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ABSTRACT: We investigate the mesogen reorientation behavior of thin films of liquid crystal elastomers (LCEs)
under uniaxial elongation (z-axis) normal to their initial homeotropic alignment (x-axis). The stress-strain relation
is characterized by three regions: (I) a small-strain regime exhibiting a linear relationship, (II) a moderate-strain
region with a quasi-plateau stress, and (III) a large-strain region where the stress again increases. The Poisson’s
ratio µyz is strain-dependent:µyz ≈ 0.17 in region II, whereas in regions I and III,µyz ≈ 0.5 in accordance with
that of incompressible isotropic elastomers. The considerably smallµyz in region II is a consequence of the
suppression of the transverse shrinkage in they-direction (corresponding to the director rotation axis) during
elongation. Such a deformation mode is considerably closer to pure shear than uniaxial stretching. The infrared
dichroism measurement reveals that the mesogen primarily rotates within thex-z plane toward thez-direction in
region II, whereas no further mesogen realignment takes place in region III. These results indicate that the director-
rotation process is featured by a quasi-plateau stress and a pure shearlike deformation. The orientation order of
the mesogens in the fully reoriented state is comparable to that in the unloaded state. The complete unloading,
even after stretching up to region III, recovers the original homeotropic alignment.

Introduction

Liquid crystal elastomers (LCEs) exhibit unique stimuli-
response behaviors because of their hybrid characters-a cross
between liquid crystals and elastomeric solids.1,2 A marked
feature of LCEs is the strong coupling between their macro-
scopic shape and the orientation order of the constituent
mesogenic moieties. Temperature change, electric field, and light
irradiation-each of which causes the mesogen reorientation-
can induce the macroscopic deformation of LCEs.1,2 Conversely,
the externally imposed deformation can drive the mesogen
realignment along the stretching axis. Owing to rubber elasticity,
such director switching is possible by a small load, and the
original orientation can be recovered by unloading. Many
researchers demonstrated a 90° rotation of the director in LCEs
by stretching them normal to the initial director.3-10 These earlier
studies employed thin LCE films with a homogeneous align-
ment. They also noticed that the boundary conditions at the
clamps significantly affect the mesogen reorientation behavior,
especially when the sample strips are not sufficiently long,
because the clamping at both ends of the specimens prohibits
the global shear deformation induced in the course of the director
rotation. The resultant mesogen reorientation becomes nonuni-
form and is sometimes recognized by the “stripe domain”
textures. The formation mechanism of such nonuniform orienta-
tion patterns was theoretically investigated.11-14

The stretching of the thin LCE films with a homeotropic
(normal to the film surface) alignment provides some new
aspects of the director-switching behavior. This geometry can
minimize the influence of such boundary conditions leading to
the nonuniform mesogen reorientation because the contribution
of the shear displacement (u ) γ × h where γ is the shear
strain andh is the film thickness) to the overall deformation,

i.e., u/l (where l is the film length), becomes negligible for
sufficiently thin films (h/l , 1). More importantly, we can
readily observe the transverse dimensional change along the
rotation axis of director during elongation, unlike the case of
thin LCE films with a homogeneous alignment. This information
is of great importance to reveal the deformation mode specific
to the director rotation. There exist few experiments on the
transverse dimensional changes during the stretching-induced
director rotation.5 Roberts et al.5 observed an unusually large
dimensional reduction along the initial director axis (i.e., the
direction normal to the stretching axis) for a thin LCE film with
a homogeneous alignment, which would be a sign of a
characteristic deformation mode other than simple stretching.
Unfortunately, the interpretation of their data is not straight-
forward because their sample of 10 mm in length and 5 mm in
width was not sufficiently long enough to eliminate the boundary
condition effect on the mesogen reorientation.

