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ABSTRACT: The thermodynamics of thermoreversible gelation of isotactic polystyrene in cis-decalin, 
trans-decalin, and 1-chlorodecane was investigated by using differential scanning calorimetry. The gel formation 
and the gel melting were studied as a function of various parameters such as the cooling or heating rate and 
the polymer molecular weight. The temperature-concentration phase diagrams were established from both 
cooling and heating experiments. It is found that the shape of the phase diagram is the same in heating or 
in cooling, but that  for cis-decalin differs from the one for trans-decalin. The phase diagrams correspond 
to various types of compound: congruently melting compound in cis-decalin and compound characterized 
by a singular point in trans-decalin. In addition, it is shown from optical microscopy experiments and X-ray 
diffraction experiments that the threefold helical form reappears beyond 50% polymer concentration in 
trans-decalin but does not in cis-decalin. 

Introduction 
Among the numerous thermoreversible synthetic poly- 

mer gels that are of current interest, those prepared from 
isotactic polystyrene exhibit some uncommon and unex- 
pected types of behavior. Two aspects that are still under 
discussion are particularly worth mentioning. 

The physical cross-links do not originate from the 
growth of crystals made up of 31 helices as is usually the 
case for solution or bulk-crystallized samples. On this 
point, there is no disagreement. Yet, according to Keller 
et al.,I gelation does arise from crystallization but under 
a new helical form (121 helix). This statement is based on 
the observation by X-ray diffraction on partially dried and 
stretched gels of a reflection at  0.51 nm that is attributkd 
to diffraction from the 006 plane. This accordingly re- 
quires that the new form possess a sixfold symmetry. On 
highly stretched and solvent-extracted gels, reflections 
under the form of layer lines at 3.06 nm are observed that 
are in agreement with the pitch of the 121 helix.2 However, 
the main criticism that can be raised against these ex- 
periments is that they are representative of the dried and 
stretched state but not of the nascent state. Making use 
of the differences in the coherent cross sections of hydrogen 
and deuterium, some neutron diffraction experiments were 
carried out on nascent gelsn3 If the polymer is deuteriated 
and the solvent hdyrogenated, the diffraction pattern is 
mainly representative of the polymer. Under these ex- 
perimental conditions, it has been found3 that the 0.51-nm 
reflection is absent in isotactic polystyrene/decalin gels. 
Accordingly, the 0.51-nm reflection is in fact probably due 
to the solvent. These experiments have led to the recon- 
sideration of the existence of the 121 helix and also of the 
occurrence of crystallization. Instead, a structure remi- 
niscent of nematiclike polymers, where the solvent would 
“mediate” the chain-chain interaction, has been pr~posed .~  

Furthermore, the mechanical properties, i.e., the iso- 
chronal compression modulus, do not follow the norm.4 
The variation of the modulus as a function of polymer 
concentration does not display a power law behavior as 
usually observed in gels such as PVC. Rather, it varies 
with concentration in a way that is not smooth but exhibits 
“features” that are currently unexplained. 

These aspects of gel behavior underline the need for a 
deeper understanding of these gels. The purpose of this 
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paper is to report on thermodynamic investigations that 
have permitted us to establish the temperature-concen- 
tration phase diagram in cis-decalin and trans-decalin. 

Experimental Section 
Materials. Three samples of isotactic polystyrene (ips) 

synthesized by using the Natta method5 were used in this study 
(FKl, FK2, and F10). After extraction of the atactic component 
by the method described by Utiyama: the samples FK2 and F10 
were obtained from fractionation of different batches by using 
toluene-ethanol at 50 OC. Molecular weights and molecular weight 
distributions were determined from gel permeation chromatog- 
raphy in tetrahydrofuran at 25 “C with columns calibrated by 
means of atactic polystyrene  standard^.^ The results are 

FK1 M, = 3.2 x 105 MJM, 2.8 

FK2 M ,  = 7 x 1 0 4  M,/M, 2.1 

F10 M ,  = 4.5 x 104 M J M ,  1.4 

13C NMR experiments carried out in chlorobenzene at  50 O C 7  

have shown the degree of stereoregularity of these samples to be 
over 97% isotactic. 

Three solvents from Janssen Chemicals, of high purity grade, 
were used without further purification: cis-decalin (over 99% 
cis), trans-decalin (over 99% trans), and 1-chlorodecane. 

