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When poly(y-benzyl-L-glutamate) is dissolved in benzyl alcohol, it forms a gel at room temperature that is 
optically anisotropic. Studies on gels of five different concentrations are reported here. Differential scanning 
calorimetry and rigidity modulus measurements have been carried out to examine the transitions that occur 
upon heating and cooling the gels. The transition temperatures recorded are in good agreement between the 
two techniques, but the bebaviour of the gels cannot simply be related to the Flory phase diagram. 
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INTRODUCTION 

Poly(~-benzyl-L-glutamate) (PBLG) was the first liquid- 
crystalline polymer (LCP) to be discovered 1, and has 
been the focus of many studies. It is often regarded as an 
ideal model LCP and its behaviour in a range of solvents 
has been extensively studied by several workers 2-5. Such 
studies have included a comparison of the phase diagram 
with that predicted by Flory 6 for a set of rigid-rod 
molecules, with the PBLG--dimethylformamide system in 
particular showing a phase diagram in good agreement 
with the theoretical prediction 2. However, gelation in 
toluene 7'8, dimethylformamide (DMF) 5 and benzyl 
alcohol (BA) 9 has also been reported, although it is not 
yet clear how the sol-gel transition relates to the phase 
diagram, nor what the mechanism of gelation is. 

In this paper we explore the sol-gel transition in the 
PBLG-BA system using two techniques: differential 
scanning calorimetry (d.s.c.) and rigidity (shear) modulus 
measurements. One of the major problems in identifying 
the mechanism of gelation is actually locating the 
transition temperature. Some methods, such as that 
based on the temperature at which a small ball starts to 
fall through the gel, are not only subjective in the 
measurement but also depend on the particulars of the 
apparatus (i.e. the nature of the ball). Other methods, 
although more quantitative, may be subject to some 
uncertainty due to rate (e.g.d.s.c.) or frequency (e.g. 
dynamic mechanical testing) effects. Such techniques 
have at least the advantage that a consistent set of 
experiments may be performed on a series of samples, 
permitting direct comparisons, and in principle it is also 
possible to obtain some estimate of the magnitude of the 
effects by systematically varying the rate or frequency. 

In this study a comparison is made of results obtained 
from d.s.c, with measurements of the rigidity modulus 
obtained via the technique of Saunders and Ward 1°. 
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Some preliminary measurements were carried out using 
the falling-ball technique, but these experiments were 
not pursued because of the impossibility of obtaining 
quantitative information. In the Saunders and Ward 
technique, a small volume of gel is placed in the arm of a 
U-tube containing mercury, and is subjected to 
hydrostatic pressure. The rise in height of the mercury 
column as the gel deforms permits the modulus of the gel 
to be determined. The technique, which has previously 
been applied to gelatin gels 11'12, has the advantage of 
using relatively small amounts of gel, and the same 
sample can be used repeatedly as the temperature is raised 
or lowered over the range of interest. A plot of modulus 
v e r s u s  temperature indicates the position of any tran- 
sitions present. Transitions can be observed on both 
heating and cooling, unlike the falling-ball technique 
mentioned above, which can only be used for heating 
cycles. 

The comparison shows good agreement for the 
observed transition temperatures between the two 
techniques. However, the transitions so measured do not 
correlate with those observed in a parallel study using 
optical microscopy 1 a. The phase diagram derived from 
the microscopy observations is not dissimilar to that 
predicted by Flory, but it seems that the gel-sol transition 
is quite separate, and is tentatively assigned to the melting 
of small crystallites. 

EXPERIMENTAL 

Concentrations of 5, 8, 10, 15 and 15.7vo1% were 
prepared using spectroscopic-grade benzyl alcohol (BA) 
(<0.65 % water) from BDH Chemicals Ltd. The BA was 
further dried with KCO 3 and filtered before use. The 
polymer had a M, of 345 000 and was obtained from 
Sigma Chemical Co. Ltd. Samples were prepared by 
mixing the polymer and BA at room temperature, and 
then heating the mixture, with stirring, to temperatures 
between 70 and 80°C (depending on concentration). 
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Figure 1 U-tube apparatus used in the measurement of rigidity 
modulus 

Complete dissolution of the polymer was taken to be the 
point at which uniform transparency was achieved. The 
solutions were then allowed to cool slowly (<  I°C min-1) 
to room temperature, during which process the gel 
formed. Initially, all of the cooled gels were transparent 
except the 15 and 15.77O, which became slightly 
translucent on cooling. Within a day, the turbidity of 
these two concentrations had increased and the 10 7o had 
also become slightly turbid. Turbidity increased with 
increasing concentration. The 8 7O gel eventually became 
slightly turbid whereas the 57O gel always remained 
almost perfectly transparent. Gels were stored at 25°C, 
small amounts being removed at intervals for the d.s.c. 
measurements. Larger amounts (~  1 cm 3) were required 
for the rigidity modulus measurements. 