In the present paper, we study the stretching-induced director
rotation in thin LCE films of homeotropic alignment withh/l
< 10-2. We investigate the macroscopic mechanical properties
such as tensile stress and transverse dimensional changes in the
director-switching process. The process of mesogen reorientation
is revealed by Fourier transform infrared (FTIR) spectroscopy.
We clarify the correlation of the macroscopic mechanical
properties with the microscopic mesogen reorientation during
elongation. We also compare the deformation mode during the
director rotation induced by mechanical stretching with that
observed under electric field.15,16

Experimental Section

Sample Preparation.The thin films of a side chain-type LCE
were prepared by the photopolymerization of the reactive mesogenic
monomer (Figure 1) with the cross-linker 1,6-hexanediol diacrylate
(Aldrich). The reactive mesogenic monomer was synthesized using
established techniques.17 The cross-linker concentration was 10 mol
% in the feed. A miscible nonreactive nematogen 4-n-hexyloxy-
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4′-cyanobiphenyl was mixed with the reactive monomer by a molar
ratio of 50:50 to broaden the temperature range of the nematic
phase. The reactant mixture was sandwiched between two glass
plates separated by 60µm-thick spacers. The plates were coated
with a polyimide layer (provided by Nissan Chemical) that induces
the normal (homeotropic) alignment of the nematogens to the layer
surface. The photopolymerization was carried out at 45°C in the
nematic state of the mixture using Irgacure 784 as a photoinitiator.
The cell was irradiated using a xenon lamp with emissions at a
wavelength of 526 nm for 15 min. The resulting gel films were
detached from the glass substrates by immersing the sandwiched
cell in dichloromethane for half a day. The unreacted and
nonreactive materials were washed out by the swelling of the
detached films in dichromethane. The swollen gel film was
gradually deswollen by increasing the methanol content in the
swelling solvent. The LCE film was obtained by drying the
deswollen gel in air. The rectangular sample strips of about 15 mm
in length and 2 mm in width with a thickness of 45µm for the
tensile and IR dichroism measurements were cut from the same
large dry film. The nematic-isotropic transition (TNI) and glass
transition temperatures of the LCE film were 95°C and ap-
proximately 50°C, respectively.

Tensile Measurements.The tensile measurements of the film
specimens were conducted with a UTM-500 equipped with a
temperature-controllable box. The both edge areas (about 2× 2
mm) of the specimens were mechanically clamped, so that the
effective initial length in the stretching direction was about 10 mm.
The considerably large ratio of the effective length to the width
(ca. 5) is expected to provide sufficient freedom to lateral
displacement by stretching except for the vicinity of the clamped
region. The specimen was uniaxially stretched in thez-direction
normal to the initial director in thex-direction (Figure 2). The
slowest available cross-head speed of the tensile tester (0.5 mm/
min) was employed to adjust to the considerably slow strain rate
in the IR dichroism measurement (as described later). The stretching
process was recorded by a video camera. The dimensional variations
in they- andz-directions during elongation were evaluated by video
analysis.

Infrared Dichroism Measurements. The IR dichroism mea-
surement of the LCE films under tension was conducted using a
custom-built stretching device. The film specimen was clamped at
both ends in the same manner as in the tensile measurement. These
clamps were shiftable by micrometer screws, so that the imposed
strain could be controlled with high precision and the beam spot
(1 mm in diameter) on the central part of the specimen could remain

at the same position during elongation. The beam spot on the
specimen was considerably distant from the clamped regions to
minimize the effect of the boundary condition on the mesogen
reorientation in the area of interest. The stretching setup equipped
with a temperature-controllable box was integrated into an FTIR
spectrometer Jasco 4200ST. The adsorption band of the terminal
CN group parallel to the long axis of the mesogen was used to
characterize the orientation order of the mesogen. The absorbances
of the incident polarized light parallel and normal to the stretching
direction (denoted byAz andAy, respectively) were measured as a
function of the tensile strain. The stretching was conducted stepwise
with each step consisting of approximately a 5% strain increase,
because the measurement required approximately 5 min at each
strain to acquire the data with a sufficiently high signal-to-noise
ratio. The average stretching rate of the entire process (ap-
proximately 2× 10-4 s-1), including the measurement times, was
of the same order as that in the tensile measurements (8× 10-4

s-1).

Results and Discussion

Thermally Induced Shape Variation in the Unloaded
State.Figure 3 shows the equilibrium principal ratiosλi

0 (i )
x, y, z) of the thin LCE film without an external load as a
function of temperature (T). The dimensions at 110°C in the
isotropic state are chosen as the reference state forλi

0. The ratio
λx

0 in the thickness direction was calculated byλx
0 ) (λy

0 λz
0)-1

on the basis of the volume constancy. The volume conservation
is reasonably assumed because the system is in the rubbery state
at the temperatures of interest. In the nematic state ofT < TNI,
the specimen uniaxially elongates in the thickness direction (λx

0

> 1 andλy
0 ≈ λz

0), and the elongation increases with a decrease
in T. The distortion is thermally reversible for the temperature
changes acrossTNI. A similar thermal deformation was reported
previously for various LCEs with homogeneous alignment.1,18

The results in Figure 3 confirm the presence of a global director
in the thickness direction (i.e., homeotropic mesogen alignment)
in the unloaded state.

