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Electrically induced deformation in chiral smectic elastomers with different domain structures
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Electrical actuation is investigated in two kinds of chiral smectic liquid-crystal elastomers (LCEs) with different
domain structures LCE1 and LCE2: The latter is better than the former in orientational order. Tracking fluorescent
beads dispersed on the samples enables us to measure the two-dimensional strain tensors in ferroelectric elastomer
films. It turns out that the electric-field-induced strain is polarity dependent and the type of molecular orientation
responsible for the strain is specified. In LCE1 the shear strain is dominant, whereas in LCE2 it is comparable
to the elongation strain, which is explained by the rotation of the principal axes. The essential differences of the
two elastomers are observed in the eigenvalues of the strain tensors. The absolute values for LCE1 are larger than
those for LCE2. The difference is discussed on the basis of the domain structures.
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I. INTRODUCTION

Liquid-crystal elastomers (LCEs) are unique materials that
combine the anisotropy of liquid crystals with the elasticity
of polymer networks [1,2]. Because of electromechanical
and electro-optical properties, they have been paid increasing
attention in the past two decades [3-11]. In particular,
chiral smectic elastomers have attracted interest because of
properties such as piezoelectricity, ferroelectricity, pyroelec-
tricity, and second-harmonic generation [9-27]. Among them,
piezoelectricity may be important in applications.

Deformation of a LCE by electric excitation is coupled with
changes in the orientation of the director. For the orientational
changes in chiral smectic phases, they represent modes like the
soft mode in the smectic-A* (Sm-A*) phase (the condensation
of which induces the Sm-A*—Sm-C* phase transition) and
amplitude and phase modes in the Sm-C* phase. If chiral
smectic LCEs thus deform according to the modes that are
excited by an electric field, the shear deformation should be
observed in the chiral smectic LCEs as shown in previous
studies [9—12]. We have recently succeeded in directly observ-
ing the electrically induced shear deformation in the Sm-C*
phase using a fluorescent bead-tracking method [26,27].
Previous studies only reported the piezoelectric property
of the elongation strain along the film thickness direction
(piezoelectric coefficient d,,, in our coordinate system shown
in Fig. 1) [9,10,22-25], whereas our study has shown the direct
evidence of the piezoelectric property for electrically induced
shear deformation (piezoelectric coefficient d,) [26]. From
the temperature dependence of strain tensors, we also found
that the shear deformation was dominant and the origin of
the shear strain was mainly attributed to the phase mode
(the Goldstone mode) in the Sm-C* phase [26]. The LCE
used in the previous study is a uniaxially deformed elastomer
(LCE1) [26,27]. As shown in Fig. 1 (left), the directors are
uniformly aligned along the z axis, but are tilted with respect
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to the layer normal in the Sm-C* phase of this elastomer [28].
The layer normals are conically distributed around the director.
Layer tilting may thus cause domain boundaries to form in the
Sm-C* LCE. On the other hand, there is another elastomer
with different domain structure (LCE2). In the Sm-C* phase,
it has a uniform structure in terms of the director and layer
orientation shown in Fig. 1 (right) [28].

Some studies have already been reported on the piezo-
electric effect in these elastomers [19,22,24,25]. Kremer
and co-workers studied the direct and inverse piezoelectric
effects dy,, in the LCE2 sample [19,22,24]. Hiraoka et al.
carried out the dynamic electromechanical measurements of
the complex piezoelectric constant in LCE1 and LCE2 [25]. It
was reported that a relaxation of the piezoelectric constant on
frequency took place in LCEL, but the resonance in LCE2 and
the piezoelectric constant of LCE2 with a macroscopically
spontaneous polarization were smaller than those of LCEI
possessing no net spontaneous polarization.

The previous studies, however, measured no quantities
directly related to the electrically induced shear deformation,
which was essential in the chiral smectic elastomers. In this
paper we measure the two-dimensional strain tensors in the
deformation plane as a function of temperature for both LCEs
to elucidate the effect of domain structure on piezoelectricity.
After the experimental setup and analytical method are briefly
described, the results of our experiments are presented and
discussed. We then provide a summary of the work.

