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ABSTRACT: Swollen nematic elastomers unconstrained by electrodes exhibit macroscopic deformation as well
as an almost full (99 rotation of director in fast response to sufficiently high electric fields normal to the initial
director. The deformation is strongly coupled to the director rotation: The deformation takes place dominantly

in the plane where the director rotates whereas almost no dimensional variation occurs in the direction irrelevant
to the director rotation. There exists a threshold for the onset of director rotation which is determined by field
rather than voltage. The constraint by electrodes prohibiting strain along the field axis strongly suppresses the
director reorientation and also significantly increases the threshold field. As the cross-linking density decreases,
the electrooptical and electromechanical effects become larger and the threshold decreases. The compressive
strain along the initial director axis linearly varies with%th(6: rotation angle of director) in good agreement

with the prediction of the soft deformation theory for thin films.

Introduction basis of soft elasticity concept®21The anisotropic deformation

Liquid crystal elastomers (LCE) exhibit interesting properties observeéP_is qualitatively similar to the theoretical picture, but
stemming from the hybrid characters of elastomers and liquid the quantitative comparison has not yet begn.done.
crystalst A marked characteristic of LCE is that the molecular The fast response of nematic gels to electric fields also attracts
orientation of the constituent mesogens is coupled to the Much attention from the viewpoint of the application to soft
macroscopic deformation and vice versa. For instance, theactuators. The direct coupling of electric fields to mesogen
imposed strain perpendicular to the initial director can drive a alignmentyields a much faster actuation of LCE in comparison
90° switching of the director in LCE-5 In the mechanical W'th Th? electrzlgally drly_en polyelgctrqute gels govemed by
stretching, the globally uniform shear deformation is impossible ionic diffusion== In addition, the direction of the electrically
because of the clamps holding the sample from both ends. Thisdriven stretching of LCE is controllable by the signs of dielectric
mechanical constraint yields the nonuniform stress (strain) field @nisotropy of the constituent nematogens: The dielectrically
in the process of the director rotation, leading to an inhomo- positive or negative nematic gels are stretched in the direction

geneous microstructure observable as a characteristic stripedP@rallel or perpendicular to the field axis, respectivéliplso,
pattern of the director orientatichn’ the electrical deformation of monodomain nematic gels with

" global director accompanies a large change in birefringence as

Electric fields have also been employed to drive the directo a result of director rotation. The electromechanical responses

reorientation in LCE. The LCE swollen by low molecular mass ° . . . ;
liquid crystals (nematic gels) were used as the sarfipies Wlth thg electrooptlc_al (_effects in LCE are expected to yield
because unrealistic high fields are needed to induce a finite 'Neresting new applications. . .
rotation of director in dry LCE, owing to the high elastic N the present study, we study the details of the deformation
modulus. In the previous communicatifhwe demonstrated qoupled to Fhe dlrector rotation in nematic gel§ under eilectrlc
that the sufficiently high electric fields normal to the initial ~ fields. We investigate the effects of cross-linking density on
director achieve almost full (3Drotation of director in nematic ~ the electric field response and also show how strongly the
gels which are unconstrained by the electrodes. Of importanceMechanical constraints from electrodes suppress the director
is that the simultaneous deformation takes place dominantly in Fé@lignment. We elucidate the correlation between the rotation
the plane regarding the director rotation: The dimension along ngle of director and the dimensional changes and quantitatively
the initial director is reduced while almost no dimensional compare it with the theoretical picture of macroscopic soft
change occurs in the direction independent of the director deformation.

