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Swelling behaviour of poly(butadiene) gels in liquid
crystal solvents
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The swelling behaviour of poly(butadiene) gels in four diŒerent nematogenic liquid crystalline
(LC) solvents has been investigated as a function of temperature (T ). Microscopy with crossed
polarizers reveals that the nematic to isotropic phase transition temperature of the LC
solvents inside the gels (T gNI ) is slightly lower than that of the surrounding pure LC solvents
(T oNI ), but the degrees of depression in T gNI in each system are comparable regardless of the
considerable diŒerences in the degrees of equilibrium swelling (Q) at T gNI between the various
systems. In general, Q in the isotropic phase is larger than that in the nematic phase, but a
unique swelling behaviour of the gel is found in the vicinity of TNI due to the phase transition
of the LC solvents. Q remains constant in the temperature range of T gNI < T < T oNI in which
the phases of the LCs outside or inside the domain of the gels are diŒerent, namely, nematic
and isotropic phase, respectively. In addition, a � nite abrupt (discontinuous-like) change in Q
is observed at around TNI . The gels swollen in the LCs, having an ability to interact with the
crosslinking points via hydrogen bonding, show a signi� cant thermal hysteresis for the
temperature dependence of Q in the vicinity of TNI , while no discernible thermal hysteresis is
observed for the gels in the LCs incapable of forming hydrogen bonds.

1. Introduction transition of the LC (as swelling solvent) from an iso-
Swelling is an interesting property speci� c to polymer tropic to an anisotropic character may considerably

gels, together with rubber elasticity. The degree of swell- change the thermodynamic interaction between the con-
ing of polymer gels signi� cantly depends on conditions stituent polymer and the LC. It has been reported [3]
such as the nature of the swelling solvents, temperature, that some polymer gels show a large discontinuous
etc., which in� uence the thermodynamic interaction change in gel volume (called volume phase transition),
between the constituent polymer and the solvent. The caused by abrupt changes in thermodynamic interactions
unique characteristics of swelling phenomena have in response to small changes in temperature, solvent
attracted much attention of physicists, chemists and composition, etc. at certain critical values.
engineers from both academic and industrial viewpoints In our previous paper [8], preliminary studies on
[1–5]. The thermodynamics and kinetics of swelling the nematic to isotropic phase transition and swelling
have been extensively investigated both experimentally behaviour for a polymer gel swollen in a LC were
and theoretically. Most of the earlier studies focused on reported for poly(butadiene) (PB) gels in p-ethoxy-
swelling in conventional isotropic solvents, but a few benzylidene-p -n-butylaniline (EBBA), a nematic LC.
studies [6–8] on polymer gels swollen in anisotropic It was observed that the nematic to isotropic phase
solvents, i.e. liquid crystal (LC) solvents have been transition temperature (TNI ) of EBBA inside the PB gel
reported. As pointed out � rst by Brochard [7], a was slightly lower than that of the surrounding (pure)
polymer network swollen in a liquid crystal solvent is EBBA. The depression in TNI of EBBA inside the PB
theoretically expected to exhibit some unique physical gels was also found to be much smaller in comparison
properties originating from the nematic to isotropic with that of EBBA in the un-crosslinked PB solution with
phase transition and the nematic character of the LC the same PB content. It was also reported [8] that the
solvents. Especially, the eŒect of the nematic to isotropic variation of Q with temperature was continuous without
phase transition of the LC on the degree of equilibrium any anomaly below and above TNI . Unfortunately, a
swelling (Q ) is an interesting subject, as the phase thorough investigation on the swelling behaviour of the

PB gel in the vicinity of TNI of the LC was not possible
because of the undesirable hydrolysis of EBBA in the*Author for correspondence;

e-mail: urayama@scl.kyoto-u.ac.jp presence of even trace amounts of moisture. In the present
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study, we have critically investigated the temperature chemically crosslinked cylindrical gels were immersed in
p-xylene for two days and subsequently in toluene fordependence of Q especially in the close vicinity of TNI

using four chemically stable LC solvents with varying four weeks. The p-xylene and toluene were renewed
every day in order to wash away residual chemicals orstructures. We have demonstrated that the PB gels in

the LC solvents show interesting and complex swelling unattached chains. The mass fractions of unreacted
materials were found to be less than 5%. The gel samplesbehaviour in the vicinity of TNI because of the nematic

to isotropic phase transition of the LC solvents, and were completely dried in air and thereafter immersed in
the LC solvents in an optical cell at selected temperaturesthat there are two diŒerent T

NI
values outside and inside

the gels. We have also seen some signi� cant diŒerences until equilibrium swelling was achieved.
in swelling behaviour between LCs with and without
the ability to form hydrogen bonds. 2.3. Measurements