Gel Preparation. The gel samples were prepared in test tubes 
prior to being placed into the differential scanning calorimetry 
(DSC) pan. A mixture of solvent and polymer was heated to a 
temperature close to the solvent boiling point until homogeneous 
solutions were produced. These solutions were then quenched 
for a minimum of 20 min into a thermostatically controlled alcohol 
bath held a t  the desired temperature. Small samples of ap- 
proximately 10 mg were cut from the gelled solutions and placed 
into DSC “volatile samples” pans and thermally processed as 
described below. 
Experimental Setup. The thermal analysis experiments were 

carried out with a DSCII differential scanning calorimeter from 
Perkin-Elmer. The cold source was supplied by either a cryostat 
held at -90 “C or liquid nitrogen. Several heating and cooling 
cycles ranging from 1.25 to 80 “C/min were used. 

The temperature scale as well as the measure of energy were 
calibrated with indium standards. All the data were processed 
by means of the Perkin-Elmer TADS system (thermal analysis 
data station). Both optical microscopy and X-ray diffraction were 
used to  confirm findings made by DSC. Optical microscope 
pictures were taken on a Zeiss Photomicroscope 11, and X-ray 
diffraction experiments performed on a Philips PW1009 with the 
Cu K a  radiation (A = 0.154 nm) with a Ni filter as monochromator. 

Determination of the temperatures a t  which demixing takes 
place was achieved by means of a turbidimeter devised by F. 
Debeauvais from our laboratory. Rates of 10 OC/min were used. 
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Figure 1. DSC traces obtained upon cooling 30% solutions of 
isotactic polystyrene in cis-decalin at the indicated rates. 
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Figure 2. Gel formation onset as a function of the cooling rate: 
(0) cis-decalin; (.) trans-decalin; (x) 1-chlorodecane (C,, = 15% 
WIW). 

Results and Discussion 
Both gel formation and gel melting were investigated. 

We first discuss the gel formation and give the phase di- 
agram obtained from cooling experiments. We will sub- 
sequently present the phase diagrams obtained on heating 
the samples. 

Gel Formation. Gel formation was studied in cis-de- 
calin, trans-decalin, and 1-chlorodecane as a function of 
the cooling rate (from -80 to -1.25 "C/min). The gels, 
placed in "volatile sample" pans, were heated in the DSC 
to 170 "C and then cooled at the aforementioned rates to 
temperatures well below that of gelation. Typical DSC 
traces obtained under these conditions are drawn in Figure 
1. Worth emphasizing here is the reproducibility of this 
type of experiment. The heating and cooling cycles can 
be repeated at length without significant alteration of the 
onset of gel formation or gel formation enthalpy. 

Figure 2 depicts a plot of the gel formation onset tem- 
perature as a function of the cooling rate at a constant 
polymer concentration (Cpol = 15%). As can be seen, the 
onset temperature at zero cooling rate depends slightly on 
the solvent: 
cis-decalin Tgel = 17.2 f 0.3 "C 

trans-decalin 

1-chlorodecane 

Tgel = 22 f 0.3 "C 

Tgel = 20 f 0.3 "C 

For cis- and trans-decalin, the difference is similar to 
that observed for the 0 points as determined with atactic 
polystyrene (0 18 "C in trans-decalin, 0 N 12 "C in 
cis-decalins). 

For 1-chlorodecane, gel formation occurs somewhat 
further from but still in the vicinity of the 0 point (0 N 

7 "C for atactic polystyrene in this solventg). 
The occurrence of gelation apparently does not require 

a liquid-liquid phase separation since turbidity measure- 
ments locate the miscibility gap a few degrees below the 
gelation temperature. For instance, we obtained the fol- 
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Figure 3. Onset temperature of gel formation as a function of 
polymer concentration: (0) cis-decalin; (0) trans-decalin. The 
results are obtained from DSC experiments carried out at -5 
"C/min. 
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Figure 4. Gel formation enthalpy (per gram of gel) in cis-de- 
calin/iPS system as a fundion of polymer concentration: (0) FK2; 
(X)  FK1. 

lowing values for the onset of turbidity in FK2-trans-de- 
calin solutions quenched rapidly to 50 "C and then slowly 
cooled a t  10 "C/min T ,  = 12.6 "C for 15% and T,, = 11 
"C for 25%. Correspondingly, gelation temperatures are 
molecular weight independent. 

As already emphasized by Girolamo et aL,l Wellinghoff 
et al.,1° and Guenet et a1.,l1 in some solvents there is a 
marked competition between gelation and crystallization 
under the threefold helical form. Such is the case in 1- 
chlorodecane solutions for which the growth of "31 crystals" 
manifests itself at low cooling rates under the form of an 
exotherm located at higher temperatures. Therefore, we 
did not attempt to establish phase diagrams for the 
i p s /  1-chlorodecane gels. 

