction of 0.85. In the first DSC heating run of
the virgin gel with w2 ) 0.85 an endotherm was
observed in the vicinity of 230 °C. The observation under
polarizing microscope showed that in this temperature
region crystalline spherulites disappeared completely,
but the system remained biphasic; i.e., along with
formation of an isotropic solution a birefringent phase
(mesophase) persisted (see Figure 7b). Upon further
heating the mesophase progressively disappeared in the
temperature range of 290-310 °C, and the system
became homogeneous. Upon subsequent cooling from
340 °C the formation of the mesophase was observed
starting with about 260 °C. This process was followed
by crystallization, which manifested itself as a jumpwise
increase in birefringence and the appearance of growing
spherulites. We have definitely established that the
transition from the one-stage to two-stage conversion
of the gels into isotropic solutions always occurred in
the vicinity of w2 ) 0.8. Consequently, we have tenta-
tively taken the point on the crystal melting line
corresponding to w2 ) 0.8 (Tm ) 233 °C) as one
belonging also to the mesophase isotropization line, i.e.,
as the point of intersection of these phase boundary
curves.

Obviously, the data on the phase behavior for such a
narrow range of w2 as 0.8-0.85 are insufficient for
constructing the genuine phase boundary curve dividing
the regions of isotropic solutions and mesophase exist-
ence. Nevertheless, these data can be useful for a better
understanding of the origin of the mesophase in PDPhS.
In this connection let us consider qualitatively some
types of phase diagram expected for the crystalline
polymer-solvent system in which the polymer under-
goes a transition crystal I-partially disordered crystal
II (in particular, thermotropic mesophase).

The conversion of a 3D crystal, formed by flexible
macromolecules, into a thermotropic mesophase (e.g.,

columnar mesophase regarded as 2D crystal) and the
existence of the latter in a certain temperature range,
before it eventually transforms into isotropic melt, can
origin from stepwise releasing with temperature dis-
crete intra- and intermolecular interactions which occur
in the 3D crystal and persist in part in the mesophase.
For semirigid macromolecules (with a sufficiently high
axial ratio of the Kuhn segment) steric factors and the
anisotropy of intermolecular interactions can underlie
formation of an anisotropic melt (thermotropic me-
sophase) after melting the antecedent crystalline phase.
The generalized phase diagram for the system solvent-
crystalline polymer, exhibiting a crystal-mesophase
transition, is in principle a result of interference of
phase transitions of three types, i.e., solution-crystal,
solution-mesophase, and mesophase-crystal transfor-
mation.

The different origin of thermotropic mesophases
should obviously be reflected in the form of the phase
diagram. Figure 10 shows schematically three phase
diagrams patterns, which may be proposed for the two
marginal types of thermotropic mesophase indicated
above. Differences between them can apparently serve
as a basis for discrimination between driving forces for
the mesophase formation.

If the crystal-mesophase transition in a undiluted
crystalline flexible polymer is caused by the disruption
of one part of the interactions, existing in the 3D crystal,
with the retention of the others in the mesophase and
if, at dissolving the 3D crystal, isotropic solutions form
in the entire concentration range, one can expect for
such a polymer-solvent system phase diagram A shown
in Figure 10. In this case the equilibrium virtual melting
temperature Tm° of the 3D crystal, found by extrapola-
tion of the crystal melting (liquidus) line a to the
polymer concentration φ2 ) 1 (the dashed portion of
curve a calculated, for instance, using the Flory equa-
tion), should conceptually coincide with the isotropiza-
tion temperature Ti° of the pure polymer. Depression

Figure 10. Schematic representation of phase diagrams with interference between crystal melting curve (liquidus line) and
mesophase-isotropic solution boundary curve (mesophase dissolution line) for the binary system polymer-solvent, in which the
pure polymer undergoes a thermotropic transition crystal-mesophase at temperature Tc-m: (A) for flexible-chain polymer with
a real isotropization temperature Ti°, coinciding with the equilibrium virtual melting point of the crystalline phase Tm° to which
liquidus line a is extrapolated; (B) and (C) for polymers forming anisotropic melt (mesophase) due to steric interactions of rigid/
semirigid chains when temperature of intersection, Tintn, of liquidus (a) and mesophase dissolution (b) lines is higher and lower
than Tc-m, respectively. In both latter cases Ti° > Tm°, and if Ti° is very high, it can be not attained experimentally due to thermal
degradation of the polymer. See text for more detail.
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of Ti° in the presence of solvent is expressed in this
diagram by the mesophase isotropization (dissolution)
line b (its dashed section relates to Ti, which would be
observed in the case of suppression of crystallization).
In region I and II isotropic solutions and the crystalline
phase exist, respectively. At a volume polymer fraction
φ2′, the dissolution temperature of the crystalline phase
T′ reaches the temperature of the crystal-mesophase
transition Tc-m, and further, at φ2 > φ2′, dissolution of
the crystalline phase follows its preceding transforma-
tion into the mesophase. In the region of polymer
concentration from φ2′ to φ2′′ the dissolution tempera-
ture of the mesophase is less than Tc-m, and therefore,
the observed dissolution temperature of the crystals
should remain unchanged and equal to Tc-m (horizontal
section c of the liquidus line). At the polymer content
above φ2′′ the isotropization (dissolution) temperature
becomes higher than Tc-m (curve b), and in region III
the mesophase and isotropic solutions coexist.