The phase and swelling behaviours were examined using
a Nikon polarizing optical microscope equipped with a2. Experimental

2.1. Material Mettler hot stage FP-82 under a nitrogen atmosphere.
The experimental set-up used here is the same as thatThe hydroxyl-terminated polybutadiene used as the

precursor chain for network formation was obtained reported previously [8]. The temperature was controlled
with an accuracy of better than Ô 0.05 K. The nematicfrom the Aldrich Chemical Co. The quoted mass average

molecular mass of the PB was 6.2 Ö 103 g mol Õ 1. to isotropic phase transition temperature (TNI ) of the LC
solvent was determined as the temperature at whichTriphenylmethane-4,4 ¾ -4 ² -tri-isocyanate (TPMTI), used

as crosslinking agent, was procured from the Sumitomo the nematic texture appears in the cooling process. The
error in determination of T

NI
was less than Ô 0.1 degree.Bayer Co. The liquid crystals, 4 ¾ -octyl-4-biphenyl-

carbonitrile (I), 4-(trans-4-pentylcyclohexy l) benzonitrile The surface level of the LC solvents was adjusted to
be low enough so that the phases of the LC inside the(II ), 4-cyanophenyl 4-heptylbenzoate (III ) and 4,4 ¾ -

diheptylazoxybenzene (IV ), used as swelling solvents, gels and the boundary of the gel surface were distinctly
visible when viewed through the microscope (but highwere obtained from the Aldrich Chemical Co. The

chemical structures of the LC solvents are shown in enough to immerse the gel completely). No appreciable
change in T oNI was observed throughout the experiments,� gure 1. The LC solvents with a quoted purity of at

least 98% were used without further puri� cation. con� rming the chemical stability of the LC solvents used.
The gel samples in the equilibrium swollen state at

various swelling temperatures as viewed in the polarizing2.2. Sample preparation
The polymer network was prepared by end-linking microscope were photographed , and the diameters of the

cylindrical gels at each temperature were measured fromthe hydroxyl-terminated PB with TPMTI in p-xylene.
The PB concentration was 30 vol %. The pre-gel solution the enlarged photographs . The degree of equilibrium

swelling (Q), de� ned as the ratio of the gel volumes inwas transferred into an end-capped glass tube with a
diameter of c. 1 mm. The end-linking reaction was per- the dry (V0 ) and equilibrium swollen state (V ), was

calculated from the diameter of the gels in the dry (d0 )formed at room temperature for 24 h. The resulting
and swollen state (d ) under the assumption of isotropic
swelling using the relationship

Q = V /V0
= (d/d0 )3. (1)

The maximum value of d/d0 for the entire measurements
was only about 2. Therefore the gels remained free
without being touched by the surface of the window
of the Mettler hot stage and so the isotropic swelling
condition prevailed throughout the entire experiment.

3. Results
Microscopic observation with crossed polarizers

reveals that the LC solvents outside and inside the gels
have diŒerent nematic to isotropic transition temper-
atures (TNI ) for all the systems studied. The LC solvent
outside the gel corresponds to the pure LC solvent. The
TNI of the LC inside and outside the gel, designated

Figure 1. Chemical structures of the liquid crystalline solvents. T gNI
and T oNI

, respectively, are displayed in the table. It
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797Swelling of poly(butadiene) gels in L Cs

Table. Nematic–isotropic phase transition temperature (TNI ) 3 (a) and 3 (b), respectively. It can be seen that the T
of liquid crystalline solvents outside and inside the dependence of Q shows thermal hysteresis at temper-
poly(butadiene) gel. Determinations made during cooling.

atures near T
NI

, while no signi� cant diŒerences in the Q
values for the cooling and heating processes are observedSolvent T oNI/Ka T gNI/Kb
at temperatures either far above or below TNI . In both

I 313.6 312.9 the gels containing LCs III and IV, Q values in the
II 327.3 326.4 heating process are de� nitely smaller than those in the
III 328.1 327.4

cooling process, at temperatures in the vicinity of T
NI

. ItIV 343.5 342.6
should be noted that the swelling curves are reproducible
over a number of trial runs, con� rming the presence ofa Outside gel.

b Inside gel. hysteresis. On the contrary, the system with LC I is
found to produce the same swelling curve within experi-
mental error, regardless of the direction in which thecan be seen that T gNI of all the systems are 0.7~ 0.9

degree lower than T oNI
. A similar observation was found temperature is varied, as shown in � gure 3 (c). The system

with LC II also exhibits no appreciable thermal hysteresisfor PB gels in EBBA liquid crystal as reported previously
[8]. In the temperature range T gNI < T < T oNI , the LCs in the swelling curve, although the data are not shown

here.outside and inside the domain of the gel form two
diŒerent phases: nematic and isotropic, respectively. The
corresponding appearance of the surrounding solvents 4. Discussion

The slightly lower T gNI
compared with T oNI

, commonlyand gel remain bright and dark, respectively, using
crossed polarizers. observed for all the systems, can be qualitatively

explained by taking into account the impurity eŒects ofThe temperature (T ) dependences of the degree of
equilibrium swelling (Q ) for the PB gels in the diŒerent the polymer backbone of the gels on the phase transition

of the LCs. The existence of a non-mesomorphic sub-LC solvents are shown in � gures 2 (a–d ). In general, Q
tends to increase with increase in temperature. The stance, in general, depresses the TNI of LCs [8–11].