For cis- and trans-decalin, the study was subsequently 
extended to other polymer concentrations. In Figure 3 are 
plotted the onset temperatures of gel formation as a 
function of polymer concentration. I t  can be seen that in 
cis-decalin the onset temperature goes through a maxi- 
mum, whereas in trans-decalin, with the exception of a 
shoulder at Cpol N 0.4, it increases continuously. Here, 
worth emphasizing is that for the iPS/cis-decalin gels, the 
gel formation phase diagram must not be confused with 
a coexistence curve although it exhibits a nearly identical 
shape. 

The enthalpies involved in gel formation (gel formation 
enthalpy) are plotted as a function of concentration for 
cis-decalin (Figure 4) and trans-decalin (Figure 5). Note 
that gel formation enthalpies are given per gram of gel. 
The values measured a t  -20 and -5 "C/min are system- 
atically given for the FK2 fraction. No tendency to obtain 
values higher at -5 "C/min than at -20 "C/min was ob- 
served, indicating little if any kinetic effect on the mea- 
sured gel formation enthalpy. At  higher concentrations, 
possible kinetic effects were assessed by using samples 
prepared from fraction F10. Here no marked discrepancies 
were observed either. 
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Figure 5. Gel formation enthalpy (per gram of gel) in trans- 
decalin/iPS system as a function of polymer concentration: (.) 
FK2; (X)  FK. 
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Figure 6. Typical endotherms recorded on heating a cis-deca- 
lin/iPS gel formed at 0 "C for 30 min; Cpol = 20%; heating rate 
20 "C/min. 

As can be seen from Figures 4 and 5, in both solvents 
the formation enthalpies first increase linearly to a con- 
centration C, and then decrease to zero: a t  Cpol = 0.75 
in cis-decalin and CP1 = 1 in trans-decalin. The value of 
C, is solvent dependent: C, N 0.3 in cis-decalin and C, 
= 0.4 in trans-decalin. These concentrations are virtually 
the same as those previously determined from solvent 
crystallization experiments carried out as a function of 
polymer c~ncentrat ion.~ 

Results presented in Figures 3-5 are typical when mo- 
lecular compounds form12 and have also been found with 
the gelling system atactic p ~ l y s t y r e n e / C S ~ . ~ ~  

Gel Melting. Phase Diagrams. A methodical inves- 
tigation of the thermal behavior on heating is usually 
performed after subsequent treatment in the DSC. In 
principle, i t  is recommended that one melt the sample in 
the DSC pan and then cool it to the desired temperature 
prior to scanning or thermal treatment. Under these 
conditions, a somewhat surprising behavior is seen with 
these gels: whenever a gel has been melted in a hermet- 
ically sealed DSC pan and quenched to below the gelation 
temperature, no melting endotherm is observed on re- 
heating in spite of the fact, described above, that a sig- 
nificant enthalpy of formation is detected. 

Such a behavior has already been observed with PVC 
gels.14 It is not clear at  the moment whether something 
takes place in the small DSC pan that supresses the 
melting peak or attenuates it to such an extent that it 
becomes difficult to detect. 

To examine the matter more deeply and try to overcome 
this problem, we carried out a systematic DSC investiga- 
tion as a function of the heating rate on a series of gels 
formed in test tubes, Le., outside the DSC. This enables 
one to obtain equilibrium conditions after extrapolation 
of the results to zero heating rate. 

1. iPS/cis-Decalin Gels. Typical melting endotherms 
obtained with cis-decalin gels formed a t  0 "C are shown 
in Figure 6. The endotherms are composed of two peaks, 
independent of the heating rate, the meaning of which will 
be straightforward in what follows. 
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Figure 7. Melting enthalpy (per gram of gel) as a function of 
the heating rate for cis-decalinlips gels. Bars at 0 "C/min stand 
for the values found for the gel formation enthalpies for 10% and 
40%, respectively: (0) FK2,40%; (A) FK1,40%; (0) FK2,20%; 
(0) FK2, 10%. 
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Figure 8. Melting enthalpies (per gram of gel) as determined 
from extrapolation to zero heating rate as a function of polymer 
concentration in cis-decalinliPS gels. 

The variation of the enthalpy associated with this en- 
dotherm as a function of the heating rate is given in Figure 
7 for several polymer concentrations (enthalpies are as 
above given per gram of gel). As apparent from this figure, 
the enthalpies are heating-rate dependent. Extrapolating 
to zero heating rate gives finite values that are close to 
those found for the gel formation. Evidently, part of the 
measured melting enthalpy has a kinetic origin. For ex- 
ample, whereas the melting enthalpies for the fractions 
FK1 and FK2 differ considerably at 40 OC/min (1.05 cal/g 
for the former against 1.5 cal/g for the latter), the ex- 
trapolation to 0 "C/min yields virtually the same value. 
Since the FK1 fraction is of higher M,, this suggests that 
the lower the viscosity of the solution resulting from gel 
melting, the larger the kinetic contribution to the measured 
enthalpy. This hypothesis receives further support when 
comparison is made between the slopes of AH versus 
heating rate, which are steeper for 10% and 20% than for 
40%. 

