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Abstract

We have investigated thermo-mechanical properties and optical birefringence of the V3 cross-linker liquid single crystal elastomers
(V3LSCEs) with different concentrations of the flexible tri-functional cross-linker as a function of temperature. The length of V3LSCEs
along the director n̂ shrinks on heating while it expands perpendicular to n̂. Drastic length changes as well as large variations in the opti-
cal birefringence, Dn, are observed near Tc. The maximum contraction increases with increasing cross-linking concentration. When the
anisotropy of the shape change is plotted as a function of Dn, a linear dependence is observed only deep in the nematic phase for larger
cross-linking concentrations.
� 2005 Elsevier B.V. All rights reserved.
1. Introduction

Liquid crystal elastomers (LCEs) continue to fascinate
scientists with their large thermo-mechanical and electro-
mechanical properties [1–17]. LCEs have an axis of anisot-
ropy [1–5]. In monodomain nematic LCEs, liquid single
crystal elastomers (LSCEs), the director axis of the meso-
genic units is macroscopically uniformly aligned. The result
is a transparent material with anisotropic optical, mechan-
ical, and electrical properties [2–6]. At the nematic to iso-
tropic phase transition these LSCEs shows a significant
shape change. This thermo-mechanical deformation of
LSCEs has received considerable attention as a candidate
for soft artificial muscles [5–10]. Recently, swollen LCEs
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have also been demonstrated to show substantial electro-
mechanical effects [17,18].

Basically LSCEs consist of the cross-linked polymer
chain networks and the liquid crystalline ordering of side
chain mesogenic groups [2–6]. The network was synthe-
sized in two steps by addition of bi-functional cross-linking
agents to the polymer chains, with the second cross-linking
step being carried out under the influence of a large enough
strain giving rise to a uniform director orientation denoted
by a unit pseudo-vector n̂ [2,5].

Thermo-mechanical properties of bi-functional cross-
linking LSCEs have been investigated in detail [1–4,9–16]
where a spontaneous shape change as well as changes in
the optical birefringence were observed in the vicinity of
the apparent nematic–isotropic transition temperature,
Tc. The change of shape does not occur just at the transi-
tion, but continues to lower temperatures as the nematic
order gets larger and the chains become more anisotropic.
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The orientational order of side chain mesogenic groups
inside LSCE influences the polymer chain shape. On heat-
ing, chain shape changes induce the shape change of the
cross-linked polymer chain network as a whole. The
shrinkage parallel to n̂ and the expansion perpendicular
to n̂ in length on heating indicate the anisotropic behavior
of LSCE.

Here we investigate how the shape-changing and optical
properties of LSCEs are affected when the cross-linking
agent is tri-functional instead of bi-functional. The tri-
functional, flexible cross-linker is used to minimize effects
of the cross-linker on the isotropic to nematic phase trans-
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Fig. 1. The chemical structures of the compounds prepared for the
V3LSCEs. (a) The methylsiloxane monomer backbone. (b) The mesogenic
biphenyl side chain. (c) The tri-functional cross-linker.

Fig. 2. Thermo-mechanical effect induced shape changes of V3LSCE-5 (a) an
temperature was 0.5 K/min. V3LSCEs shrink kn̂ on heating and expand on coo
formation (compare, e.g., [19]). While a rigid bi-functional
cross-linker causes a broad transition, the transition with
the tri-functional cross-linker is within a relatively narrow
temperature regime.

2. Experimental

The V3LSCEs materials studied here were originally
invented and developed by one of present authors (H.
F.). The chemical structures of the V3LSCE are shown in
Fig. 1. The polymer backbone is a poly-methylhydrosilox-
ane. The pendant mesogenic groups are 4-(3-butenoxy)
benzoic acid-(4-methoxy) phenyl attached to the backbone
via a hydrosilation reaction. The networks are chemically
crosslinked with the V3 crosslinker 1,3,5-tris-undec-10-
enoxy-benzene. The cross-linking concentrations are
3.3 mol% (V3LSCE-3), 5 mol% (V3LSCE-5) and 7 mol%
(V3LSCE-7).