II. EXPERIMENT AND ANALYSIS

The ferroelectric LCEs prepared in this study were network
polymers with two different liquid-crystal subunits attached
comblike to a polysiloxane backbone. Chemical structures and
molar ratios of molecular components were described in detail
in a previous study [12]. Elastomers were synthesized by the
hydrosilylation reaction of the side groups and the backbone
according to the procedure previously reported by Finkelmann
et al. [29]. The elastomer film was prepared by spin casting
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FIG. 1. Schematic of the molecular alignment in LCE1 (left) and
LCE2 (right) in the Sm-C* phase. Here n, k, and 6 represent the
director, layer normal, and smectic tilt angle, respectively.

carried out under centrifugation and the reaction vessel then
was cooled to room temperature. The polymeric liquid-crystal
samples swollen with toluene were carefully removed from
the vessel before the completion of the cross-linking reaction.
These samples were simultaneously aligned by applying a
uniaxial mechanical stress. First, a uniform director orientation
was obtained by a uniaxial deformation. This sample had a
uniform layer orientation and uniform director orientation in
the Sm-A* phase. In the Sm-C* phase, however, smectic layers
were conically distributed with the tilt angle 6 of the layer
normal to the mesogen long axis, where 6 was identical to the
tilt angle of the mesogenic groups in a smectic layer [Fig. 1
(left)]. We called this uniaxially deformed elastomer LCE1. To
also obtain a uniform layer orientation, a second uniaxial stress
was applied with an angle of ¢ = 90° — 6 to the first deforma-
tion direction. A biaxially deformed elastomer with uniform
layer orientation as well as uniform director orientation was
obtained by the second uniaxial stress [Fig. 1 (right)]. This
elastomer was called LCE2. During the deformation process
at room temperature, the toluene evaporated continuously
from the samples and the samples underwent the processes
from the isotropic phase of the gel to the tilted smectic
phase of the dry elastomer [30]. The molecular alignments of
these elastomers were confirmed by x-ray measurements [28].
The elastomer showed the following phase sequence:
g — 6Sm-X*32Sm-C*80Sm-A*1151(°C) (where g refers to
the glassy state).
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The transition temperatures listed above were determined
by differential scanning calorimetry and x-ray scattering
as already reported in previous papers [17,31]. The glass
transition temperature was —6°C. The Sm-X* phase was a
high-ordered tilted smectic phase.

Figure 2(a) shows the schematic of the experimental setup.
The z axis was taken along the direction of the director in
the LCE1, but along the layer normal in the LCE2 at room
temperature. An electric field was applied parallel to the x
axis, which was perpendicular to the LCE film. The sample
film was mounted on a hot stage (HS1, Instec) for temperature
regulation during measurements. Before each measurement,
the sample was held for at least 30 min at the measurement
temperature. The temperature was controlled within 0.1 °C.
Conductive grease (Circuit Works) was thinly coated on
both surfaces of the elastomer sheet with a sample size of
several mm?. The thickness of the grease layer was about
80 em. The fluorescent beads (F8823, Molecular Probes) were
homogeneously dispersed on the grease on the upper side.
The movement of the fluorescent beads under an electric
field was monitored with a CCD camera (QICAM, Qimaging)
attached to a microscope (BX51, Olympus) to calculate the
field-induced strain of the elastomer film. In this experiment,
therefore, the fluorescent beads should follow the deformation
of the elastomer when subjected to the electric field. If the
thickness of the grease layer were smaller than the linear
dimension of the area covered by the grease, the elastomer
deformation would be faithfully captured with the beads for a
uniform strain. We checked this by using an elastic tape with a
thin grease layer partially coated on it [27]. The size of image
was 320 x 240 um? (1392 x 1040 pixels). In the images, ten
fluorescent beads were selected and the positions of the beads
were attained by an image analysis method. The accuracy of
displacement was about 20 nm (0.1 pixel).

Next, the two-dimensional strain tensor was obtained
by the least-squares method from the data on the y and
z coordinates of ten beads at different locations [26,27].
Assuming spatially uniform deformation in the LCE, the
two-dimensional displacement gradient D(¢) was given by

81:(t) = 61:(0) + D(1)81;(0), (1)
with
8r:(t) = ri(t) — 16(1), 2)
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FIG. 2. (Color online) (a) Schematic of the experimental setup for this study. The left-hand side of the sample was fixed. The right-hand
side could move freely, allowing small changes in the films to be precisely monitored. (b) Schematic for the measured deformations in the

LCEs.
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where r;(¢) is the position of the i bead at time 7, rg(¢) is
the center of mass for the measured beads, and dr;(¢) is the
relative position of the ith bead from the center of mass. All
the components of D(¢) were determined by the least-squares
method. Further, D(#) was decomposed into the pure strain
tensor S(1):

S(t) = 1[D@) + D)1, 3)

where superscript T indicated transpose. As reported in the
previous study [26], we compared the dr;(¢) obtained from the
experiment with the one calculated from the D(7) determined
by the least-squares method. The dr;(¢) obtained from the
experiment was in agreement with the value calculated from
the obtained D(¢), indicating that the assumption of uniform
deformation was appropriate. Figure 2(b) shows the schematic
for the measured deformations in the LCEs.