However, it is noteworthy that the degrees of depressionmagnitude of Q in the isotropic phase is larger than that
in the nematic phase. It is also found that the T in T gNI in each system are comparable (0.7 to 0.9 degree)

regardless of the considerable diŒerences in Q valuesdependences of Q around TNI for all the systems have
the following three common features as shown by the (impurity content ) at T gNI for all the systems. For example,

the polymer volume fractions in the gels containing LCsinsets of � gures 2 (a–d ): (i) the Q ± T curves show plateau
regions at around T

NI
with no appreciable change in Q; II and III at T gNI

are c. 0.14 and c. 0.49, respectively,
corresponding to the minimum and the maximum for(ii) the plateau regions extend slightly but de� nitely

beyond the temperature region T gNI < T < T oNI ; (iii) a the four systems. Here, the polymer volume fractions
are calculated using the assumption of volume additivity� nite abrupt (discontinuous-like) change in Q is observed

at certain temperatures around TNI . These characteristic for the PB and solvents. In our previous communication,
we reported that T gNI of the PB gels in EBBA was muchswelling behaviours are likely to be independent of the

swelling ability of the PB gels with LCs, since Q is higher than T
NI

of the un-crosslinked PB solution of
EBBA with the same PB content, i.e. T gNI

was notobserved to be considerably diŒerent for all four LC
solvents. Compared more critically, however, some signi- depressed as much as expected from the impurity content

[8]. In the present study, the independence of the T gNI� cant diŒerences can be pointed out in the above-
mentioned three general features for all the systems values on the polymer volume fraction observed also

implies that the depression in T gNI cannot be explainedstudied. For simplicity, the gels with four diŒerent liquid
crystalline solvents can be categorized into two groups simply in terms of just the impurity eŒect. Interaction

between the LC solvents outside and inside the gelaccording to their observed swelling behaviour in the
temperature range T gNI < T < T oNI . For the gel in LCs I leading to promotion of nematic phase formation inside

the gel, if present, may explain the unexpected insensitivityand II, Q does not change in the temperature range
T gNI < T < T oNI . On the other hand, for the gel with LCs of T gNI to polymer volume fraction for the present

systems. This problem is worth investigating further, butIII and IV, a � nite abrupt volume change is observed
between T gNI

and T oNI
. is beyond the scope of this present paper.

In the temperature range T gNI < T < T oNI , the TAnother striking diŒerence in the swelling behaviour
between the two groups is observed in the thermal dependence of Q for all the systems shows plateau

regions, although a discontinuous-like volume changehysteresis eŒects of the T dependence of Q. The swelling
curves in the cooling and subsequent heating process at certain temperatures is noticed for gels with LCs III

and IV. It is well known that in the absence of anyfor the systems with LCs III and IV are shown in � gures
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(a)

(d)(c)

(b)

Figure 2. Temperature dependence of the degree of equilibrium swelling (Q) of PB gel in (a) 4 ¾ -octyl-4-biphenylcarbonitrile (I);
(b) 4-(trans-4-pentylcyclohexyl )benzonitrile (II); (c) 4-cyanophenyl 4-heptylbenzoate (III); (d) 4,4 ¾ -diheptylazoxybenzene (IV).
The insets relates to the vicinity of the nematic–isotropic transition temperature.

external electric or magnetic � eld, a LC in the nematic solvent inside the gel is isotropic, whereas the solvent
outside is in the nematic phase. It appears that such aphase forms a so-called poly-domain structure where

the direction of the principal axis of orientation (the phase diŒerence prevents the � ow of LC solvent between
the outside and the inside of the gel and swellingdirector) is macroscopically random in space, but a high

order of alignment of LC molecules in each domain is practically stops, showing an almost constant value of
Q with reference to temperature change. It is emphasizedmaintained [12]. In the temperature range T gNI < T < T oNI

which is characterized by a plateau region for Q, the LC that the phase transitions of all the LC solvents used

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
8
:
3
4
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