Two types of rectangular V3LSCEs samples with differ-
ent bulk director orientation with respect to n̂ were investi-
gated. One is obtained by slicing parallel to n̂ (planar
sample) and the other is obtained by slicing perpendicular
to n̂ (homeotropic sample); both were prepared to measure
shape changes. The thickness of the samples is �400 lm
and the area is �0.7 · 0.5 mm. The sample is observed by
a microscope (Nikon) equipped with a hot stage (Mettler
Toledo FP90 Central Processor) as a temperature control-
ler. The image of each temperature photographed during
the heating and cooling processes with a range between
30 and 100 �C and the scan rate of temperature is about
0.5 K/min.
d V3LSCE-7 (b), for planar and homeotropic samples. The scan rate of
ling. In contrast, V3LSCEs expand ? n̂ on heating and shrink on cooling.
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For the birefringence measurements we prepared sam-
ples of �1.5 · 2.0 mm area and �70 lm thickness. The
intensity of transmitted light during the heating process is
observed using the polarizing microscope equipped with a
hot stage as a temperature controller and a He–Ne laser
as a light source.
Fig. 3. Temperature dependence of the relative length changes, ai(T), for V3LS
cooling (s) processes. (a) axkn̂, (b) ay ? n̂ and (c) az ? n̂ . Drastic
72 �C; and T V3LSCE-7

c � 65 �CÞ. No hysteresis is observed on heating and c
concentration of cross-linking of V3LSCEs in the isotropic phase (T = 100 �C)
linking concentration.
3. Results and discussion

The anisotropic thermo-mechanical effects for V3LSCE-5
and V3LSCE-7 samples during the heating and the cooling
processes are shown in Fig. 2. When increasing the temper-
ature the planar samples shrink parallel to n̂ðx̂Þ and expand
CE-3, V3LSCE-5 and V3LSCE-7 samples during the heating (d) and the
shape changes are observed near T cðT V3LSCE-3

c � 80 �C; T V3LSCE-5
c �

ooling. (d) The dependence of the maximum length change kn̂ on the
is plotted. The maximum contraction increases with increasing the cross-



Fig. 4. Optical birefringence, Dn, for V3LSCE-3 (a), V3LSCE-5 (b) and
V3LSCE-7 (c) as a function of temperature.
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perpendicular to n̂ðŷÞ. In contrast, for the homeotropic
samples, both directions perpendicular to n̂ expand. After
cooling, all samples return to their original shape.

Mesogenic side chain groups in the polymer network are
aligned on average parallel to an externally determined n̂ in
a two-step synthesis [3]. When heating, gradually thermal
fluctuations of mesogenic molecules induce orientation
changes of mesogenic side chains, i.e., they decrease the
nematic order, and give rise to shape changes of the
cross-linked polymer chain network and to the resulting
mechanical deformations of V3LSCE samples, namely a
shrinkage parallel to n̂ and an expansion in the direction
perpendicular to n̂.

To quantify the volume changes of V3LSCEs, we define
the relative length changes of planar and homeotropic sam-
ples as a function of temperature, ai(T), as the ratio of
expansion/shrinkage length to the initial length in the iso-
tropic phase (T = 100 �C). Length measurements were
made in the middle of each edge far from other edges.
The relative error was �±1% due to the pixel size of the
photo micrograph.

Fig. 3 shows the relative length changes of V3LSCEs
parallel to n̂ðx̂Þ and perpendicular to n̂ðŷ and ẑÞ as a func-
tion of temperature. Increasing temperature, all samples
monotonically shrank parallel to n̂ðx̂Þ (Fig. 3a) with a
somewhat faster decrease in the vicinity of
T V3LSCE-3

c � 80 �C, T V3LSCE-5
c � 72 �C, and

T V3LSCE-7
c � 65 �C for the V3LSCE-3, V3LSCE-5 and

V3LSCE-7 samples, respectively. V3LSCE reaches a maxi-
mum shrinkage of about 20% for V3LSCE-3, 28% for
V3LSCE-5, and 32% for V3LSCE-7. In contrast, V3LSCEs
monotonically expand in the direction perpendicular to
n̂ðŷ and ẑÞ (Fig. 3b and c) on heating and reach a maxi-
mum expansion of about 12% for V3LSCE-3, 14% for
V3LSCE-5, and 16% for V3LSCE-7.

The phase behavior of the liquid crystal elastomers
depends on the cross-linking conditions [3,20]. The
V3LSCEs materials studied here have been crosslinked in
the nematic phase. The presence of a higher density of
cross-linking points appears to reduce the degree of nema-
tic order by increasing the general disorder and/or by
reducing – due to the higher density of cross-linking points
– the nematogenic tendencies. Increasing the cross-linking
concentration will thus favor the isotropic state of the sys-
tem and reduce the nematic-isotropic phase transition tem-
perature Tc as observed in V3LSCE samples.

We plot the maximum contraction of V3LSCEs with
different cross-linking concentrations in Fig. 3d. The max-
imum contraction (in the direction parallel to n̂) increases
slightly with increasing cross-linking concentrations. These
results strongly suggest that the denser cross-linking lead to
stronger rubber elasticity and a larger length contraction.