rotation. In addition, the induced director reorientation and
deformation are globally uniform since the electrically driven
director switching does not need the clamping of gels: No  Samples. Side-chain nematic networks with global uniaxial
inhomogeneous microstructure like stripe domains formed in (homogeneous) orientation were prepared by the method described
mechanically induced director switching was obserfetine in ref 23. The photopolymerization of the reactive mesogenic
electric field response of nematic gels in unconstrained geometrymonomer MP (Figure 1) in the globally aligned state was carried
provides an important and unambiguous basis to elucidate thePUt in @ glass cell whose surface was coated by uniaxially rubbed
mechanism of the deformation coupled to the director rotation. POlyimide layer. 1,6-Hexanediol diacrylate and the low molecular
The deformation induced by director rotation in LCE was mass liquid crystal 4-hexyloxy-4-cyanobiphenyl were used as

th tically di d functi f rotati | th cross-linker and nonreactive miscible solvent, respectively. The
eoreucally discussed as a tunction of rotation angle on e ,,,04ctive nematic solvent was mixed with the reactive monomer

to broaden the temperature range of nematic phase, and the mixing

*To whom correspondence should be addressed. E-mail: urayama@ Molar ratio was 1:1. Irgacure 784 was employed as photoinitiator.
rheogate.polym.kyoto-u.ac.jp. The photopolymerization was performed by the irradiation of visible
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Figure 1. Molecular structures of employed reactive mesogenic
monomer and nematic solvent.

Table 1. Sample Characteristics

Cx d dp o Ecg
(mol%) (um)  (um) (um) Q (MV m~1) o k
3 26 20 40 5.5 0.58 113 123
7 34 25 40 4.1 0.62 125 113
14 23 25 40 2.0 0.82 151 1.06

light (with wavelength of 526 nm) at a temperature lower than the
nematic-isotropic transition temperature by°€. The gap of the
cells for the sample preparatiody) was 20, 25, or 5¢:m.

The samples with differing cross-linking densities were prepared
by varying the cross-linker concentrations in the fe€g).(After
polymerization, the slide glasses were carefully removed from the
gel films, and the gel films were allowed to swell in dichloro-

methane to wash out the nematic solvent and unreacted materials.

The swollen gels were deswollen in methanol. After drying, the
networks were fully swollen in the nematic solventgpentyl-4-
cyanobiphenyl (5CB, Figure 1). The initial swelling temperature
was 80°C in the isotropic phase of the gel, and thereafter the
swelling was equilibrated at 25C in the nematic state. A
monodomain nematic texture in the swollen networks was con-
firmed by polarizing microscopy. In the swollen state, the network
and solvent form a single nematic phase without microphase
separation. As is evident from the molecular structures of MP and
5CB, the nematic gels are dielectrically positive.
The degree of anisotropy in swelling)(was evaluated by

o= Afn )
where/, andAg are the principal ratios parallel and normal to the
director, respectively. The ratiog and 1n are defined as the
dimensional ratios in the swollen and dry statés= by/by,q4' and
An = b/bp,ay' wherebgy! is the dimension in the dry, isotropic
state. The degree of swellin@), i.e., the volume ratio in the dry
and swollen states, is calculated Qy= A, A2 assuming uniaxial
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Figure 2. Schematic of the experimental setup.

0.04

/ mol%
3
7
14

200 400

Vo (V)

Figure 3. Effective birefringenceAne as a function of\ for the
nematic gels with differin@y. The arrows indicate the threshold voltage
amplitudes to yield a finite change ines. The data for the gel o«

= 7 mol % were reproduced from ref 18.

600 800

= sir?(rdgAner/1) wheredy is the optically effective film thickness.
The value ofdy at eachv, was calculated with the strainsxaand
y-directions assuming the volume conservation in the way described

orientation. Table 1 tabulates the characteristics of the sampleslater.

including the film thickness in the swollen sta
Measurements. The schematic of the experimental setup is
shown in Figure 2. All measurements were carried out at@5
The fully swollen gels were placed between the two transparent
glass plates with indiumtin oxide (ITO) electrodes. The gap
between the electroded was adjusted by the spacers to be larger

than dg so that the gels could be unconstrained by the electrodes.

In a separate experiment, the electrically driven deformation of
the gels was observed with an optical microscope Nikon E600POL.
Both samples for electromechanical and electrooptical measure-
ments were cut out from the same gel film. Rectangular films with
width and length of ca. 2 mm were used in the electromechanical
measurements. The dimensions of the gelg-iandy-directions
were measured as a function \¢§. The strain in each direction

The constrained geometry where the gel was effectively sandwiched(ri) were evaluated by

by the electrodesd( = dg) was also employed for comparison. In
the constrained geometry, no distortion along the field direction
was allowed.

