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ABSTRACT: We show that a monodomain chiral smectic C elastomer exhibits a biaxial shape memory
effect, demonstrating its spontaneous and reversible deformation in a heating and cooling process where
successive phase transitions take place. Not only shrinkage (elongation) due to the smectic-isotropic
(isotropic-smectic) transition but also spontaneous shear-deformation associated with molecular tilting
in the smectic phases is observed. In addition, we discuss the relationship between the deformation of
the monodomain elastomer and the local symmetry of liquid-crystalline phases by means of X-ray
scattering observation.

Introduction

Liquid-crystalline elastomers have been increasing
attention as a novel class of liquid-crystalline materials
because they give rise to new macroscopic features by
combining the mechanical properties of polymer net-
works with the anisotropic structure of liquid-crystalline
phases.1-7 Over the past two decades, in particular, they
have attracted both industrial and scientific interest
because of their thermomechanical properties such as
reversible strain actuation and soft elasticity.8-12 Küpfer
et al. reported that a uniformly aligned liquid-crystalline
elastomer designated as a liquid single-crystal elas-
tomer (LSCE) spontaneously and quickly elongates
(shrinks) along its director during the phase transfor-
mation from an isotropic to a nematic phase.8 Recently,
Finkelmann et al.11 and Tajbakhsh et al.12 have reported
that nematic elastomers containing liquid-crystalline
main-chain polymers have the remarkable property of
being able to change their shape by up to ∼350-400%
within a relatively narrow temperature interval strad-
dling their nematic-isotropic (N-I) transition temper-
ature, Tni.

While there have been a few investigations on the
reversible shape change of nematic elastomers, much
less work has been carried out on those of smectic.13-17

In particular there are few studies about the deforma-
tion of chiral smectic C (SmC*) elastomers, despite their
potential properties due to the point group C2 of the
untwisted structure.18-29 About a decade ago, Terentjev
and Warner theoretically described the coupling be-
tween elastic deformation and the SmC order papram-
eter for the limiting situation of small distortions.28,29

These predictions have not been experimentally verified
due to the lack of monodomain samples. Recently, we
succeeded in obtaining these samples with macroscopic
C2 symmetry of the unwound SmC* state by two
successive deformation processes30 and more perfectly
by mechanical shear deformation.31 The purpose of this

paper is to show that the monodomain SmC* elastomer
obtained by a mechanical shear field exhibits a biaxial
shape memory effect, which means spontaneous and
reversible deformation occurs in a heating and cooling
process where successive phase transitions take place.
Not only shrinkage (elongation) due to the smectic-
isotropic (isotropic-smectic) transition but also shear
deformation associated with molecular tilting in the
smectic phases is observed. In addition, we investigate
the mechanism of the spontaneous and reversible
deformations of the SmC* elastomer by means of X-ray
scattering observation. The X-ray analysis reveals that
the macroscopic symmetry defined by the shape of the
elastomer film corresponds to the local symmetry as-
sociated with the molecular alignment in the liquid-
crystalline phase of the monodomain SmC* elastomer.

Experimental Section
System. An elastomer is synthesized by a hydro-silylation

reaction of the liquid-crystalline side groups with a polysilox-
ane backbone according to the well-known synthesis route.1
The chemical structures of the polymer backbone, the me-
sogens, and the cross linker are shown in Figure 1. The
elastomer contains two different mesogenic moieties statisti-
cally linked to the monomer units of the network and shows
the following phase sequence:

The SmX*-SmC* transition temperature is determined by
differential scanning calorimetry (DSC) measurements. Since
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Figure 1. System under investigation.
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the SmC*-SmA transition temperature TCA is hardly con-
firmed in the DSC chart, it is tentatively determined at 80 °C
on the basis of the temperature dependence of the molecular
tilt angle calculated from the layer thickness estimated by
X-ray measurements of uniaxially deformed elastomers; while
the layer thickness increases with increasing temperature in
the SmC* phase up to TCA, it remains almost constant on
further increase of temperature.25,31,32 In addition, the SmA-
Iso transition temperature is also tentatively determined by
the temperature dependence of the order parameter estimated
by the X-ray measurements, because the DSC peak is very
broad. While the X-ray pattern reveals that the SmX* phase
is one of the tilted smectic phases, the details will be published
in another paper.