The rigidity modulus measurements were made using a 
U-tube of which one arm is a capillary of 0.5 mm diameter 
and the other a precision-bore glass tube of 6.0mm 
diameter (Figure I). The U-tube was cleaned with acid 
solution and thoroughly rinsed and dried before use. A 
gel sample was introduced into the large-diameter tube 
above a column of mercury and then heated to between 70 
and 80°C, so that the gel sample became fluid enough to 
make contact with the tube wall. After cooling, the filled 
tube was stored at 25°C for not less than 15 h prior to the 
experiment. 

The experiments were performed by lowering the U- 
tube vertically into an oil or water bath so that the gel 
column was well below the surface. The large-diameter 
tube was connected to an air compressor and mercury 
manometer;  the pressure P did not exceed 0.5 atm (5 × 
107 Pa). The volume displacement V was calculated by 

measuring the rise of mercury in the capillary with a 
travelling microscope. The length of gel L was measured 
for each recorded temperature using the microscope, and 
the gel was also checked at intervals to see whether any 
slippage was occurring at the tube wall. As long as end 
effects are negligible, i.e. L >> R (R is the tube radius), then 
it can be shown l° that the shear modulus G is given by: 

nPR 4 
G= 

8LV 

The bath was heated with an immersion heater and the 
heating rate controlled to be about 0.25°C rain -1 by 
varying the supply voltage to the heater. The rate was 
slow enough to allow measurements to be taken at 
intervals of I°C, or less if necessary, up to a maximum 
temperature of between 70 and 80°C. At this temperature, 
the heater was removed and the bath allowed to cool. The 
cooling rate was uncontrolled but sufficiently slow to 
allow readings to be taken at intervals of I°C or less as the 
temperature dropped; at 40°C the rate was less than 0.2°C 
rain- 1. The bath was continuously stirred to maintain an 
even temperature, and a complete experiment took 
around 10 h to perform. Experiments were performed 
within a week of preparing the U-tube and at least three 
times on each concentration with an interval of at least 
two days between experiments. In order to check for 
ageing effects, two concentrations (5 and 10 7O) were left 
for 3 and 6 weeks respectively at 25°C before performing a 
further experiment. 

Differential scanning calorimetry experiments were 
performed on a Mettler 2000 having possible heating 
rates down to 0. I°C min-*.  Gel samples were sealed in 
small aluminium crucibles and weighed before and after 
experiments to check for weight loss. The majority of 
experiments were performed at a heating or cooling rate 
of I°C rain-1; the highest rate used was 3°C min-~. 

RESULTS 

Modulus measurements 
The modulus measurements provide a complete profile 

of the shear modulus as the temperature is cycled. An 
example of such a profile is shown in Figure 2a for the 5 7O 
gel. This has a modulus of 3.5x 10SPa at room 
temperature, which decreases as the temperature is 
raised; between 40 and 48°C the decrease becomes more 
rapid. A transition temperature, T t ~m, is identified as the 
temperature at which a straight line through the lower- 
temperature points crosses a straight line through the 
higher-temperature points, as shown in the figure. T 1 ~n is 
about 45°C for the 5 7O gel. The kink in the curve between 
57 and 62°C is not reproducible. At 62°C the modulus has 
fallen to 1 × 103 Pa and this is maintained at higher 
temperatures. On lowering the temperature, no change is 
observed until 37°C, when the modulus rises sharply. The 
temperature at which the sharp increase in modulus is 
observed is designated Tar ~ (also shown on Figure 2a). 
By 30°C, the two curves of increasing and decreasing 
temperature are virtually coincident, and remain so down 
to room temperature. The 5~o gel aged for 3 weeks 
behaved similarly except that it had a slightly lower 
room-temperature modulus of 2.5 x 10 s Pa. 