On dissolving a crystalline phase formed by suf-
ficiently rigid macromolecules, the thermodynamic con-
ditions can arise at a certain concentration of the
macromolecules in the solution when an anisotropic
polymer phase separates out. (The chain stiffness and
polymer-solvent interaction determine this critical
concentration.32) Therefore, the phase diagram for such
a binary system should consist of two intersecting
phases boundary curves: a liquidus line in the region
of low concentrations, and, at higher concentrations, a
curve enclosing the region where isotropic solutions and
anisotropic ones (pure polymer mesophase as an ex-
treme) coexist.33

Generally, Ti of the thermotropic mesophase (aniso-
tropic melt) formed by semirigid macromolecules is
determined by intermolecular interactions and the axial
ratio of the Kuhn segment (steric interactions). Accord-
ing to theory, the nematic order in the athermal melt
of macromolecules should occur at the axial ratio of the
Kuhn segment equal to ∼7.34,35 Isotropization of such a
mesophase may be expected only if with increasing
temperature the axial ratio becomes less than the
indicated above value. This can in turn result from
increasing flexibility of the macromolecules due to
developing intramolecular mobility (decreasing the Kuhn
segment) or/and from an increase in their apparent
diameter owing to thermal expansion of the melt. The
isotropization temperature Ti° of any thermotropic
mesophase, formed by rigid or semirigid macromol-
ecules, should be higher than the virtual melting point
Tm° of the antecedent crystalline phase (evaluated by
extrapolation of the liquidus line on the phase diagram
to the polymer concentration φ2 ) 1) as the latter
parameter relates to the virtual transition of macro-
molecules from the crystalline into disordered state but
not into an orientationally ordered melt.

In Figure 10 two schematic phase diagrams B and C
are presented for the cases when (i) the temperature of
the crystal-mesophase transition Tc-m is lower than the
temperature Tintn of an imaginary intersection of liqui-
dus (a) and mesophase dissolution (b) line; (ii) Tc-m is
above the real Tintn.

In the former case the combined phase boundary
curve, above which isotropic solutions exist (region I),
consists of three sections. These are portion a (liquidus
line), which delineates the melting temperatures of the
crystalline phase in the presence of solvent; portion b
characterizing the temperatures of complete dissolution

of the mesophase (i.e., depression of Ti in the presence
of solvent); and horizontal section c extended from φ2′
to φ2′′. Within the last section, which is similar to the
section c in Figure 10A, the crystalline phase dissolves
immediately after conversion into the mesophase at the
constant temperature T′ ) Tc-m. In the phase diagram
region II is related to the crystalline phase. In region
III isotropic solution and the anisotropic phase (pure
mesophase in the given case) coexist.

In the phase diagram C the region of isotropic
solutions is bounded by the left portion of liquidus line
a and curve b, indicating the depression of Ti in the
presence of solvent. These curves intersect at the point
corresponding to the temperature T′ and the polymer
volume fraction φ2′ above which the complete dissolution
of the crystalline polymer proceeds via the intermediate
stage of existence of the anisotropic melt. A peculiar
feature of this phase diagram is that in subregion IV,
which is a part of region II, can coexist three phases,
viz. the crystalline phase, isotropic solution, and aniso-
tropic melt. In region III isotropic solutions and the
anisotropic melt coexist. Within the range of polymer
concentrations from φ2′ to φ2′′ the temperature, at which
the crystalline phase disappears, is elevating along
curve c, and above φ2′′ it becomes constant and equal
to Tc-m.