Sample Preparation for Monodomain SmC* Elas-
tomer.31 The elastomer film is prepared by the spin-casting
technique in solution, which contains the polysiloxane (2
mmol), mesogen A (1.2 mmol), mesogen B (0.4 mmol), the cross
linker (0.2 mmol), and 6 µL of the Pt catalyst SLM86005
(Wacker Chemie, Burghausen) in 2 mL of toluene. The reaction
is carried out under centrifugation (3000 rpm) at 90 °C for 2
h. Thereafter, the reaction vessel is cooled to room tempera-
ture, and the elastomer, swollen with toluene, is carefully
removed from the vessel. To obtain a uniform orientation of
director, the swollen elastomer is deformed uniaxially by
loading it with a stress of 25 mN/mm2 for 1 h.

After the uniaxial deformation, the elastomer is fixed onto
a simple shear apparatus and gradually sheared with an angle
θ of ∼20° at room temperature (25 °C), as shown in Figure
2a. The pattern painted on the film proves that the elastomer
is deformed uniformly by the mechanical shear field. The
elastomer is kept under mechanical shear field for about 3 h
until the cross-linking reaction is completed. The isotropic
solvent depresses the phase transformation, and if the con-
centration of the solvent decreases, the system passes the
isotropic to liquid-crystal transformation. Namely, during
these deformation processes at room temperature (25 °C), the
toluene evaporates continuously from the network and the
successive phase transformations occur from the isotropic
phase of the gel to the tilted smectic phase of the dry network.

In addition, the sample is annealed within the SmC* phase
at 60 °C for about 1 h to accelerate the reorientation process.
Finally a monodomain sample of the smectic C* elastomer
whose X-ray photograph is shown in Figure 2b was obtained.

X-ray Measurements. The alignment of the elastomer is
observed by X-ray measurements with a rotating anode X-ray
system. The measurements are mainly performed using a Cu
KR beam filtered by a confocal mirror (λ ) 1.54 Å, X-ray power
) 2.7 kW) and a two-dimensional image plate system (2540 ×
2540 pixels, 50 µm resolution). The distance between the
sample and image plate is 100 mm. The sample is mounted
in a microfurnace, and the temperature-dependent X-ray
measurements are carried out. Here, the sample hangs freely
during the measurements so that the molecular alignments
observed are not associated with any effect of externally
applied strains.

Results and Discussion

To investigate deformational behavior of the mono-
domain SmC* elastomer during the successive phase
transitions, the shape change of the elastomer film is
observed in a cooling and heating process. A series of
photographs of the monodomain SmC* elastomer is
shown in Figure 3, where the topside of the elastomer
is fixed to a sample holder, while the lower end can move
freely. While the shape of the elastomer is rhomboid at
room temperature (Figure 3a), it transforms into a
nearly rectangular-like shape in the temperature region
of the SmA phase (Figure 3b). On further increase in
temperature, the elastomer shrinks during the phase
transition from the SmA phase to the isotopic phase
(Figure 3c). It is noteworthy that the reverse deforma-
tion takes place in cooling from the isotropic to smectic
phase. Namely, the elastomer spontaneously elongates
during the Iso-SmA phase transition, and then the
rectangular-like film (Figure 3d) transforms into a
rhombic one (Figure 3e) on decreasing the temperature
further into the smectic phase. In addition, it may be
worth pointing out that the spontaneous distortion
associated with the helical mechanoclinic effect, which
has already been discussed theoretically,28,29 is not
confirmed in the present observation, because the
cross-linking in the unwound SmC* state prevents it.
The experimental approach to the spontaneous distor-
tion resulting from the Goldstone mode is a future
problem.