Table 1 lists the initial room-temperature modulus of all 
the gels studied, the value of the modulus at 70°C, above 

POLYMER, 1988, Vol 29, August 1427 



D.s.c. and modulus measurements of gels." A. Hill and A. M. Donald 

L9 

3 

6.0 

5.0 

4.0 

3.0 

a 

I I I I I I 

I I 
10 

o 

~ o  J"J 0" 

I I 
I 
I 

I I I  I I 
30 T 3 T 1 50 70 

Tempera ture  ( °C)  

6.0 -- 

: 5 . 0 - -  
g. 

o _1 - -  

4 . O - -  

b 
3.( 

I I 1 I I I I 

o %  

I 

I I I I J ~ ~ ~  - ~  
I 50 T 2 70 ,o 30 q rl 

Tempera ture  ( °C)  

Figure 2 Temperature profile for the rigidity modulus for (a) 5 % and 
(b) 10% gels: ©,  heating cycle; [-], cooling cycle. The transition 
temperatures are indicated, together with the construction for locating 
them 

the gel melting point, and the room-temperature modulus 
measured immediately after cooling. For  the 8 and 10 % 
gels, two transitions are recorded on heating. The 
position of the second transition, Tz~m, is obtained in the 
same way as Tlr~ by extrapolation of the lines drawn 
through the low- and high-temperature points. An 
example of this construction is shown in Figure 2b, which 
is the modulus profile for the 10% gel. Figure 2b also 
shows that still only a single, sharp transition is measured 

on cooling. The value of the modulus immediately after 
cooling is higher than the initial room-temperature 
modulus (see Table 1), but returns to the lower value 
within 2 days. A similar effect was also observed for the 
8 % gel. 

By comparison with the behaviour of the 10% gel 
shown in Figure 2b, the aged (6 weeks) 10 % gel had a 
much-reduced modulus. After pressurizing the gel~ the 
mercury level in the capillary continued to rise very slowly 
after its initial increase, and between 30 and 42°C no 
steady level was achieved; this seems to suggest that some 
slippage of the gel is taking place. Above 42°C, 
pressurizing resulted in a steady mercury level and 
measurements were possible, yielding a T 2rm of 5 I°C, with 
the modulus falling to 1.1 x 103 Pa by 64°C. On lowering 
the temperature it was possible to measure the modulus 
right down to room temperature, with a Tsr~ of 41°C 
being identified. 

It was also found to be impossible to measure a room- 
temperature modulus for the 15.7 % gel: if left at room 
temperature for only a few hours after preparation, the gel 
visibly exuded a liquid that caused it to slip within the 
tube when pressurized. If the temperature was raised, this 
effect persisted until 63°C, when a modulus could first be 
measured, with a value of 1.5 x 10 a Pa. On decreasing the 
temperature, the modulus started to increase at 50°C and 
a Tarm of 50°C was measured. Summaries of all the results 
described here are given in Tables 1 and 2, the latter 
including a list of all the transition temperatures 
measured. 

Differential scanning calorimetry experiments 
Figure 3 is a schematic representation of average values 

of peak positions and widths for all concentrations using 
small amounts of gel (<25 mg). Averages were taken 
from three or four experiments for each concentration 
except in the case of the 8 %, where only one experiment 
was performed, no heating transition being observed in 
this case. Errors in temperature are estimated to be 
_ I°C. In the heating portion of the cycle, a single broad 
peak is observed with difficulty for the 5 and 8% 
specimens and two peaks for the 15 and 15.7% gels. 
Cooling cycles exhibit much sharper single peaks, which 
start between 2 and 10°C below the start of the heating 
peaks. The use of large amounts of sample allows the 
resolution of smaller transition peaks, but with less 
accurate values of peak temperature position owing to a 
heat transfer effect. Using larger masses (>  50 mg) two 
peaks are observed for the 15, 8 and 10% gels, and a hint 
of two peaks, virtually inseparable, in the 5 % gel. A 
summary of results for these specimens is shown 

Table 1 Rigidity moduli for various gels 

Modulus (Pa) 

Room temperature Room temperature 
Sample (initial) 70°C (after cooling) 

5% 3,5x 10 5 1.0x 10 3 3.0x 10 5 
Aged 5% 2,5× 10 5 1.0x 10 3 3.0x l0 s 
8% 9.0x 10 5 1,5x 10 3 2.0x 10 6 
10 % 6.0 x 10 s 1,0 x I0 a 1.0 x 10 6 
Aged 10 % slippage 1,1 x 10 3 1.0 x 10 6 
15.7% slippage t , 5 x  10 3 1.4x 10 6 
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Table 2 Sol-gel transitions (°C) for various methods 

D . s . c .  