In the PDPhS/DPhE system studied the temperature
of complete dissolution of the mesophase even at the
polymer concentration w2 ) 0.85 (φ2 ) 0.825) is already
markedly higher than the extrapolated equilibrium
virtual melting point of the antecedent crystalline phase
(∼300 °C against Tm° ) 280 °C). Hence, the phase
diagram of this binary system presented in Figure 2
does not match that shown in Figure 10A. The temper-
ature of intersection of the crystal melting and me-
sophase isotropization line (233 °C) is lower than Tc-m
of the dried annealed gels. Thus, the phase diagram of
the PDPhS-DPhE system should seemingly be related
to that shown in Figure 10C. This fact means that a
considerable contribution into the mesophase behavior
of PDPhS is apparently originated from a relatively high
stiffness of its macromolecules. In principle, this infer-
ence is in accord with the above-mentioned results of
simulations on PDPhS macromolecules according to
which their “characteristic ratio” C equals ∼65 at room
temperature and ∼30 above 200 °C.24

The observed sharp growth of the temperature of
complete dissolution of PDPhS-A from 233 to 300 °C,
as its weight fraction in the gels increases from 0.8 only
to 0.85, suggests a very high isotropization temperature
Ti° of undiluted high molecular weight PDPhS. At the
present time there exists no proper theory that describes
quantitatively in the explicit form depression of the
isotropization temperature in the presence of solvent for
mesophases formed by rigid macromolecules. We at-
tempted to assess the equilibrium thermodynamic pa-
rameters of isotropization for PDPhS through use of eq
3 although a solid physical basis for its application in
this case is absent. The Flory equation is valid for
crystalline flexible polymers that produce isotropic
melts. Using this equation for description of the con-
centration dependence of Ti for thermotropic meso-
phases, which originate from steric interactions of rigid
and semirigid chains, means, in essence, that (i) isotro-
pization of the anisotropic melt in the absence of solvent
is formally treated as the conventional melting of a
flexible-chain polymer crystal and (ii) the enthalpy and
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entropy of fusion of such a crystal are equated to the
differences between the enthalpies and entropies of the
isotropic and anisotropic melt at Ti°.

In the context of our consideration it is necessary to
underline the following key difference between the
isotropization of mesophases formed by flexible and rigid
macromolecules. The high-temperature crystalline modi-
fication (mesophase) of flexible polymer would melt
theoretically strictly at a single melting point with
jumpwise changes of its enthalpy and entropy. In
contrast, the transition of the anisotropic melt of a rigid-
chain polymer into the isotropic phase should proceed
as gradual changes in the orientational parameter
characterizing deviations from the parallel arrangement
of macromolecules (due to increasing free volume and
chain flexibility with temperature). Consequently, the
anisotropic melt-isotropic melt transition is anticipated
to be accompanied by gradual changes in the enthalpy
and entropy of the anisotropic melt within a rather wide
temperature interval, and these changes should mani-
fest themselves as an increase in heat capacity. In
principle, at the final temperature of the anisotropic
melt existence (isotropization temperature), one can also
expect a small jump in the enthalpy, which will be
determined by the energy of orientation-dependent
interactions retained to this temperature.

Therefore, formal application of eq 3 for estimating
the thermodynamic characteristics of isotropization of
anisotropic melts (mesophases) of semirigid or rigid-
chain polymers may yield an apparent heat of isotro-
pization although this transition is in reality not
accompanied by any well-defined thermal effect. Note
in this connection that the Ti reported for PDPhS
oligomers were determined by means of birefringence
measurements and could not be monitored in DSC
runs.9

We have estimated the heat and temperature of the
virtual isotropization of the undiluted PDPhS using the
following values of Ti for two gel compositions: 300 °C
for w2 ) 0.85 (φ1 ) 0.175) and 233 °C for w2 ) 0.8 (φ1 )
0.231) (the proposed point of intersection). The esti-
mated values of ∆Hi° and Ti° are 1.72 kJ mol-1 (8.6 J
g-1) and 757 °C. We also analyzed how the tentatively
chosen position of intersection point can affect the
values of the above parameters. For this purpose, ∆Hi°
and Ti° were computed varying w2 of intersection in an
experimentally reasonable range from 0.81 to 0.77 and
Ti

intn from 235 to 228 °C, respectively. ∆Hi° was found
to change from 1.41 kJ mol-1 (7.1 J g-1) to 2.39 kJ mol-1

(12.1 J g-1) and Ti from 962 to 565 °C. All the estimated
values of ∆Hi°, especially the last one, are in good
agreement with 12.2 J g-1 calculated above as the
difference between ∆Hm° and ∆Hc-m°, taking into ac-
count the discussed experimental difficulties in moni-
toring the dissolution of the crystalline phase and
mesophase. Thus, one may suggest that a value of ∆Hi°
) 12 J g-1 is close to the real difference between the
enthalpies of the mesophase and isotropic melt of
PDPhS although the applicability of eq 3 remains open
for discussion.