Fig. 4 shows the measured optical birefringence, Dn, of
the V3LSCEs as a function of temperature. In a previous
communication [11], we have introduced the experimental
technique for birefringence measurements. The maximum
value of Dn is about 0.12 for V3LSCE-3, 0.14 for
V3LSCE-5 and 0.13 for V3LSCE-7 at low temperatures
(in the nematic phase). Significant changes of Dn are
observed near T V3LSCE-3

c � 80 �C, T V3LSCE-5
c � 72 �C, and

T V3LSCE-7
c � 65 �C for V3LSCE-3, V3LSCE-5 and

V3LSCE-7, respectively. These temperatures agree with
the results of length changes at the apparent nematic-iso-
tropic phase transition temperature (Fig. 3a).

Due to frozen-in nematic order in the vicinity of the
cross-linking points, there is a finite value Dn above Tc

for the higher cross-linking concentrations, i.e., the
V3LSCE-5 and V3LSCE-7 samples. Just above Tc, local
nematic order inside the network cannot change into the
isotropic phase. This fact is a consequence of �frozen in�
nematic order [21], an important feature of LSCEs. This
is also the reason why smooth length changes are observed
just above Tc for V3LSCE-5 and V3LSCE-7 (Fig. 3a).

In [22] for nematic polydomain LCEs and, subsequently,
for monodomain LCEs [2,3] it has been demonstrated that
one can either use the optical birefringence, Dn, or equiva-
lently the strain parallel to the director field, n̂, to charac-
terize the degree of nematic order. Well inside the
nematic phase a linear relation between Dn and the strain
was shown to result [22,2,3].

Since we have measured for the present work the relative
length changes parallel to the director as well as in the two



Fig. 5. The shape anisotropy, Da, is plotted as a function of the optical
birefringence, Dn, for samples with the three crosslinking densities studied
here.d Corresponds to the data points of the sample with 7% crosslinking
density, filled squares to 5% and h to 3.3% cross-linking density. The
straight lines plotted are obtained as a fit to the data well inside the
nematic phase, that is with a Dn P 0.04. The direct proportionality shows
that Dn as well as the shape anisotropy, Da, can be used equally well to
describe the degree of order in a nematic LSCE.
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directions perpendicular to the director, we introduce here
the shape anisotropy Da to characterize the mechanical
deformations and to make optimum use of the data.

We define the shape anisotropy, Da, as follows:

Da ¼ ax � ½ay þ az�=2
ax þ ay þ az

. ð1Þ

It is straightforward to show that for linear elasticity and
assuming incompressibility, Da and the length change par-
allel to the director are completely equivalent. Accordingly,
we plotted in Fig. 5 the shape anisotropy, Da, as a function
of the optical birefringence, Dn.

We see from Fig. 5 that we also find for LSCEs using the
tri-functional cross-linker V3 a linear relation between the
shape anisotropy and the optical birefringence well inside
the nematic phase. This is in close agreement with the pre-
vious plots displaying Dn versus the length change obtained
for bi-functional cross-linkers [22,2,3].

We note that the finite value for the sample with a cross-
linking density of 3.3% for small values of Dn is most likely
due to the fact that this sample was not completely of mon-
odomain character.

We close this section by discussing the volume changes of
the samples as a function of temperature. The volume of the
three samples V3LSCE-3, V3LSCE-5 and V3LSCE-7 well
inside the isotropic phase at T = 100 �C increased by about
2% compared to the initial volume well inside the nematic
phase. Within the error bar of our measurements, the maxi-
mum degree of volume expansion is independent of the
cross-linking concentration.

4. Conclusion

We have discussed shape changes and optical birefrin-
gence of V3LSCEs with different cross-linking concen-
trations as a function of temperature. While a rigid bi-
functional cross-linker causes a broad transition, the transi-
tion with the tri-functional cross-linker is within a relatively
narrow temperature regime. We found that the maximum
contraction of V3LSCEs increases with increasing cross-
linking concentrations. From this result, we conclude that
denser cross-linking of the V3LSCEs decreases thermal
fluctuations of liquid crystalline mesogenic side chain
molecules inside the polymer networks. That is, denser
cross-linking leads to higher elasticity and to larger length
contraction. Furthermore, we have shown that the shape
anisotropy, Da, is a suitable quantity to characterize the
degree of nematic order in LSCEs well inside the nematic
phase using a tri-functional cross-linker: when the anisot-
ropy of the shape change, Da, is plotted as a function of
Dn, a linear dependence is observed even deep in the nema-
tic phase for the larger cross-linking concentrations, in
contrast to previous work using bi-functional cross-linkers
in monodomain LSCEs. The maximum volume expansion
is about 2%, a value that is independent of the cross-linking
concentration.
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