The cells were filled with transparent silicone oil, which is a
nonsolvent for the gels. The sinusoidal electric fields were applied
in the z-direction normal to the initial directox{direction) of the
gels using a function generator NF WF1943 and a high-voltage
amplifier Kepco BOP1000M. The voltage amplitudey) was

7i = (i = lighllio (2
wherel andly are the dimensions in the deformed and undeformed
states, respectively. The measurementanf; andy at eachV,

were made about 30 s after the application of the field. This time
interval is enough long to achieve the stationary state because the

time required to reach the stationary value in light transmittance

stepwise increased up to 750 V. The employed frequency was 1yas ca. 5 m48

kHz.

The electrooptical effects were studied by measuring the intensity Results and Discussion

of transmitted light () through crossed polarizers with the sample
cells using a He'Ne laser { = 633 nm). The initial director of
the gels was at an angle of 4Eelative to the optical axes of the
crossed polarizers. The effective optical birefringente.£: Anes

= n, — nywheren; is the principal refractive index in thedirection)
was evaluated as a function \@§ from the familiar relation/l ,ax

Electrooptical and Electromechanical Effects.Figure 3
displays theVy dependence olng for the nematic gels with
differing Cy in the unconstrained geometry. An increasé/m
yields a decrease iAne;, i.e., the growth of director reorienta-
tion along the field axiszdirection). TheAnes—V, relation iSCDV
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dielectric anisotropy proved that is positivel’ i.e., the gels
are stretched along the field direction, owing to the electrical

0 .l.';xxx“ LYYV Isnii"nnﬂ Yy . . . .
Ad, R nematogen orientation. In the calculationies, the optically
-. 0. TV effective thicknessdg) under electric fields was estimated using
-0.05 | ", dgldg ~ [(1 + )@ + y)]7* on the basis of the volume
" constancy.
> n The deformation increases @gdecreases (i.e., the modulus
. 01 f " o - Y becomes smaller). In the case ©f = 3 mol %, |y reaches
) C./ molo oo X ca. 17% at the maximurdy. An increase irCy (i.e., modulus)
é ° suppresses the electrical deformation as well as the electrooptical
015 | ™F effect. It should also be noticed in Figures 3 and 4 that the
: Z 7 "---./ thresholds V) to yield finite optical and mechanical responses
14 are present. The values of for each response are almost
02 , \ identical, andV. depends onCy. The discussion about the
0 200 400 600 800 threshold is given in the next section.
Vo /V Part a of Figure 5 depicts the relation between normalized

values ofyyx and the change iAnest (Onesr = Angff — Aneg).
Each quantity normalized by the value at the maximigwaaries
from zero to unity. For all samples, the relation is well
represented by a straight line with the slope of unity, indicating
thatyx strongly correlates with the change in birefringence. The
reversible when repeating the application and removal of electric result further supports that the deformation is strongly coupled
fields. Of importance is thakne for the gels withC, < 7 mol to the director rotation. The deformation induced by the full
% decreases down to almost zero (ca. 5% of the initial values) (90°) rotation of director is schematically shown in Figure 5b.
at sufficiently highVp, indicating that the high fields achieve Determinant of Threshold. The thresholds for the onset of
almost full (90) rotation of the director. A residual (nonzero) director rotation in the gels with differing thicknesses but with
value of Angs at high fields may imply the presence of the identical Cx have been studied to elucidate which of electric
surface layer where the initial nematogen alignment is im- field or voltage is the determinant of threshold. Figure 6 shows
mobilized by anchoring effects. For the gel®f= 14 mol %, Angis in the low Vo region for the gels o€, = 14 mol % with
Anerr does not show the saturation in the highregion, and dg = 23 and 47um. The thresholds are clearly observed for
the minimum value still remains ca. 30% of the initial value, both cells. The cells are composed of the two layers (gel and
indicating that the high modulus acts as a resistance for thesilicone oil) differing in thickness and dielectric constant. From
director rotation. As seen in Figure 3 and Table 1, the initial the threshold amplitude for the celVd), the corresponding
value of Anest at Vo = 0 as well as the degree of anisotropy in  voltage V¢ and field strengthE. g acting on the gels are
swelling (@) increases witlC,, showing that the global nematic ~ calculated by