799Swelling of poly(butadiene) gels in L Cs

the anisotropic nature of the LC is macroscopically
cancelled out. Accordingly, it is expected that the nematic
to isotropic transition does not cause a remarkable
change in thermodynamic interaction (a� nity) between
PB and the LC, as well as in Q, which is directly related
to the thermodynamical interaction. This expectation
qualitatively agrees with the experimental results. The
slight discontinuity of volume change may be attributed
to the screening eŒect of the poly-domain nematic
structure on the anisotropic character of the nematic
LC molecules. However, the eŒect of the formation of the
poly-domain nematic structure on the thermodynamic
interaction between the PB and LC is still large enough
to cause an appreciable, though small, discontinuous-
like change in gel volume. Formation of a mono-domain
nematic structure, under the application of an external
� eld whereby the LC molecules are macroscopically

(a)

(c)

(b)

aligned in a unique direction would be expected toFigure 3. Temperature-swelling curves (heating and cooling)
for PB gel in (a) 4-cyanophenyl 4-heptylbenzoate (III); induce a signi� cant change in the thermodynamic inter-
(b) 4,4 ¾ -diheptylazoxybenzene (IV); (c) 4 ¾ -octyl-4-biphenyl- actions leading to a large discontinuous volume change.
carbonitrile (I). Swelling in a mono-domain nematic LC solvent using

an external electric � eld is our future subject of study.
The swelling behaviour of the gels with LCs III andoccur sharply within a temperature range of less than

0.1 K, convincing us that the almost constant Q values IV is signi� cantly diŒerent in two major points from
that of the systems containing LCs I and II: � rst is thein the range T gNI < T # T oNI are not due to the broad

transition temperature ranges commonly observed for swelling behaviour in the range T gNI < T < T oNI
and

second the thermal hysteresis eŒects on Q. The probablesome commercially available LC solvents. The reason
for the discontinuous-like volume change occurring in reason for the diŒerent swelling behaviour of the gels

with LCs III and IV compared with the gels with LCsthe range T gNI < T < T oNI in the systems with LCs III and
IV, which cannot be explained by considering only the I and II is a speci� c interaction between the gel and the

solvents via hydrogen bonding. The molecular structuresphase diŒerence, will be discussed later.
It has been noted that the plateau regions of Q, for of LCs III and IV, as shown in � gure 1, suggest that

intermolecular hydrogen bonding may occur betweenall the systems extend slightly wider than the temperature
range T gNI < T < T oNI . Despite the identity of LC phase the hydrogen of ± NH groups in the crosslink points of

the gels and the ester carbonyl group (± C5 O) of IIIinside or outside the gel, Q remains constant even slightly
above T oNI , as well as below T gNI . This may be due to the or ± N(5 O)N± groups of IV. LC solvents I and II are

incapable of forming hydrogen bonding with the cross-critical behaviour of the LC in the close vicinity of T
NI

.
It is well known that various physical properties of linking points of the network. It is to be noted that the

swelling characteristic of the systems containing III andLCs show some pretransitional phenomena in the close
vicinity of TNI , implying that the LC molecules have a IV is qualitatively analogous to that of some gels where

hydrogen bonding takes place among the constituentlocal order of spatial correlation even in the isotropic
phase [13, 14]. Pretransitional eŒects have been reported polymer molecules [3, 19, 20]. These hydrogen-bonded

polymer gels have been reported to exhibit not only ain light scatttering, magnetic-, electric-, and � ow-
birefringence studies [15–18]. The extension of the large discontinuous volume phase transition, but also

signi� cant thermal hystersis in Q at around the volumeplateau regions of Q slightly beyond the temperature
region T gNI < T < T oNI may also be an indication of such phase transition temperature. The chance of formation

of hydrogen bonds between the crosslink points leadingpretransitional phenomena of the LC solvents in the
close vicinity of TNI . to aggregation cannot be ruled out, and some reports

have mentioned that polyurethanes form aggregatesThe discontinuous-like change in Q is observed at
certain temperatures for all the systems, but the degree themselves via hydrogen bonding among the urethane

groups [21]. In the gels with III and IV, the formationof discontinuity is much smaller than that observed in
some gels showing a typical volume phase transition. As and disappearance of the local nematic domain and the

global poly-domain nematic structures should signi� -mentioned before, without application of any external
� elds, a nematic LC has poly-domain structure where cantly in� uence the probability of formation of hydrogen
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bonds between the LC and the crosslinking points, as This work was partly supported by a Grant-in-Aid
for Scienti� c Research from the Ministry of Education,well as the aggregation of the crosslinking points.
Science and Culture, Japan (No. 11750779), for whichIn order to con� rm the involvement of hydrogen
K.U. wishes to express his gratitude.bonding on the swelling behaviour of the gel, it would

be necessary to resolve the hydrogen bonding behaviour
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