III. RESULTS AND DISCUSSION

The positions of ten beads were traced at 40°C in the
Sm-C* phase during the application of a sinusoidal electric
field. Figure 3 shows typical time courses of the displacement
for one bead in both LCE1 and LCE2. Both the z and y
components were clearly proportional to the applied electric
field. Other traced beads in both LCEl1 and LCE2 also

(2) —z
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FIG. 3. (Color online) Time dependence of displacement of
(a) LCE1 and (b) LCE2 at 40°C. A sinusoidal electric field
E = Eysin[27f(t —5)] was applied with f =0.1Hz and E, =
1.25 V/pum during four cycles; E is zero at t = 0—5and 45—50 s.

PHYSICAL REVIEW E 90, 062507 (2014)

5x107

2.5x10

Strain

2.5x10™

5x10

5x10™

2.5x10* [

Strain

-25x10

-5x10*

Time (s)

FIG. 4. (Color online) (a) Schematic for the measured deforma-
tion in the LCE. Also shown is the time dependence of strain tensors
of (b) LCE1 and (c) LCE2 at 40 °C. The applied electric field is the
same as in Fig. 3.

showed the same sinusoidal behavior in the same phase, but
with different amplitudes (note that the amplitudes can take
a negative sign here). The displacements depended on the
place of the beads on the elastomers, showing that strains
related to these deformations were induced by the electric
field. The directions of deformation in both elastomers also
depended on the polarity of the applied electric field. These
results indicate that spontaneous polarization was related to
the deformation in both elastomers, not dielectric anisotropy
as pointed out by Hiraoka ef al. [12]. These behaviors seem
to be the same as those reported previously on polydomain
elastomer [12,26].

Although LCEl and LCE2 behave similarly in displace-
ment, their differences become apparent in the strain tensors.
As shown in Fig. 4, the time dependence of the strain tensor
S(¢) is calculated from the displacements of the ten beads at
different locations. In Fig. 4(a) of LCEI, the amplitude of S,
is much larger than that of the others, meaning that the shear
strain is mainly induced by the electric field. In contrast, the
amplitudes of the three components of the strain are almost the
same in LCE2, as shown in Fig. 4(b). This suggested that not
only the shear deformation but also the elongation one along
the y and z axes takes place in the LCE2 sample during the
application of electric field. It is well known that the strain
components depend on the frame of reference. Therefore, we
will later discuss the results above in terms of the eigenvalues
and eigenvectors of strain tensor.
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FIG. 5. (Color online) Dependence of the amplitude of strain
tensors on temperature in (a) LCE1 and (b) LCE2. The applied electric
field at each temperature is the same as in Fig. 3.

We obtained the amplitudes of the first harmonics of the
strain tensors from the Fourier transform operation. Figure 5
shows the dependences of the amplitude of each strain tensor
component on temperature in both LCEs. The negative values
of amplitude mean that the strain and the electric field are
mutually opposite in phase. For LCE1, S, clearly decreases
with increasing temperature, but the other components are
small and nearly constant. Meanwhile, all the components of
LCE2 decrease with increasing temperature. It is reported that
as the temperature increases in the Sm-C* phase the tilt angle
of the director decreases and then the spontaneous polarization
also decreases. The decrease in the strain tensor components
seems to be related to the decrease in the tilt angle (spontaneous
polarization).

Here we develop a phenomenological consideration.
Figure 6 represents the geometry of director n in the Sm-C*
phase. The order parameters inducing the Sm-A*-Sm-C*
phase transition are nyn, and nyn, [32]. From symmetry
considerations, we have approximate relations between the
director and the strains

Se:=cnyn; =ccos¢p, S,,=cnyn, =clsing, (4)
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X

FIG. 6. (Color online) Typical schematic of a tilt angle of the
liquid crystal in the Sm-C* phase. Here ¢ is azimuthal angle in
Sm-C* phase.

with a constant ¢ for a small tilt angle 8. Here ¢ is the azimuthal
angle from the x axis. The other components of the strain
tensor are of second order with respect to 8. Therefore, the
shear strains are dominant. Note that this does not contradict
the experimental result above that the shear and elongation
deformations are comparable in the LCE2 sample because
the strain components depend on the frame of reference,
indicating that the LCE2 sample should be rotated as shown
later. We assume that the electric field E is applied along the x
direction. The field-induced parts of strains §6 and §¢ can be
written as 86 = xg fy and 8¢ = x4 fy, respectively, by using
the susceptibility for the soft (amplitude) mode x4 and that for
the phase mode x4, where fy and f; are the forces conjugated
to 6 and ¢, respectively. Assuming that & = 6 and ¢ = ¢ are
at an equilibrium state without an electric field in Sm-C*, the
field-induced strains are given by