To measure the elastomer’s shape, the sample length
LE is defined as the distance between polyimide tapes.
The tilt angle of the elastomer film θE is defined as the
angle between the edge of the film and the direction of
the first uniaxial deformation, respectively (see parts a
and c of Figure 3). To investigate the details of the shape
change with varying temperature, both the sample
length, LE, and the tilt angle of elastomer, θE, are plotted
as a function of temperature in parts a and b of Figure
4, respectively. While LE is about 8.0 mm at room
temperature as shown in Figure 4a, it slightly increases
with increasing temperature in the SmX* and SmC*
phases. The value of LE attains its maximum at about
8.5 mm in the SmA phase, and then it rapidly decreases
to about 6.3 mm during the phase transformation from
SmA to Iso. (Please note that the value estimated is
likely not to be 100 percent accurate in the isotropic
phase, as the elastomer buckles as seen in Figure 3c).
One may notice that the value of (LE/cos θE) seems to
be almost constant at about 8.7 mm. The reverse
deformation is recognized on cooling, namely, the elas-
tomer rapidly elongates from 6.3 to 8.5 mm at the phase
transformation from Iso to SmA and then LE decreases

Figure 2. Sample preparation for monodomain SmC* elas-
tomer: (a) a photograph of an elastomer film fixed on the shear
apparatus and (b) its X-ray diffraction pattern.
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slightly with decreasing temperature in the SmC* and
SmX* phases.

The temperature dependence of the tilt angle θE of
the elastomer is shown in Figure 4b. θE, which is about
23° at room temperature, decreases with increasing

temperature in the SmX* and SmC* phases. θE remains
at about 10° in the temperature region of the SmA phase
at 90 °C, and it also remains at several degrees even in
the isotropic phase at 130 °C. In the same manner as
the sample length LE, θE also changes in the reverse
order during the cooling process. Namely, θE, which is
several degrees in the isotropic phase, increases with
decreasing temperature, and then it becomes about 24°
at room temperature. It should be pointed out that this
value almost agrees with that of the initial state. The
monodomain SmC* elastomer possesses the ability to
restore its shape spontaneously. Additionally it has to
be emphasized that the shape memory effect of the
monodomain SmC* is a biaxial deformation process due
to the spontaneous shear deformation. The shape change
of the elastomer film seems to be closely associated with
the local symmetry of the corresponding liquid-crystal-
line phase. To analyze whether macroscopic shape
changes directly correlate with molecular re-alignment
processes, X-ray investigations are carried out. The
X-ray patterns at various temperatures are shown in
Figure 5, where the small-angle reflections are due to
smectic layers (arrow 1) while the azimuthal intensity
maxima at wide-angle reflections indicate molecular

Figure 3. Photographs of a monodomain SmC* elastomer in a heating and cooling process. The topside of the elastomer was
fixed to a sample holder, while the lower end could freely move.

Figure 4. Temperature dependences of (a) sample length LE
and (b) tilt angle θE of an elastomer film.

Figure 5. X-ray patterns of a monodomain SmC* elastomer
in a heating and cooling process. Here, small-angle reflections
are due to smectic layers (arrow 1), and wide-angle reflections
are due to the molecular arrangement of mesogenic groups (the
director) within the smectic layers (arrow 2).
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orientation of mesogenic groups (the director) within the
smectic layers (arrow 2).

Figure 5a shows the X-ray pattern of the monodomain
SmC* elastomer observed at room temperature (25 °C).
While the layer reflection located near the meridian
indicates a uniform alignment of smectic layers in the
tilted smectic phase at room temperature, reflection at
a wide angle indicates that the mesogenic groups are
aligned uniformly in the direction inclined as θX with
respect to the layer normal. By comparison of both X-ray
patterns of parts a and b of Figure 5, we recognize that
the location of wide-angle reflection rotates clockwise
with increasing temperature, while the layer reflection
remains near meridian. Namely, the mesogens inclined
with respect to the layer normal in Figure 5a are
rearranged in the direction parallel to the layer normal
in Figure 5b, although the direction of the layer normal
is almost independent of temperature. Since the smec-
tic-isotropic phase transformation occurs with further
increasing temperature, only halos are observed at
130 °C (Figure 5c).