The evaluated values of Ti° turned out to be more
sensitive to the chosen location of the intersection point.
We compared these values with those obtained by
extrapolation of the reported Ti for PDPhS oligomers9

to infinite molecular weight (see Figure 11). Ti° was
found to be equal to 480 °C (when using all the
presented experimental points) or to 550 °C (when

excluding the data for the two lowest molecular weight
oligomers). Such extrapolation is based on the well-
known Thomson-Gibbs equation, which relates the
melting point of crystalline lamellae to the reciprocal
of their thickness. It was successfully used for estimat-
ing the equilibrium melting points of some crystalline
polymers (see ref 36 and references therein) and the
equilibrium isotropization temperatures of the lamellar
mesophases of several flexible polysiloxanes as well.37,38

The validity of this approach to determining Ti° of
mesophases formed by semirigid macromolecules is also
problematic due to a large input of steric interactions
into the free energy of formation of the mesomorphic
lamellae. Nevertheless, the value of Ti ) 550 °C is quite
close to 565 °C estimated using eq 3. Therefore, one may
assume that in the absence of thermal degradation the
isotropization of high molecular weight PDPhS would
occur, if at all, in the vicinity of 560 °C or at even higher
temperatures.

Concluding Remarks
Thermally reversible crystalline gels of PDPhS formed

upon cooling its solutions in DPhE are a prominent
example of the peculiar lamellar gel morphology result-
ing from the specific growth of spherulite-like super-
structures whose overlapping yields a three-dimensional
skeleton filled with solvent. Although the formation of
gels with a similar morphology was already observed
earlier for some flexible polymers and according to ref
21, such a morphology is an inherent feature of crystal-
lization of polymers from homogeneous solution without
preceding liquid-liquid demixing, this interesting phe-
nomenon has not been adequately investigated. In this
paper we presented data that depict the morphological
changes to occur in such gels of PDPhS with increasing
polymer content and temperature of the gel formation.
We also discussed the inner organization of growing
crystalline lamellae and the reason for the considerable
decrease of their melting point in the gels with low
polymer content in terms of temperature and concentra-
tion dependence of the critical dimensions of secondary
crystalline nuclei.

The binary system PDPhS-DPhE exhibits the com-
plicated phase behavior resulting from the occurrence
of the crystal-mesophase transition in pure PDPhS.
The phase diagram of this system is an example of as

Figure 11. Plots of Ti of PDPhS oligomers (taken from ref
9b) vs the reciprocal of their molecular weight (see text).
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yet poorly studied interference of two types of phase
equilibrium, i.e., crystal-isotropic solution and me-
sophase-isotropic solution. Besides the experimental
difficulties, which we encountered when studied the
latter, there exists also a problem of its thermodynamic
treatment. We attempted to use the Flory equation for
describing depression of the isotropization temperature
of the mesophase in the presence of DPhE. However,
such an approach is not sufficiently justified, and this
problem requires a more detailed consideration.

We have also shown that the melting temperatures
of the annealed wet gels of PDPhS can be satisfactorily
described by the Flory equation. With the assumption
that these temperatures are the equilibrium melting
temperatures of the PDPhS crystalline phase in the
presence of DPhE, the equilibrium melting point Tm°
and apparent heat ∆Hm° of a virtual crystal-isotropic
melt transition in the absence of solvent were estimated.
However, such a treatment has two shortcomings. First,
the values of these parameters were calculated under
assumption of the constancy of the parameter B in the
Flory equation over the whole concentration range.
Second, it would be physically more reasonable (but
experimentally very difficult) to use, as the equilibrium
melting points of PDPhS in the presence of solvent, the
dissolution temperatures of a more perfect crystalline
phase which is formed on cooling the annealed me-
sophase. Therefore, the calculated values of the Ti° and
∆Hi° should be regarded as preliminary and requiring
further refinement.

Having compared the extrapolated values of Tm° with
Ti° and analyzed various possible phase diagrams for
the system solvent-crystalline polymer, exhibiting a
thermotropic crystal-mesophase transition, we have
inferred that the mesophase behavior of PDPhS can be
linked to an extent with a relative high stiffness of its
macromolecules. We suggest that the analysis of de-
pression of the melting point of crystalline phases and
the isotropization temperature of mesophases in the
presence of solvent might be a useful tool for a qualita-
tive assessment of the chain rigidity contribution to the
thermotropic mesophase behavior of polymers.
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