S,z = € cos Ppd0 — cOy sin pod
= —Lewsin2¢o(xo — x40 ) E (5a)
and
Syz = csingpdd + cly cos Pod
= —cu(xesin’ o + xp05cos’po) E, (5b)

where we use 860 = —uxp E sin¢p and §¢ = — x4 E6y cos ¢
and p is a constant, the sign of which depends on the sense
of chirality [32]. Note that S, is observed in the present
experiment, but S, could not be observed. It can be considered
that for the LCE1 sample ¢, is not constant and distributed
from O to 27, while in the LCE2 sample ¢y ~ 7 /2. From
Eq. (52), Sy, for the LCE1 sample may vanish by averaging
over all the domains with different orientations, while that
for the LCE2 sample may also be small due to large portions
of domains with ¢9 ~ 7 /2. Next, let us consider S,.. As the
sign of §,. is independent of ¢y, each domain of the LCEI
sample contributes to Sy, in an additive manner. Generally, x4
is finite and increases as the transition point is approached, but
X¢ 1s thought not to have a strong temperature dependence.
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Equation (5b) shows that the contribution of the amplitude
mode to Sy, increases as the transition point is approached,
while the contribution of the phase mode may decrease
because the tilt angle decreases. The latter coincides with
the experimental results in Fig. 5(a). Therefore, it can be
concluded that the contribution of the phase mode primarily
causes the electrically induced deformation whose magnitude
increases with decreasing temperature in LCE1. Also in LCE2,
the phase mode is thought to be dominant from the fact that the
amplitudes of the three strain components increase similarly
with decreasing temperature [see Fig. 5(b)]. For the ideal LCE2
sample with ¢y = /2, S,, and S, should disappear in the
Sm-C* phase.

To elucidate the essential differences between LCE1 and
LCE2, we calculated the eigenvalues of the two-dimensional
strain tensors at each temperature. The absolute values of
eigenvalues in both LCEs decreased with the increase of
temperature [Fig. 7(a)], which clearly indicates that the phase
mode is responsible for the piezoelectric effect. Note that the
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FIG. 7. (Color online) Temperature dependence of (a) eigenval-
ues and (b) the angle between one of the principal axes and the z axis
in LCE1 and LCE2.
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sum of the two eigenvalues for each sample was almost zero,
meaning that the area should be constant. The eigenvalues of
the LCE2 were smaller than those of the LCE1 in magnitude.
This can be explained by the above-mentioned distribution
of ¢o. In the LCE1 sample, there was a certain number of
domains with ¢9 # /2 contributing to the shear strain, while
in the LCE2 sample, there was a comparably small number of
such domains.

Figure 7(b) shows the temperature dependence of an
angle between one principal axis and the z axis for each
sample, which was obtained from the eigenvectors of the
two-dimensional strain tensors. The result in Fig. 7(b) shows
that the angles were almost independent of temperature for
both samples. The angle was 40.4 £2.6° for LCEl and
20.3 £3.7° for LCE2. In the case of the LCEl sample, it
can be said that the angle between the eigenvector and the z
axis was approximately 45°, suggesting that the elongational
strains along the z and y axes disappeared and the shear strain
became dominant [Fig. 5(a)]. On the other hand, in LCE2
the angle was about 20°, which explains the appearance of
the elongational strains in Fig. 5(b). It can be easily shown
that the rotation of the y and z axes around the x axis
change the temperature dependence of the strain tensor in
Fig. 5(b) into that in Fig. 5(a), though the absolute values are
different. The x-ray analysis shows that the angle between
the director and layer normal is kept constant in LCE2 in the
temperature range of the Sm-C* phase, where the sample shape
is almost unchanged [28]. This result is consistent with that in
Fig. 7(b).

IV. CONCLUSION

We compared the piezoelectric properties of the two Sm-C*
elastomers with different domain structures. Direct observa-
tion of fluorescent beads dispersed on the sample enabled
us to clearly measure the electrically induced deformation
in both LCE1 and LCE2. The two samples showed different
behaviors in strain tensor. The amplitude of the shear strain
was larger than that of the elongation strain in LCE1, but all
the components were almost the same in LCE2. The apparent
difference was found to be due to the rotation of the principal
axes in LCE2. On the other hand, it turned out that the absolute
strain of LCE2 was smaller than that of LCE1 after calculating
the eigenvalues of strain tensors, which was explained by the
¢o dependence of the averaged piezoelectric constant.
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