order becomes larger &S, increases. This is because the

Figure 4. Strainsyy andyy as a function ofV, for the nematic gels
with differing Cx. The arrows indicate the threshold voltage amplitudes
to yield a finite strain. The data for the gel & = 7 mol % were
reproduced from ref 18.

orientational order of mesogenic molecules before cross-linking € dov

is more effectively maintained in the networks upon the cross- Ves™ % o (3a)

linking reaction asCy increases. In addition, a large swelling € d Te (d dg)

of the networks with lowCy acts to reduce the global nematic

order before_ swelllng. . _ E,g=— (3b)
The amplitudeVy in the figure is the apparent voltage dg

amplitude acting on the cell composed of the gel and silicone
oil layers. A care should be taken when comparing the responsesyhereey andes are the dielectric constants for the gels along
in different samples at eadlh. The voltage effectively acting  the field axis and silicone oil. For simplicity, we assume no
on the gel depends on the thickness and effective dielectric pretilting of nematogens in the initial state and approxinegte
constant of each layer. The effective dielectric constant of the by the dielectric constant normal to the long axis of 5CB. The
gel, however, also alters with the rotation angle of director, calculated values OfcgandEcgareVeg = 2.1 x 101V, Ecq
which practically prevents from calculating the voltage acting = 8.2 x 10 MV m~! for d° = 23um andVcy = 4.7 x 10
on the gel at eacllo. Thus, we employ to display the electric /. Ecg = 9.5 x 1071 MV m 1 for d° = 47 um. The close
field responses of the gels unless specified otherwise. values ofE. 4 but the largely different values Of; 4 for the two
Figure 4 illustrates the straing (i = x, y) as a function of samples indicate that the threshold is determined by field rather
V, for the gels with differingCy in the unconstrained state. The than voltage. The similar result was obtained in the studies on
induced deformation is obviously anisotropic, and the dimen- the electrooptical response of nematic gels in the constrained
sional variation takes place dominantly in tkez plane where geometry ofy, = 0.121316The small difference itk g of the
the director reorientation occurs: The gels are compressed alongwo samples is mainly due to an inevitable finite difference in
the initial director axis X-direction), while almost no dimen-  the degree of initial orientation which is recognizable in the
sional change is present yadirection even at high fields. The different initial values ofAnes: The anchoring force of the
strain along the field axisz{direction) was not directly measured rubbed layers inducing a homogeneous nematogen alignment
because of the difficulty to detect small thickness changes in weakens as the cell gap increases. The threshold governed by
the thin films. The strains iz-direction, however, are certainly  field is in contrast to that determined by voltage in the Fredericks
elongational (positive) because the gels are substantially in-transition of conventional nematogens. This results from the
compressible like cross-linked rubbers. In addition, a direct different anchoring origins in usual nematogens and nematic
measurement of, using the cylindrical gels with positive  gels, since they are substantially liquids and solids, respecti&%
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Figure 5. (a) Correlation between the reduced values Afi. andyy for the nematic gels with differin@x. The data oBAnex andy are reduced
using the values at the maximutfy (Anes* and y,*). (b) Schematics for the nematic gels in the two extreme statés=sf0° and 90.
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Figure 7. Effective birefringenceAne as a function ofVy for the
nematic gels ofC, = 7 mol % in the unconstrained and constrained
states. In the constrained state, the strain in the field direction is strictly
prohibited. The data are reduced by the initial valuéofs at Vo = 0.

The arrows indicate the threshold voltage amplitudes for the onset of
a change iM\net. The data for the unconstrained gel were reproduced
from ref 18.