Figure 4 displays theT dependence of the order parameter
Sx

0 of the mesogen in the thickness direction that was estimated
from the absorbanceAy

0 for the specimen without an external
load. The order parameter is defined bySx

0 ) 3〈cos2 θ〉/2 -
1/2 whereθ is the angle between the long axis of the mesogen
and thex-axis and〈cos2 θ〉 is the mean value of cos2 θ. The
absorbancesAy

0 andAz
0 at eachT were almost identical. This

Figure 1. Chemical structures of employed mesogenic monomer and
cross-linker.

Figure 2. Stretching of LCE films with a homeotropic alignment.

Figure 3. Temperature dependence of principal ratiosλi
0 (i ) x, y, z)

in the unloaded state. The reference state ofλi
0 is the isotropic state at

110 °C.
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indicates the uniaxial orientation of the mesogens along the
x-axis. In such systems,Ay

0 is correlated with the orientation
distribution function of the transition momentf(θ) asAy

0 ) (M/
2)2∫f(θ) sin2 θ dθ where M is the absolute magnitude of
transition moment.19 The values ofSx

0(T) were calculated from
Ay

0(T) andAy
0 in the high-temperature isotropic state (110°C)

with random orientation (〈cos2 θ〉 ) 1/3). In the calculation,
Ay

0(T) was reduced byλx
0(T) (Figure 3) to consider the variations

in the effective optical path caused by thermal deformation. As
observed in Figure 4,Sx

0 increases with cooling. An increase
in Sx

0 upon cooling leads to the spontaneous stretching in the
thickness direction (Figure 3).

Stress)Strain Behaviors.Figure 5 displays the stress-strain
curves at various temperatures. The stress is the nominal stress,
and the strain (ε) is the true strain given byε ) ln λ, whereλ
is the principal ratio. The ratioλ is defined byλ ) l/l0 where
l and l0 are the dimensions in the stretched and relaxed states,
respectively. The stress-strain relation in the isotropic state at
T > TNI has no singularity. It is almost linear over the entire
strain region, although the specimens are not highly extensible.
The shape of the stress-strain curves in the nematic state
significantly differs from that in the isotropic state. The stress-
strain curves in the nematic state are characterized by three
regions: (I) the small-strain region exhibiting linear elasticity,
(II) the moderate-strain region with a quasi-plateau stress, and
(III) the large-strain region where the stress again increases.
The stress-strain curves at different values ofT in the nematic
state are similar in their shapes as well as quasi-plateau stresses,
but the quasi-plateau region becomes broader with a decrease
in T, i.e., an increase inSx

0. The strain-rate effect on the stress-

strain behavior was not explored in detail in the present study;
however, no significant difference was observed in the stress-
strain curves at 70°C for the strain rates of 8× 10-4 s-1 and
8 × 10-3 s-1. The initial Young’s modulus given by the slope
at the small strains is approximately 300 kPa and it does not
significantly depend onT in the T range examined here.

Poisson’s Ratioµyz. Figure 6 shows the relations between
the true strains in they- andz-directions at 70°C and 110°C.
The slope of this plot corresponds to the Poisson’s ratioµyz

(µyz ) -dεy /dεz). In the isotropic state (110°C), all data points
fall on the straight line with a slope of 0.5, i.e.,µyz ) 0.5. This
behavior is identical with that of incompressible isotropic
elastomers,20 and the dimensions in the two transverse directions
during stretching decrease equivalently. In contrast,µyz in the
nematic state is strain-dependent. In the small- and large-strain
regions ofεz < 0.18 andεz > 0.32, respectively,µyz is well
approximated to be 0.5, butµyz (≈0.17) at the intermediate-
strain region (0.18< εz < 0.32) exhibiting the quasi-plateau
stress (Figure 5) becomes considerably smaller than 0.5. This
small µyz indicates that the dimensional reduction in the
y-direction caused by stretching is significantly suppressed. The
dimensional reduction in the thickness (x) direction at the
corresponding strains becomes larger owing to volume conser-
vation: µxz is evaluated to be 0.83 fromλxλyλz ) λz

(1-µxz-µyz) )
1. This deformation mode is considerably closer to pure shear
(µyz ) 0 andµxz ) 1) rather than simple uniaxial stretching (µxz

) µyz ) 0.5) for incompressible materials. The pure shear
deformation of isotropic elastomers is usually achieved by
“constrained” uniaxial stretching, where a mechanical constraint
is imposed on the specimens such that no dimensional change
in one of the two transverse directions can occur.20,21 It should
be noted that this pure shearlike deformation in the nematic
elastomers arises even though the externally imposed deforma-
tion is simple uniaxial stretching with no constraint on lateral
shrinkage.