Ave. small mass Large mass Rigidity modulus Clearing range 

Conc. 
(~o) T1 T 2 T s T 1 T 2 T 3 T1 T 2 T 3 Heating Cooling 

5 44 - -  33 55 - -  31 45 - -  37 
8 - -  - -  34 50 56 a 35 45 53 41 44-50 40-42 

10 51 - -  42 51 60 39 47 54 41 50-62 4 0 ~ 2  
15 48 57 43 48 57" 46 - -  - -  - -  
15.7 48 57 46 51 59 47 - -  - -  50 60-62 49-51 
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Figure 3 Schematic representation of peak temperatures of the 
transit ions observed by d.s.c, for small amounts  of gel: O ,  heating cycle; 
I I ,  cooling cycle. Bars represent the widths of the peaks 

schematically in Figure 4. In all cases, if the experiment 
was immediately repeated, the higher-temperature 
heating transition peak was substantially reduced in 
magnitude, and the cooling transition remained 
essentially unchanged (Figure 5). The lower temperature 
of the two heating transition peaks was essentially 
unchanged on this second heating in the higher 
concentrations. 

T~d~ and T2d~ were chosen as the start of the lower- and 
higher-temperature peaks on heating and T3d ~ as the start 
of the transition on cooling. In the case of the 8 and 15 
gels, the two heating transitions overlapped and T2d ~ was 
estimated with a error of _ 2°C. Experiments were also 
performed at sub-ambient temperatures, when no 
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Figure 4 Schematic representation of peak temperatures of the 
transitions observed by d.s.c, for large amounts of gel: 0 ,  heating cycle; 
i ,  cooling cycle. Bars represent the widths of the peaks 

transitions that might be evidence of water contentt 4 were 
observed. 

A summary of the results from the d.s.c, experiments is 
included in Table 2. During the course of the rigidity 
modulus experiments, initially opaque gels were observed 
to clear as the temperature was raised. Table 2 also 
contains a synopsis of these clearing temperatures. In all 
cases, clearing was not instantaneous. 

DISCUSSION 

Whereas the temperature T 1 does not seem to vary 
significantly or systematically with concentration, there 
does seem to be a clear trend for T3 to increase, as 
revealed by both techniques. There are insufficient data 
to comment on the behaviour of T 2. Furthermore, the 
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F i g u r e  5 Heating and cooling d.s.c, cycles of 15 % gel, 99.1 mg: A, first- 
run heating; B, repeat heating; C, first-run cool; D, repeat cool 

modulus does not increase monotonically with 
concentration, the 8 % gel having a higher value than the 
10 % at all temperatures. This effect was also observed by 
Murthy and Muthukumar, in their recent study of the 
dynamic mechanical properties of similar gels 15. They 
suggested that the effect could in some way be related to 
the 8 % sample being the only one to enter the so-called 
biphasic chimney of the Flory phase diagram (a similar 
effect is seen in rheological properties of lyotropic 
polymers), but further evidence is needed to clarify this 
point. 

Both the d.s.c, and modulus techniques suggest that 
there are two separate mechanisms contributing to the 
gel-sol transition, characterized by the temperatures T~ 
and T2. The higher-temperature mechanism becomes 
more prominent as concentration is increased (thus T 2 is 
not detectable in the lower concentrations). The two 
techniques are in good agreement and produce reliable 
and reproducible measurements of the transition 
temperatures. It is now necessary to consider the possible 
sources of the transitions. 