Figure 6. Effective birefringenceAnes in the low Vy region for the
nematic gels o€, = 14 mol % withd) = 23 um (¢ = 40 um) andd)

= 47 um (d = 60 um). The arrows indicate the threshold voILt]age
amplitudes for the onset of a changeAn,.

The anchoring effect in usual nematogens stems only from the
surface of electrodes (substrates), which causes a large distribu- . .,
tion of the tilt angles of nematogens with the maximum at the character_ to some extent (what has been.called se.m%}:oft
middle of the layer under electric fields. By contrast, the “Systema'[,!c data dfcg ade are needed to d|§cuss the issue of
anchoring effect in the gels originates from the gel matrix, and SOﬁneSS more qugntltatlvely. The r_nechanlcal measurements
the resultant anchoring force is primarily affected by the of the thin soft gel films are not straightforward at present.

modulus governing rubber elasticity: As seen in Tabl&dl, Effect of Mechanical Constraint by Electrodes.Figure 7
increases withCx. A simple argument using the balance of displays the comparison of electrooptical effects of the gel of
dielectric and elastic energies sho@s- epA¢E, ¢ for the onset Cx = 7 mol % in the constrained and unconstrained states. In
of director response, wher@, G, and Ae are the dielectric the constrained state, the strain in the field direction was strictly
constant of vacuum, shear modulus, and dielectric anisotropyProhibited §; = 0), while care was taken to facilitate the
of the materials, respectivel}.This equation with the data of ~ deformation inx- andy-directions at the electrode surfaces by
EcgandAe for 5CB yields the values d8 less than 19Pa for lubricating with silicone oil. In the constrained geometry, the
all Samp]es examined here. These value&are too small decrease imneﬁ saturates at hlgh fields, but the total drop from
Compared to the typ|ca| values & (On the order of 1@0r the initial value is Only 40%. This is much smaller than ca.
10%) for the swollen gels with the simila€, and Q. In other 95% drop inAnef at high fields in the unconstrained state. In
words, the thresholds observed are much lower than thoseaddition, the threshold field in the constrained st&igy(= 6.3
expected from the typical modulus of the gels with similar MV/m) is about 1 order of magnitude larger th&gg = 0.62
characteristics. A soft elasticity concept argues that the full MV/m in the unconstrained state. These results clearly dem-
director rotation costs no energy in ideal LCE with neither Onstrate that the geometry prohibiting the strain along the field
anchoring effect nor chain interaction such as entanglementaxis strongly suppresses the director reorientation. The sup-
effects:24-26 In the experiments, a finite threshold is present, Ppression effect of the constrained geometry on the director
and a high external field is required to achieve @6tation of rotation in LCE was theoretically discussed in ref 24.

director. These observations indicate that the real systems are In the constrained geometry, a nonuniform deformation was
not purely “soft”, but the unexpectedly small threshold in the observed under electric fields. Almost no deformation takes
experiment may imply that the real systems have a “soft” place iny-direction as in the unconstrained case. Meanwf&lB,V
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stemming from the nematic order (not from the macroscopic
shape of samples). The dimensipfi = X, y, 2) alongi-axis at
6 = 0 is obtained as

|O

IX = |2 lXX + I_é/lXZ ~ lg)’xx (5a)
X

=1 (5b)

b i 1°
i il l,= I(z) Ap _();lzx (5¢)

&i T IZ

s L lﬂ
o AT whered; (i, ] = X, y, 2) is theij component ofl, and we use the

condition!? < 12 becauseY1? of the samples employed is on

the order of 102. Equation 5a indicates that the contribution
(c) of the shearly, to Aly is negligibly small in sufficiently thin
films. Part b of Figure 8 depicts the simulated deformation in
the x—z plane for the thin rectangular gel witfl? = 40 andk

= 1.34 on the basis of eqs 4 and 5. In the experiments, the

Figure 8. (a) Deformation of small volume elements with anisotropy  changes in shape are evaluated in termsyiofeq 1). The
k = 1.5 on the basis of eq 4. The arrows indicate the nematic director. expression of/; using eq 5 is given b

The deformations correspond to director rotationg ef 0°, 25°, 60°, p ! geq g y

and 90. (b) Macroscopic soft deformation in the-z plane for the 1

thin nematic gel film ofi1% = 40 andk = 1.34 on the basis of eqs 4 V= —(1 - —) sirf 6 (6a)
and 5. (c) Deformation of the gel with the same parameters as (b) but K

without body tilting.