In the cooling process shown in parts c-e of Figure
5, the reverse change of the molecular alignment is
confirmed. As shown in Figure 5d, the layer reflection
appears at the meridian and the molecular reflection
simultaneously emerges at a wide angle on the equator
during the isotropic to SmA phase transition. With
decreasing temperature the location of the wide-angle
reflection rotates anticlockwise, and then it reverts to
the original position at room temperature (Figure 5e).
Since the residual tilted order originating from cross
links commands mesogens to tilt in the direction of the
original orientation, they accordingly tilt in the same
direction during the SmA-SmC* phase transformation.
As the internal shear stress originating from cross links
induces the macroscopically uniform molecular tilting,33

the monodomain SmC* elastomer is to hold the memory
of its original alignment.

According to the correspondence of the sample obser-
vation (Figure 3) to the X-ray scattering pattern (Figure
5), we are able to schematize the relationship between
the shape change of the elastomer film and the molec-
ular rearrangement during SmC*-SmA phase trans-
formation in Figure 6 where the shape of elastomer film
is closely associated with the local symmetry of the
liquid-crystalline phase. Subsequently, we would like
to analyze quantitatively the X-ray patterns at various
temperatures for further investigation on the behavior
of the phase transformations. Figure 7 shows the
temperature dependence of the molecular tilt angle θX,
which is defined as the angle between the director and
the layer normal (see Figure 5a and Figure 6). The value

of θX, which is about 25° at room temperature (25 °C),
rapidly decreases with increasing temperature in the
SmX* and SmC* phases. While the gradient of the
dispersion curve becomes less above about 80 °C due to
TCA, θX remains at several degrees even in the temper-
ature region of the SmA phase in the same manner as
the tilt angle of elastomer film θE. Since the residual
SmC* order is fixed by cross linking of the polymer
backbone, the rearrangement for the suitable molecular
alignments is disturbed at the phase transformation
from SmC* to SmA. It must be noted that the experi-
mental results on cooling almost perfectly agrees with
those on heating (Figure 7).

It has to be emphasized that the tilt angle of the
elastomer film θE approximately agrees with the mo-
lecular tilt angle θX characterized in the X-ray patterns.
Namely, the macroscopic symmetry defined by the
shape of the SmC* elastomer film corresponds directly
with the microscopic local symmetry due to the molec-
ular alignment of the liquid-crystalline phase of SmC*,
as depicted in the schematic model of Figure 6. We can
conclude that cross linking between polymer backbones
under mechanical shear field produces the monodomain
SmC* elastomer in which a memory of the biaxially
molecular alignment of the SmC* state is perpetuated
even after exposure to the isotropic state. Consequently,
the monodomain SmC* elastomer exhibits the biaxial
shape memory effect in its macroscopic feature. More-
over, it is expected that interesting physical properties,
such as ferroelectricity,20 pyroelectricity,21 and second
harmonic generation22 due to the macroscopic C2 sym-
metry of the unwound SmC* state, are also memorized
in the elastomer. These will be described in a forthcom-
ing paper.

To consider more details of the mechanism which
controls molecular reorientation and macroscopic shape
change in the monodomain SmC* elastomer, θE is
plotted as a function of θX in Figure 8. Here, the values
of θE in the isotropic phase at 130 °C are also plotted
on the ordinate. Nonlinearity is apparently recognized
in the relationship between θX and θE, despite an
expected linear relation due to the supposed direct
coupling between them in our simple model illustrated
in Figure 6. Let us tentatively explain the emergence
of the nonlinearity, based on a hypothesis that not
mesogens but the topology of cross linkers have an

Figure 6. Schematic model for shape change of elastomer film
with molecular realignment. The macroscopic symmetry de-
fined by the shape of the SmC* elastomer film corresponds to
the microscopically local symmetry due to the molecular
alignment of the liquid-crystalline phase of SmC*.