Gel melting enthalpies, obtained upon heating and ex- 
trapolating to 0 OC/min, are given in Figure 8. This figure 
is similar to Figure 4. Here, C, N 0.28, which is in good 
agreement with what was found on cooling. Worth no- 
ticing, however, is that the melting enthalpy at  C, is about 
15% lower than the enthalpy determined on cooling. This 
discrepancy may represent the experimental error on the 
determination of this parameter. 

The same procedure of extrapolation is used for the 
melting temperatures to establish the phase diagram. To 
construct this phase diagram, we have considered the onset 
of the endotherm and the position of the second peak. An 
alternative procedure could consist of considering the 
position of both peaks. As usual, the extrapolation to 0 
"C/min is linear, and the temperatures obtained are re- 
ported in the temperature-concentration phase diagram 
of Figure 9. Two features immediately emerge from this 
phase diagram: 
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Figure 9. Temperature-concentration phase diagram (on 
melting) for cis-decalinliPS gels prepared at 0 "C. T M  stands 
for the monotectic line. The monotectic concentration is located 
near C 1 E 5%. T,, stands for the solvent melting temperature. 
Dottefiines represent the supposed continuation of the diagram. 
Tml represents the solvent melting temperature as measured after 
the gel i s  formed. 

Gelation of Isotactic Polystyrene 1755 

p G - - ~ ~  

I2 I 

LLLI- I _L T E M P F R A T U R E ~  I 

300 320 340 360 300 

Figure 10. Typical endotherms recorded on heating at different 
heating rates for a trans-decalinlips gel formed at -5 "C for 30 
min; Cpol = 20%; (a) 40 "C/min; (b) 20 "C/min; (c) 10 "C/min. 

(i) The onset of the melting endotherm is a constant 
independent of concentration ( T ,  in Figure 9). Ther- 
modynamic considerations imply that this line be a mo- 
notectic line1*J5J6 (it cannot be a eutectic or a peritectic 
one), which arises from the effect of the liquid-liquid phase 
separation involved in the gelation process when the so- 
lutions are quenched to 0 "C (see for instance ref 10 or 11; 
monotectic transition = liquid 1 + solid - liquid 2 + solid 

(ii) The gel final melting point versus concentration 
exhibits a maximum in the vicinity of Cy. Worth remem- 
bering is the similar shape found for the temperature- 
concentration phase diagram obtained from the cooling 
experiments (see Figure 3). Such a result is what is found 
with a congruently melting compound whose 
"stoichiometry" is defined at C,. We note that the con- 
centration Cy is obtained through three different ways: the 
maximum of the formation or melting enthalpies as a 
function of concentration, the maximum of the melting or 
the formation temperatures, and the crystallization of the 
solvent as a function of polymer c~ncentrat ion.~ 

The same type of result has already been obtained with 
thermoreversible gels of atactic polystyrene in carbon 
disulfide (CS,) and also been interpreted as a stoichio- 
metric compound.13 

2. iPS/trans-Decalin Gels. The same type of study 
was carried out on gels prepared from trans-decalin. The 
results differ from those presented above. 

Typical endotherms recorded at  different heating rates 
are given in Figure 10. As can be seen, the shape of the 
endotherm varies with the heating rate. The main peak 
is more pronounced at  high heating rates than at  lower 
ones. There is thus a kind of superheating effect. At 10 
"C/min the endotherm tails off over a larger range of 
temperatures than that observed in cis-decalin. Unlike gels 

with Cliquid 1 < Cliquid 2). 
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Figure 11. Temperature-concentration phase diagram (on 
melting) for trans-decalinlips gels prepared at -5 "C. Dotted 
lines represent the supposed continuation of the diagram. T801 
has the same meaning as in Figure 9. 
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Figure 12. Melting enthalpies (per gram of gel) as a function 
of the heating rate for trans-decalinlips gels. Bars at zero heating 
rate stand for the values found for the gel formation enthalpies 
at respectively 15% and 20%: (A) FK2,40%; (a) FK2,15%; (0) 
FK2, 20%. 

from cis-decalin, it is difficult to see a first peak corre- 
sponding to the monotectic transition, although this 
transition is almost certainly present. The temperature- 
concentration phase diagram (Figure 11) does show that 
the extrapolated onset of the endotherm is virtually a 
constant as a function of polymer concentration. Due to 
the spread of the endotherm over a broader range of tem- 
peratures, the determination of the melting enthalpy is 
accordingly less precise. However, Figure 12 shows that 
extrapolating to zero heating rate provides values that are 
in agreement with those found for the cooling experiments. 
The spread over a broader range of temperature may in- 
dicate a significant degree of imperfection. 