_ . . o . ry=0 (6b)
an irregular wiggled profile appears ir-direction, which
precludes us from quantifying the deformation. The deformation |° 1
of constrained nematic gels{= 0) under electric fields was y,=k—1) sirf 6 + —3(1 - R) sin 6 cosfO (6¢)
discussed in ref 13, but the constrained condition is different 1;

from that in the present study: The distortions »n and

y-directions at the gel surface are prohibited in their stutfies, Whereyi = (Ii — ID)/I? (i = x, y, 2). Most characteristically, the

while they are possible here because of the lubrication at the theory predictyx proportional to siA6 andyy = 0 independent

electrode surface. The deformation in the constrained geometry©f 6.

is also an interesting issue, and an alternative method is required In the experiments, st is obtained from the data @nes

to reveal the macroscopic deformations. using the relation for the systems with uniaxial optical anisotropy
Analysis of the Deformation Induced by Director Rota- (N = ny=ny):

tion. In this section, we discuss the relation between the rotation

angle of director ) and induced deformation. The issue of

interest is what the path between the two extreme stat@s=at

0° and@® = 90° (Figure 5b) is like. Some similarities between

our observation and the model of macroscopic soft deforma- \heren,, andni(6) (i = x, y) is the refractive index alongaxis

tiont?*?!are present. The macroscopic soft deformation induced ot 9 = 0 and® = 6, respectively, and the uniform orientation

by director rotation consists of pure shear deformation and body 5 assumed. Ifiyo > Aner andnyo > A, eq 7 is simplified as
rotation}20-21 which is schematically illustrated in part a of eff

—1 @)

Figure 8. The variations o from 0° to 9C° yield a stretching ., An(6)
along the rotated director and a compression along the initial sinmf~1-— 0 (8)
director axis but with no dimensional changeyidirection. As AN

stated in the previous section, the experimental results indicate 0 L .
that the real systems are not purely “soft” regarding the energy WNEreAng = o — nyo. This simplification is valid when the
cost for director rotation. Note the present analysis focuses onPiréfringence is sufficiently small relative to the principal
the similarities of the experiment and theory in théependence refgactlve indices. Our samples satisfy this condition because
of the deformation. Let us consider the deformation for the thin ANy iS on the order of 107 whereas the refractive index
rectangular nematic gel of the initial lengtffs1, and® with normal to the long axisrfy) for SCB is ca. 1.5 at 25C. The

the initial director along-axis when imposing the electric field ~ values ofAn.; are comparable to those for the side chain LCE

in zdirection. The theoretical deformation gradient teristar ~ With the similar shape anisotropy < 1.5)#" Figure 9 illustrates
small volume elements (Figure 8a) was derive# as the plots ofy; (i = x, y) vs sir? 6 for the gels with varyingCx.
For all gels, yx linearly varies with sid 6, and y, ~ 0
1-(1- k—l) sif® 0 (k—1)sin6 cosd independently of in agreement with eqs 6a and 6b. The values

of k evaluated from the slope in Figure 9a are tabulated in Table
A=10 10 4) 1. The elasticity theory of nematic rubbers relates the shape
1- k‘l) sinfcos® O 1+ (k—1) sirf o anisotropyk to a step length anisotropy in anisotropic Gaussian
coils in nematic networks2! In our previous studie®,;28it was
wherek is a measure of shape anisotropy of polymer chains theoretically shown that the degree of anisotropic swellirig CDV
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material cannot tilt remotely because of the geometric constraints
of the electrodes: The resultdpt~ 60 um for the material of

Ix = 2 mm exceeds the gap<R0 um) between the electrode
and sample. The contact of the gels with the transparent
electrodes should be easily recognizable in the microscopic
observation if it occurs. No appreciable body tilting allows us
to estimate the optically effective thicknegd) by usingdy(0)/

d) = [(1 + (1 + 7,)]"* mentioned before.