Infrared Dichroism. Figure 7a illustrates theεz dependence
of the dichroic ratioDz,y ) Az/Ay at 70, 90, and 110°C. In the
undeformed state,Dz,y ≈ 1; the mesogen alignment in they-z
plane before stretching is random even in the nematic state
owing to uniaxial orientation about thex-axis. In the isotropic
state (110 °C), Dz,y remains almost unity even at large
elongation. The stretching in the isotropic state induces no
appreciable orientation of the dangling mesogens.

In the nematic state (70 and 90°C), Dz,y increases with
stretching, and becomes constant in the sufficiently high strain
region. The corresponding order parameterSz ) (Dz,y - 1)/
(Dz,y + 2) along the stretching axis in the plateau region is 0.36

Figure 4. Temperature dependence of the order parameter of the
mesogensSx

0 in the unloaded state evaluated from the absorbance data.

Figure 5. Stress-strain curves at various temperatures, where the stress
is the nominal stress and the strain is the true strain. Regions I, II, and
III are based on theεz dependence ofεy at 70°C in Figure 6.

Figure 6. Relation of the true strains in they- andz-directions during
stretching. The slope corresponds to the Poisson’s ratioµyz.
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and 0.29 at 70 and 90°C, respectively, each of which is similar
to (70 °C) or considerably higher than (90°C) that in the
unloaded state (Sx

0). This result clearly indicates that the
elongation drives the realignment of the dangling mesogens
along the stretching direction. At the large strains where the
stress increases again (Figure 5) withµyz ) 0.5 (Figure 6), no
further mesogen realignment occurs. The saturation ofDz,y at
90 °C takes place at the smaller strain (εz ≈ 0.22) than that at
70 °C (εz ≈ 0.32). This agrees with the result that the stress
upturn at 90°C begins at the smaller strain (εz ≈ 0.20) than
that at 70°C (εz ≈ 0.35).

The data in the unloading process fromεz ) 0.42 at 70°C
are also shown in Figure 7a. The mesogen orientation recovers
the initial state (Dz,y ) 1) when the imposed strain is completely
removed, although a finite difference in theεz dependence of
Dz,y is observed in the loading and unloading processes. This
result demonstrates that the director is mechanically switchable
by the imposition and removal of the tensile strain.

Figure 7b showsDz,y as a function ofσz at 70°C and 90°C.
In the high stress region, the stress increase causes no further
increase inDz,y. This feature is essentially the same as that in
Figure 7a using strain as a variable. Importantly, a rapid increase
in Dz,y is observed around 40 kPa, i.e., corresponding to the
quasi-plateau stress in Figure 5. This shows that a significant
degree of mesogen realignment occurs under the quasi-plateau
stress.

Correlation between Mechanical Properties and Mesogen
Reorientation. The εz dependencies ofAy and Az are more
informative than that of the ratioDz,y for the detailed exploration
of the reorientation behavior. Figure 8 displaysAy andAz as a
function of εz at 70°C. The data at each strain are reduced by
λx to consider a reduction in the effective optical path by
elongation, andλx was calculated from the data in Figure 6
assuming volume constancy. The strain region I (εz < 0.18),
region II (0.18 < εz < 0.32), and region III (εz > 0.32),
according to theεz dependence ofµyz (Figure 6), are indicated
in Figures 5 and 8 to discuss the correlation between the
mechanical properties (σz andµyz) and reorientation behaviors
(Ay andAz). As observed in Figure 8, each regime exhibits the

characteristicεz dependencies ofAy andAz. With increasingεz,
(i) Ay decreases andAz increases in region I, (ii)Az increases
with no change ofAy in region II, and (iii) neitherAy nor Az

changes in region III. In particular, suchεz dependencies ofAy

and Az in region II indicate the characteristic mode of the
mesogen reorientation, i.e., the mesogen primarily rotates in the
x-z plane toward the stretching direction. The quasi-plateau
stress at the corresponding strains indicates that this director
rotation is readily induced by a constant stress (approximately
40 kPa in the present case) and that it occurs cooperatively.
This director rotation in thex-z plane is also responsible for
the pure shearlike deformation mode (the smallµyz) in region
II.