Figure 7. Temperature dependence of molecular tilt angle
θX, which is defined as an angle between the director and the
layer normal in the X-ray scattering pattern.
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ability to change the elastomer shape. Here, we need
to investigate the details of the tilting behavior around
the SmC*-SmA transformation in the same manner as
reported in a previous paper.25 As already mentioned
in the Experimental Section, the SmC*-SmA transfor-
mation temperature TCA has been determined at 80 °C
on the basis of the temperature dependence of molecular
tilt angle calculated from the layer thickness of the
uniaxially deformed elastomer. On the other hand, we
have simultaneously noticed that the smectic layers
apparently tilt with respect to director just above the
SmC*-SmA transformation temperature TCA, because
the in-plane chevron structure observed in the SmC*
phase remains.25,34 With further increasing tempera-
ture, the layer tilt angle decreases to zero at 105 °C,
which is tentatively designated as T′. Both TCA at 80
°C and T′ at 105 °C are marked in Figure 8 on the basis
of the temperature dependence of θX in Figure 7.

In Figure 8, θE increases with increasing θX not only
in the temperature range of the SmC* and SmX* phases
but also in the part of the SmA region below T′, while
it remains almost constant above T′. The slope of the
dispersion curve is relatively steep in the temperature
region from T′ at 105 °C probably to TCA at 80 °C, where
an internal shear stress is introduced by the topology
of cross links and retains the layer tilting despite the
constant layer thickness. This implies that in fact not
mesogens but cross linkers dominate the tilting behavior
here, because the tilt angle of mesogens should be
constant. Since the polymer networks forming the
sample shape are fixed by the cross linkers, the change
of tilt of cross linkers brings about a shape change in
this temperature region. Moreover, we can say that the
SmC* state is, at least partly, induced by the internal
shear stress in the temperature region between T′ and
TCA. On the other hand, the slope becomes gradual in
the SmC* temperature region less than TCA. Since
mesogens, whose numbers are eight times larger than
those of cross linkers, dominate the tilting behavior in
this temperature region, the layer tilting is accompanied
with a decrease of layer thickness. Because of the
intralayer fluidity in the smectic C phase, the tilting of
mesogens does not to be effect the shape-change with
varying θE in the SmC* phase. To discuss the nonlinear
relationship between molecular reorientation and mac-
roscopic shape change as a whole is beyond the scope
of this paper. In the meantime, we proceed to make
further observations on the deformation behavior and

hope to elucidate a number of mechanistic questions.
We will show experimental details to confirm our
hypothesis soon.

Conclusion
We have shown that a monodomain chiral smectic C

elastomer exhibits a biaxial shape memory effect,
demonstrating its spontaneous and reversible deforma-
tion on heating and cooling where successive phase
transitions took place. Not only shrinkage (elongation)
due to the smectic-isotropic (isotropic-smectic) transi-
tion but also spontaneous shear deformation associated
with molecular tilting in the temperature range of the
smectic phases was observed. In addition, the reverse
change of the molecular alignment was also confirmed
by the X-ray observation during the heating and cooling
process. The agreement between the sample observation
and the X-ray analysis revealed that the macroscopic
symmetry defined by the shape of the SmC* elastomer
film was closely associated with the microscopic local
symmetry due to the liquid-crystalline phase. Because
cross-linking under mechanical shear field perpetuated
the memory of the molecular alignment at the SmC*
state, the monodomain SmC* elastomer exhibited a
biaxial shape memory effect in the macroscopic feature
of the film. In addition, we tentatively explained the
nonlinearity in the relationship between θE due to the
elastomer shape and θX estimated by X-ray observations
on the basis of a hypothesis that not mesogens but the
topology of cross linkers have an ability to change the
elastomer shape.
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