There are several possible reasons for the absence of finite
body tilting. The first is the effects of rigid surface layer
(stemming mainly from anchoring effect) and/or surface tension
suppressing the variation of the outline of gels caused by the
director reorientation. The excellent agreements of the
dependence af, andyy in the experiment and theory, however,
suggest that even if the materials have the rigid surface layers,
the inner matrix occupying most part of the materials (excepting
the rigid surface layers) deforms in the similar way to the soft
deformation, and the macroscopic distortions are governed by
the deformation of the inner gel matrix. An appreciable body
tilting expected theoretically would arise when the gels have a
flexible surface which distorts reflecting the nematogen realign-
ment. The second is that the geometric constraint of the
electrodes may yield a counter rotation canceling a net tilting.
The counter rotation also affects the rotation angle of director
(0) and the apparent length)(if it occurs, but the influences
would not be very noticeable becausgax is small @Wmax <
6°). The similar® dependence aofy would be observed even if
the body tilting is canceled by counter rotation throughout the
process of director rotation. Experiments using samples with
cubic shape and largewill be needed to discuss the issue of

-5 body tilting unambiguously. The deformation along these
sin“0 scenarios is schematically shown in Figure 8c.

Figure 9. Strains (a)x and (b)yy as a function of sif for the nematic

gels with differingCy. The solid lines represent the predictions of eds  Symmary

6a and 6b.

The sufficiently high electric fields achieve almost full
equivalent tok. As seen in Table 1, the values kfand a realignment of the director in unconstrained nematic gels along
evaluated from the two independent methods are comparable the field axis. The director switching yields the simultaneous
but the trends for th€, dependence are opposite. The theory déformation occurring in the plane where the director rotates.
simply expects that the distortion driven by director rotation The compressive strain along the initial director axis grows in
becomes larger as the shape anisotrdpynicreases, which is ~ Proportion to the square of sthwhere® is the rotation angle,
clearly seen in Figure 8a. Since the shape anisotropy (obtainedVhile appreciable dimensional variation is absent in the direction
from the swelling experiment) increases Wi k is theoreti- ~ irrelevant to the director rotation. Thé dependence of the -
cally expected to rise witlC,. In opposite to this theoretical ~ Strains agrees well with the theoretical prediction of macroscopic
expectationk estimated from the slope in Figure 9 decreases Soft deformation for thin films, although the accompanying
with C. A possible reason for the negati@ dependence & appreciable body tilting expected by the theory is not observed
is the anchoring effect yielding the surface layers where the in the experiments. The mechanical constraint prohibiting strain
initial nematic orientation is unaltered or does not change largely @long the field axis significantly suppresses the director
even at high fields. The anchoring effect is expected to increaseeorientation and the resulting deformation.
with Cx. When the anchoring effect acting to resist the induced )
deformation exceeds the shape anisotropy effect, Ghe Acknowledgment. Thg authors appreciate helpful comments
dependence df becomes negative as observed in the experi- fr(_)m Prof. E._M. Terentj_ev and a r_eferee. '_I'he author_s thank
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) o - . "to New Materials Science” from the Ministry of Education,
Tangent of body tilt angle (tanw = I/1y) for sufficiently thin Culture, Sports, Science, and Technology, Japan
films of 19 < 12 approximates to tam(6) ~ Ax/ix = (1 — k%) ’ ’ ’ ’ '

sin 6 cos O/[L — (1 — k1) sir? §]. The tilt angle has the
maximum atf ~ 45° for the smallk (<1.5), wherea® is zero
atd = 0° and 90. As is evident from tammax ~ tan w(6 =
45°) = (k — 1)/(k + 1), wmax becomes smaller dsdecreases,
and the values ok in present study (1.06° k < 1.23) yield
wmax ranging from 2 to 6°. Even if omaxis as small as 2 the
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