PBLG is a rod-like polymer that is capable of forming 
liquid-crystalline phases in many solvents, including BA. 
As was stated in the introduction, this has led people to 
study its phase diagram and its relationship with the 
theoretical predictions of Flory 6. However, these 
theoretical predictions take no account of any possible 
crystallinity or gelation, and simply consider the regimes 

of coexistence of isotropic and anisotropic phases, 
including the possibility of there being more than one of 
the latter. Optical micrographs show that all the 
concentrations of PBLG in BA studied here appear 
anisotropic at room temperature, as seen in Figure  6 
(although it is anticipated that the material is actually 
biphasic, with the presence of a finely distributed 
isotropic phase being masked by the anisotropic). Thus 
one has the intriguing system of an optically anisotropic 
gel. Whether this gel is also mechanically anisotropic 16 
remains to be seen. One fundamental question that has to 
be addressed is the relationship (if any) between the 
existence of a liquid-crystalline phase, its transition to an 
isotropic phase, and the gelation phenomenon. In other 
words, is there any structure inherent in the liquid- 
crystalline phase that is capable of conferring rigidity on 
the gel and giving it a finite modulus, or is the gel state 
actually unrelated to this phase? 

Several mechanisms for gelation in anisotropic systems 
containing PBLG have been considered. A mechanism 
based on spinodal decomposition was proposed by Miller 
et al. 7,s for the toluene system, whereas both Ginzburg et 
al. 5 for the DMF system, and Sasaki et al. 9 for the BA, 
have postulated the existence of some type of crystallite 
acting as the gel junction points. In the Ginzburg 
approach, the low-temperature gel is envisaged as a three- 
phase system: isotropic, liquid crystalline and crystalline. 
At higher temperatures the isotropic phase is assumed to 
transform to a second liquid-crystalline phase, but the 
crystallite junction points remain. Sasaki et al. 9'17.1s use 
X-ray evidence to identify two so-called 'complex phases', 
which lead to two types of gel (produced by different 
thermal histories) with slightly different melting points. 
The precise nature of these complex phases is not spelt out 
in their papers. 

In the present work several points indicate the presence 
of crystallization: 

(1) All the gels at room temperature exude a liquid, the 
amount of exudate increasing with concentration and 
time. If this exudate were the isotropic phase of the wide 
biphasic region in the Flory phase diagram, then one 
would expect the amount to decrease with increasing 
concentration. On the other hand, syneresis is a typical 
effect of crystallization in gels and is due to the thickening 
of crystals after their formation 19'2°, so the amount of 

F i g u r e  6 Optical micrograph of the 10% gel at room temperature 
under crossed polars, indicating the anisotropic nature of this gel 
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solvent rejected in this case will increase with polymer 
concentration, as observed. Thus the exudate is thought 
to be due to syneresis. It is the presence of this liquid in 
sufficient quantity that prevents the measurement of 
modulus in the aged 10 ~o and the 15.7 ~ specimens. 

(2) On cooling, the d.s.c, traces exhibit only one sharp 
peak at a much lower temperature than the heating 
transition. The modulus measurements also exhibit a 
single sharp transition on cooling, at a temperature well 
below the heating transitions. Melting point depression is 
a characteristic of crystallization, as the crystalline state 
develops at a finite rate only at temperatures well below 
the melting temperature 2~. 

(3) Clearing of the gels is not instantaneous. This could 
be due to the presence of different sized crystallites, which 
melt at different temperatures. The broadness of the d.s.c. 
heating transition is consistent with this. Clearing 
occurred uniformly in the gels so that local temperature 
differences can be ruled out. 

Thus it seems extremely probable that some type of 
crystalline aggregates are present in the gel. 

Recent X-ray work on the PBLG-BA gels confirms 
that at room temperature some crystallinity is 
present 16.22, but work is continuing to explore changes in 
the diffraction pattern as the system passes through the 
sol-gel transition. However, the data do seem to confirm 
that for this system the gel junction points can be 
associated with the crystals. It is clear from parallel 
optical microscopy studies ~3 that the transitions 
observed by that technique are quite distinct (i.e. 
transitions of the type liquid crystal-isotropic, etc., which 
must be between macroscopic phases to be observable in 
the light microscope), although they may be described 
well by the Flory phase diagram. At room temperature 
this means that the material appears optically 
anisotropic, as seen in Figure 6. 

If this distinction is the case, then it follows that the gel- 
sol transition must be superimposed on the standard 
Flory diagram, with additional phase boundaries 
corresponding to crystal melting to demarcate the limit of 
gel stability, as suggested by Sasaki et al)  8. That the gel is 
optically anisotropic can therefore be regarded as a 
consequence of the fact that the crystals are embedded in 
a liquid-crystalline, rather than the normal isotropic, 
matrix. This fact must, however, be regarded as 
coincidental to the gel state. Above the gel melting 
temperature, micrographs show that the liquid remains 
liquid crystalline (anisotropic). A further discussion of 
this will be given in a subsequent paper in which the 
optical evidence of the different (macroscopic) phases 
present will be described ~ 3. 

