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We study the relation between the shape anisotropy changes, ��, and the optical birefringence, �n,
of dry and swollen rigid bi-functionally (8.0 mol %, 8A2) and flexible tri-functionally [5 mol % (5V3)
and 7 mol % (7V3)] cross-linked liquid single crystal elastomers (LSCEs) as a function of temperature.
4-n-pentyl-4-cyanobiphenyl (5CB) is used as the solvent. Plotting �� as a function of �n, a linear
dependence is observed for all LSCE samples. This indicates that �� results from the liquid crystal
ordering. The largest �� (�0:2 at T ¼ 30 �C) is observed in dry 8A2, which has a large frozen-in
orientational order (FOO). The swollen samples show much smaller ��, �0:03{0:05, because of
a smaller modulus elasticity after the swelling process.

KEYWORDS: liquid crystal elastomer, thermomechanical effects
DOI: 10.1143/JPSJ.76.073602

The various properties of liquid crystal elastomers (LCEs)
have attracted considerable attention from researchers.1–6)

The most remarkable property of liquid single crystal
elastomers (LSCE), the monodomain LCEs, is their ability
to significantly change their shape at the nematic to isotropic
phase transition. This thermo-mechanical deformation of
LSCEs has received considerable attention as a candidate
for soft artificial muscles.5–8)

LSCEs consist of the cross-linked polymer chain networks
and liquid crystalline ordering of side chain mesogenic
groups.2–6) This network is synthesized in two steps by
the addition of cross-linking agents to the polymer chains.
The second cross-linking step is carried out under the
influence of a sufficiently large strain, giving rise to a
uniform director orientation denoted by a unit pseudo-
vector, n̂n.2,3) Thus, a unique direction for long range
orientational order is frozen in [hereafter called the frozen-
in orientational order (FOO)].9) The other factors influencing
FOO are the cross-linking density and the functionality of
the crosslinker. These are as strongly responsible for their
thermomechanical effects as the dielectric anisotropy of
mesogens for the electromechanical effects. It is important
to clarify the contribution of these factors in order to obtain
more functional LSCE materials.

To understand the effect of cross-linkers on swelling and
thermo-mechanical properties, we focus our investigation
on LSCEs with two different cross-linkers and different
concentrations, i.e., the rigid bi-functional (8.0 mol %) and
the flexible tri-functional (5 and 7 mol %) cross-linkers.
Previously, we have reported the thermo-mechanical proper-
ties of the bi-functionally cross-linked LSCEs (8A2)10,11) and
the tri-functionally cross-linked LSCEs (V3-LSCE).12,13)

Here, we demonstrate the correlations between macroscopic
shape changes and the LSCE orientational order as a
function of temperature.

The LSCE materials studied here were originally devel-
oped by one of the present authors (H.F.). The chemical
structures of the LSCE are shown in Fig. 1. The polymer
backbone is a poly(methyl hydrosiloxane) [Fig. 1(a)].
The pendant mesogenic groups comprise 4-(3-butenoxy)-
benzoic acid–(4-methoxy)phenyl attached to the backbone
via a hydrosilation reaction [Fig. 1(b)]. These networks
are chemically crosslinked with the rigid bi-functional
[poly(dimethylsiloxane) with terminal vinyl groups] and
the flexible tri-functional (1,3,5-tris-undec-10-enoxy-ben-
zene) cross-linkers [Fig. 1(c)]. The cross-linking concentra-
tions are 8.0 mol % for the bi-functionally cross-linked
LSCE (8A2) and 5 mol % (5V3) and 7 mol % (7V3) for the
tri-functionally cross-linked LSCE.

Two types of rectangular LSCEs samples with different
bulk director orientation with respect to n̂n were investigated,
i.e., planar and homeotropic orientations. The thickness of
the samples is �400 mm with an area of �0:7� 0:5 mm2.
The sample is observed using a microscope (Nikon)
equipped with a hot stage (Mettler Toledo FP90 Central
Processor) as a temperature controller. The image at
each temperature is photographed during the heating and
cooling processes within a range of 30 to 120 �C, and the
scan rate of the temperature is about 0.5 K/min.

The intensity of transmitted light during the heating
process is observed using a polarizing microscope equipped
with a photodetector and a He–Ne laser as a light source.