Interestingly, for Cpol N 5070, the melting point in- 
creases up to T N 150 "C. According to phase diagram 
rules, the species melting at this temperature are no longer 
those previously obtained at  lower concentrations. In other 
words, beyond C, = 40%, two types of structures coexist. 
Optical microscopy indeed reveals birefringent structures 
in 50% gels that were absent a t  lower concentrations 
(Figure 13). From the resolution, it cannot be concluded 
whether lamellae or fibers are seen. An electron micro- 
scope investigation is required, which is not the purpose 
of this paper. The structures that melt a t  T 150 "C and 
are birefringent are certainly crystals constituted of 31 
helices. To confirm this point, we carried out X-ray dif- 
fraction experiments at 20 "C on the nascent 50% samples 
placed in a 1-mm-diameter sealed glass capillary. Although 
weak, the two main reflections due to crystals containing 
the threefold helical form are unmistakably observed 
(reflections from the 110 and 220 planes). The low pro- 
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the same thermodynamic quality toward polystyrene (x 
parameters are virtually the same), the reason for such a 
difference must be sought elsewhere. Solvation generally 
conveys the idea that the solvent involved in the solvated 
structures is characterized by a lesser mobility. Yet, recent 
NMR  investigation^,'^ which indicate that the solvent is 
virtually as mobile in the gels as in the pure solvent liquid 
state, suggest that the solvent kinetic behavior is different 
from what would be expected with solvated structures. 

Finally, it is worth examining the present results in the 
light of recent findings by Arnauts and Berghmans.18 
From investigations on atactic polystyrene/decalin solu- 
tions, these authors claim that polystyrene gelation results 
from solution vitrification. The liquid-liquid phase sep- 
aration occurring in these systems when quenched to low 
temperatures leads to the formation of a concentrated 
phase that lies below its TB‘ As a result, the solution looks 
like a gel but is in fact a glass. One may wonder whether 
this process is involved here too. The existence of a 
hysteresis between the formation temperatures and the 
melting temperatures indicate a nucleation and growth 
process. Such is not the case for a glass transition that is 
of second order. As a result, although there might be 
interferences between both processes when the systems are 
quenched to very low temperatures, the driving process 
remains the polymer-solvent compound formation. In 
addition, it is worth dwelling upon the fact that the glass 
transition mechanism does not necessarily hold for other 
atactic polystyrene-solvent systems either. I t  has been 
clearly shown by Francois, Gan, and Guenet13 that the 
gelation temperature and the glass transition temperature 
are quite distinct in atactic polystyrene/CS2. 
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Figure 13. Optical micrographs of a 50% trans-decalin gel (FK2) 
quenched to -5 “C. The birefringent structures are either lamellae 
or fibers constituted of “31 crystals”. 
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Figure 14. Theoretical temperatureconcentration phase diagram 
for various types of compounds: (A) congruently melting com- 
pound; (B) singular point; (C) incongruently melting compound. 

portion of “31 crystals” accounts for the low diffracted 
intensity. 

The phase diagram of Figure 11 is similar to that ob- 
tained on cooling (see Figure 3), which indicates the con- 
sistency of the results. According to phase diagram no- 
menclature, the iPS/ trans-decalin system is characterized 
by a singular point (see ref 12, for instance). This means, 
in particular, that this system is intermediate between a 
congruently melting compound and an incongruently 
melting compound (see Figure 14, where three phase di- 
agrams corresponding to each type of compound are 
drawn). 

Concluding Remarks 
Comparison between the phase diagrams obtained either 

on cooling (Figure 3) or on heating (Figures 9 and 11) 
reveals the difference between gels from cis-decalin and 
those from trans-decalin. First, although the melting 
domain is larger in trans-decalin, the final melting is lo- 
cated a t  higher temperature than that of cis-decalin. 
Second and most important, the shape of each phase di- 
agram is quite distinct, which indicates the existence of 
two different types of compounds. 

These results, as well as previous  result^,^ can be in- 
terpreted in terms of solvated structures. The fact that 
the threefold helical form reappears in trans-decalin but 
not in cis-decalin indicates that the solvent plays an im- 
portant role. Since cis-decalin and trans-decalin exhibit 