This study should be compared with a recent dynamic 
mechanical study of PBLG-BA gels ~ 5, using PBLG of 
the same nominal molecular weight. In this it was found 
that the gel point could be characterized by the drop in 
the storage modulus. However, this drop was sharp only 
for isotropic solutions, i.e. for low concentrations. An 
attempt was made to relate the transition to the Flory 
phase diagram, but this rests on the assumption, disputed 
above, that the gel transition corresponds to the phase 
boundary of that diagram. In this study we find that, even 
in solutions that we know are anisotropic, the T~ 
transition is sharp, which makes the identification of the 
'gel-point' more straightforward than in their work. 
Secondly, because the drop in modulus is steep, it is 
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possible to pick up the Tz transition for the more 
concentrated solutions. In fact there is a hint of a second 
transition in the curves presented by Murthy and 
Muthukumar, particularly for the 10 ~o sample. Finally, 
we note that the transition temperatures measured by the 
quasi-static technique described in this paper are in good 
agreement with those measured dynamically by Murthy 
and Muthukumar, but our values for the modulus are 
systematically lower, as might be expected. 

With this identification of the gel junction points as 
being some kind of crystal, further thought needs to be 
given to what these crystals are. Without further X-ray 
evidence, this can only be speculated on. One possibility 
is that they can be identified as some type of 
crystallosolvate complex (i.e. a crystal formed from 
polymer plus solvent bound on a lattice). This is 
presumably the type of 'complex' implied by Sasaki et 
al.9' 17.1 s, although it was not explicitly so identified. Thus 
the biphasic region of the Flory phase diagram becomes 
triphasic: liquid crystal, isotropic and crystallosolvate 
phases being present. 

Crystallosolvate phases have previously been identified 
in other rigid-rod polymer systems, notably poly- 
benzamide 23, poly(p-phenylene benzobisthiazole) 24 and 
nitrocellulose 25, and an association of their appearance 
with the onset of gelation noted 26. For aromatic 
polyamides, which are rather rigid molecules, solubility 
only occurs in strongly interacting solvents and this will 
tend to promote the formation of crystals where the two 
components are cocrystallized. In other cases where the 
polymer is more readily soluble (e.g. PBLG), specific 
interactions such as hydrogen bonding may play a key 
role. 

The behaviour of the PBLG-BA gel upon heating can 
therefore be described in summary as follows. According 
to the Flory phase diagram, as the temperature is raised, 
the volume and concentration of the isotropic phase 
increase, and the volume of the anisotropic phase 
decreases. Assuming that the crystalline junctions are 
maintained intact up to the gel melting temperature, the 
polymer concentration in the isotropic phase must 
increase at the expense of the liquid-crystal phase, i.e. 
there is an exchange of polymer between these two phases, 
the amount of polymer exchange increasing as the 
temperature is raised. At a temperature T 1 the crystalline 
junctions melt to leave a simple biphasic system, but this 
transition would appear not to be related in any way to 
the Flory diagram. This temperature T~ is clearly shown 
by both the d.s.c. (Tld~) and rigidity modulus (T~)  
measurements, with good agreement between the two. 

For the higher-concentration gels, a second transition 
T 2 is observable on heating, from both d.s.c, and modulus 
measurements. The modulus decrease at T2r m is much less 
marked than at T lrm, and the magnitude of the endotherm 
at TEd . is reduced if a second heating run is carried out 
immediately after the first. Thus it appears that some 
second type of 'crystal' is present, which confers less 
rigidity to the gel than the first and takes time to re-form. If 
the lower-melting crystal is a crystallosolvate phase, the 
higher may be associated with the polymer chains alone. 
Because of the comparatively low mobility of the 
macromolecules, compared with the solvent, these 
crystals are likely not to re-form instantaneously, thus 
explaining the d.s.c, results. Annealing experiments are 
likely to cast further light on this matter. Again, this 
transition is not detectable optically. The next phase 
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transition discernible in the optical microscope is at a 
much higher temperature when a second liquid- 
crystalline phase appears followed by the disappearance 
of the isotropic phase 1 a. 