In the present study, we obtain the following physical
variables: anisotropy of the birefringence, �n, and of the
shape changes, ��. As is well known from fundamental
liquid crystal theory, �n is proportional to the nematic
order parameter, S:
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�n / S: ð1Þ

On the other hand, macroscopic strain-deformations "
can be introduced as follows:14,15)

" ¼
1

�
ðUS� �Þ; ð2Þ

where � is the mechanical stress; �, the elasticity modulus;
and U, the coupling coefficient between S and ". For � ¼ 0,

" ¼
U

�
S; ð3Þ

i.e., " / S, similar to �n (see above). In (3), however, no
anisotropy is directly taken into account although, in
general, one must use an anisotropic generalization of �
and U. Instead, we introduce here the anisotropy of the
shape change relative to the director orientation, ��,
which consists of the shrinkage and the expansion compo-
nents of the i ¼ x, y, and z directions. We define �� as
follows (compare ref. 12):

�� ¼
�x � ½�y þ �z�=2
�x þ �y þ �z

: ð4Þ

Here, �iðTÞ is the ratio of the length shrinkage/expansion,
‘iðTÞ, to the initial length, ‘0

i , in the isotropic phase, parallel
to n̂n (x̂x) and perpendicular to n̂n (ŷy and ẑz); and � ¼ 1þ ". This
can be easily shown for linear elasticity and assuming
incompressibility, and �� and the length change parallel
to the director used by Küpfer et al.2,3) are equivalent. Then,
we expect the relation �� / �n from (3) and (4).

The temperature dependence of �n and �� for dry 8A2,
5V3, and 7V3 samples are shown in Fig. 2. �n and ��
show a very similar behavior. With increasing temperature,
�n and �� monotonically decrease for all the samples; the
LSCEs shrank parallel to n̂n (x̂x) and expanded perpendicular
to n̂n (ŷy and ẑz),10–12) with a slightly faster decrease in the
vicinity of T8A2

c � 80 �C, T5V3
c � 72 �C, and T7V3

c � 65 �C
for the 8A2, 5V3, and 7V3 samples, respectively. The �nðTÞ
and ��ðTÞ plots exhibit a foot slightly above Tc. This foot is
typical for LSCE samples, i.e., LSCEs typically do not have
a direct transition from a nematic to a completely isotropic
phase due to the frozen order near cross-linking points.2,3,9)
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Fig. 1. The chemical structures of the compounds

used to prepare the LSCE samples. (a) The methyl-

siloxane monomer backbone, (b) mesogenic biphen-

yl side chain, and (c) bi- and tri-functional cross-

linkers.
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Fig. 2. Temperature dependence of �nðTÞ and ��ðTÞ for dry 8A2 (a),

V3LSCE-5 (b), and V3LSCE-7 (c) samples.
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The flexible tri-functional cross-linker is more isotropic-
like, as shown in Fig. 1, while the rigid bi-functional cross-
linker is more strongly anisotropic. Therefore, 8A2 has more
FOO than V3LSCEs (5V3 and 7V3). In V3LSCE samples,
the presence of a higher concentration of cross-linking
points appears to reduce the degree of nematic order by
increasing the disorder and/or by reducing the nematogenic
tendencies. Increasing the cross-linking concentration in
V3LSCEs will thus favor the isotropic state of the system
and reduce the nematic-isotropic phase transition temper-
ature Tc. The stronger FOO also shows a more pronounced
foot in �nðTÞ and ��ðTÞ, as shown in Fig. 2(a).

The two factors influencing the shape anisotropy, ��ðTÞ,
are (1) the network modulus elasticity and (2) FOO. The
higher modulus elasticity and FOO, the larger ��ðTÞ.
Increasing the concentration of the tri-functional cross-
linkers in V3LSCE materials increases the network modulus,
but its isotropy reduces the FOO. Well inside the nematic
phase (T ¼ 30 �C), ��8A2 � 0:2, ��5V3 � 0:14, and
��7V3 � 0:16. 8A2 has a larger ��ðTÞ than that of the
V3LSCE samples due to a larger amount of FOO, i.e., more

orientational order is stored in 8A2 due to a more anisotropic
cross-linker. At T ¼ 30 �C, the optical birefringence �n

value is around 0.11– 0.13 (Fig. 2).
Figure 3 shows �n and �� as a function of temperature

for the swollen 8A2 [Fig. 3(a)], 5V3 [Fig. 3(b)], and 7V3
[Fig. 3(c)] samples. The maximum value of �� at T ¼
30 �C is about 0.03 for 8A2, 0.04 for 5V3 and 7V3 samples.
In the swollen LSCEs, relatively smaller length variations
are observed; �� is reduced substantially by swelling
because of the weaker modulus elasticity due to the large
amount of 5CB (more than 300%) within the sample, i.e.,
swelling reduces the elastic modulus.