CONCLUSIONS 

It is proposed that the optically anisotropic gels exhibited 
by the PBLG-BA system are most easily considered as 
consisting of two parts: a liquid-crystalline/isotropic 
component that behaves as predicted by Flory, within 
which are crystallites that confer rigidity upon the gel. 
The former occupies by far the greater volume. The gel- 
sol transition T1 is identified as crystal melting and there 
is no evidence to connect this transition with any of the 
phase transitions in the Flory phase diagram. A higher- 
temperature transition T2 can also be identified. 

ACKNOWLEDGEMENTS 

We acknowledge a useful discussion with Professor 
Muthukumar and Dr Murthy at the University of 
Massachusetts and their kindness in allowing a preview of 
their recent results. Fruitful discussions with Professor 
Samulski are also acknowledged. In addition we are 
grateful to Dr Sadler at Bristol University for a useful 
discussion on polymer crystallization, and to Dr 
P. Johnson for suggesting the Ward and Saunders 
method for measuring rigidity modulus, and for the loan 
of the relevant equipment. The financial support of the 
AFRC is gratefully acknowledged. 

REFERENCES 

1 Elliot, A. and Ambrose, E. J. Disc. Faraday Soc. 1950, 9, 246 
2 Wee, E. L. and Miller, W. G. J. Phys. Chem. 1971, 75(10), 1446 
3 Russo, P. S. and Miller, W. G. Macromolecules 1983, 16, 1690 
4 Subramanian, R. and DuPre, D. B. J. Phys. Chem. 1984, 81(10), 

4626 
5 Ginzburg, B,  Siromyatnikova, T. and Frenkel, S. Polym. Bull. 

1985, 13, 139 
6 Flory, P. J. Proc. R. Soc. Lond. (A) 1956, 234, 73 
7 Miller, W. G., Kou, L., Tohyama, K. and Voltaggio, V. J. 

Polym. Sci., Polym. Syrup. 1978, 65, 91 
8 Tohyama, K. and Miller, W. G. Nature 1981, 289, 813 
9 Sasaki, S., Tokuma, K. and Uernatsu, I. Polym. Bull. 1983, 10, 

539 
10 Saunders, P. R. and Ward, A. G. Research Report B6, British 

Gelation and Glue Research Assoc., 1953 
11 Metcalfe, J. C. PhD Thesis, Cambridge, 1965 
12 Thornton, A. C. R. PhD Thesis, Cambridge, 1967 
13 Hill, A. and Donald, A. M. Liq. Cryst. to be submitted 
14 Russo, P. S. and Miller, W. G. Macromolecules 1984, 17, 1324 
15 Murthy, A. K. and Muthukumar, M. Macromolecules 1987, 20, 

564 
16 Poliks, M. D., Park, Y. W. and Samulski, E. T. Mol. Cryst. Liq. 

Cryst. 1987, 153, 321 
17 Sasaki, S., Hikata, M., Shiraki, C. and Uematsu, I. Rep. Prog. 

Polym. Phys. Japan 1978, 21,557 
18 Sasaki, S., Hikata, M., Shiraki, C. and Uematsu, I. Polym. J. 

1982, 14, 20 
19 Pines, E. and Prins, W. Macromolecules 1973, 6, 888 
20 Stainsby, G. in 'The Science and Technology of Gelation', (Eds. 

A.G. Ward and A. Courts), Academic Press, London, 1977, 
p. 203 

21 Mandelkern, L. 'Crystallization of Polymers', McGraw-Hill, 
New York, 1964, Ch. 8 

22 Hill, A. and Donald, A. M. Mol. Cryst. Liq. Cryst. 1987, 153, 395 
23 Pankov, S. N., Iovleva, M. M., Banduryan, S. I., Ivanova, N. A., 

Andreyeva, I. N., Kalmykova, V. D. and Volokhina, A. V. 
Polym. Sci. USSR 1978, 20, 742 

24 Cohen, Y. and Thomas, E. L. Mol. Cryst. Liq. Cryst. 1987, 153, 
375 

25 Viney, C. and Windle, A. H. Liq. Cryst. 1987, 148, 145 
26 Iovleva, M. M. and Papkov, S. P. Polym. Sci. USSR 1982, 24, 

236 

1432 POLYMER, 1988, Vol 29, August 