The changes in �n for V3LSCEs between dry and
swollen samples are small (�25%). However, �n in the
swollen 8A2 is almost a factor of 3 higher than in the
dry one and almost a factor of 2 higher than in pure 5CB.16)

This demonstrates that when the FOO is large in the nematic
phase of an LSCE, it can lead to a substantial enhancement
in the orientational order of the low molecular weight
material (5CB), thereby leading to the overall birefringence
of the swollen material.

In Fig. 4, when �� is plotted as a function of �n, a linear
dependence is observed for all LSCE samples, which is well
described by eqs. (1) and (3). In dry LSCEs, a linear
dependence is observed throughout the nematic phase
except for a small region close to Tc. This can be explained
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Fig. 4. The shape anisotropy, ��, is plotted as a function of the optical
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The slope b for dry samples is about 2.7 for 8A2, 1.4 for 5V3, and 1.1

for 7V3. For swollen samples, b is about 0.07 for 8A2, 0.3 for 5V3, and

0.15 for 7V3. In (a), the straight lines plotted are obtained as a fit to the

data well within the nematic phase, i.e., with �n � 0:04. The direct

proportionality between �n and �� shows that �� is directly propor-

tional to the degree of nematic order in LSCEs.
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by the fact that the changes in the shape anisotropy ��
in both the dry and the swollen LSCEs are caused by order
parameter changes. However, the magnitude of �� and �n

depends on the concentration and the functionality of the
cross-linkers.

The slope of the dry 8A2 (b � 2:7) sample is larger than
that of the dry 5V3 (1.4) and 7V3 (1.1) samples. This means
that the dry 8A2 sample has a larger thermo-mechanical
effect than those of the V3LSCEs. However, after swelling
with LMWLC, its slope (b � 0:07) was smaller than that
of the V3LSCE samples; the swollen 8A2 is less sensitive to
temperature variations. The slope of 5V3 (b � 0:3) is larger
than that of 7V3 (0.15) for both dry and swollen samples. It
is inferred that the smaller cross-linking density in swollen
V3LSCE is more sensitive to thermo-mechanical effects.
In fact, the swelling rate of 8V2 (q8V2 ¼ 3:2) is also smaller
than that of 5V3 (q5V3 ¼ 4:5) and 7V3 (q7V3 ¼ 3:8),11,13) and
the swelling rate of 5V3 is larger than that of 7V3. It
shows that a correlation exists between the slope and the
swelling rate in the swollen LSCEs.

Finally, we wish to address the physical reasons for the
nonzero intercepts, a, in Fig. 4. The relation �� / �n is
valid well within the nematic phase. The orientational order
of the LC elastomers has several components. The first
component is the frozen-in orientational order of LSCEs.
The second one is the usual quadrupolar order of nematic
elastomers. Finally, there exists the orientational order of
LMWLC for the swollen samples. The foot clearly seen in
Fig. 2 is due to FOO. For the swollen samples, birefringence
of the LMWLC dominates �n deep within the nematic
phase. It becomes zero at the enhanced LMWLC transition
temperature to the isotropic state leaving behind only FOO.

We have discussed the shape anisotropy changes and the
optical properties of dry and swollen bi-functional cross-
linked and tri-functional cross-linked LSCEs as a function
of temperature. We have shown that the shape anisotropy,
��, and the optical birefringence, �n, are linearly related in
all the LSCE samples. This shows that the macroscopic
deformations of the dry and swollen LSCEs as a function of
temperature are caused by the order parameter changes of
LSCEs. The largest �� (�0:2 at T ¼ 30 �C) is found in
dry bi-functional cross-linked LSCE (8A2), which has the
largest frozen-in orientational order (FOO). The swollen
samples show a much smaller ��, �0:03{0:05, because of
the resulting smaller modulus elasticity after the swelling
process.
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