The coexistence of the symmetric rotation states of+θ and
-θ before stretching is expected because ofAy

0 ≈ Az
0 andSx

0

* 1 in the relaxed state (Figure 4). Both states, however, lead
to essentially the same deformation mode. The similar deforma-
tion mode is observed for an unconstrained LCE subjected to a
90° rotation of the director under an electric field;15,16 the
induced deformation is pure shear (µyz ) 0), i.e., the LCE is
elongated along the field axis but with no dimensional variation
in the direction regarding the director rotation axis (in other
words, the direction perpendicular to the plane where the director
stays confined during rotation). The present result shows that
the pure shearlike deformation mode also arises when the
director is rotated by mechanical uniaxial stretching. This
similarity suggests that the director rotation in LCEs is always
accompanied by pure shear deformation. A finite deviation (µyz

* 0) from pure shear in the mechanically driven director rotation
is probably because the macroscopic dimensional change (εy)
in the elastomers is directly influenced by the externally imposed
uniaxial stretching. In contrast, under electric fields the pure
shear mode specific to director rotation is clearly visible because
the imposed fields influence the mesogen orientation but do
not directly deform the elastomers. A finite effect of the
boundary conditions at clamps onµyzcannot be completely ruled
out here although the specimen length is considerably (ca. five
times) longer than its width. The experiments for the specimens
with various dimensional ratios will reveal such boundary
condition effect.

In region I,Az increases with elongation but is accompanied
by a reduction inAy. This behavior indicates that the mesogens
are reoriented along the stretching axis in they-z plane. The
mesogen alignment in they-z plane is varied from the random
state (Dz,y ) 1) to a considerably ordered state (Dz,y ≈ 2.2) by
the stretching ofεz ) 0.18 (the end of region I). This implies
that a finite mesogen orientation in they-z plane is needed for

Figure 7. Dichroic ratioDz,y at various temperatures as a function of
(a) the strainεz and (b) the stressσz.

Figure 8. Strain dependence of the absorbancesAy andAz at 70°C,
whereAy and Az are reduced byλx to consider the variation in the
effective optical path during elongation. Regions I, II, and III are based
on theεz dependence ofεy in Figure 6.
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the occurrence of the cooperative director rotation in thex-z
plane in region II. The variation inAz in region I may also
include a finite mesogen orientation in thex-z plane, leading
to anAz increase with noAy change. However, the mechanical
behaviors with no singularity (linear stress-strain relation and
µyz ) 0.5) suggest that the degree of the director rotation in the
x-z plane, if any, is considerably smaller in region I because it
results in unusual mechanical behaviors as observed in region
II. It should be noted that the presence of a finite ordering
process in they-zplane prior to the cooperative director rotation
(region I) may be due to the relatively low nematic order of the
present specimen (Sx

0 ≈ 0.3). In a highly oriented homeotropic
LCE, the mesogen orientation may occur only in thex-zplane
without that in they-z plane (i.e., onlyAz varies with noAy

change) in the stretching process. In such cases, the induced
deformation may also become closer to pure shear (µyz f 0).

In region III, the stretching does not lead to further variations
in either Ay or Az. This implies that the director rotation is
completed at the end of region II, and region III corresponds to
the past director-switching regime. The stress increase in region
III is entirely due to the entropic elasticity of the stretched
network chains. The macroscopic deformation behavior in region
III becomes the classical response (µyz ) 0.5) once again. Figure
9 shows the schematics for the correlation between the mesogen
reorientation and the macroscopic shape during stretching.

Finally, we compare the present results with the expectations
of the soft elasticity theory for nematic elastomers.1,22-24 The
theory expects the presence of the “soft mode” in the process
of director rotation-a route at no cost or a significantly low-
energy cost for the transition between the initial and 90° rotation
states of the director. The macroscopic deformation via the soft
mode under imposed uniaxial tension is pure shear (εy ) 0 in
the present notation).24 The full soft mode scenario leads toσz

) 0 and µyz ) 0 during the director rotation. A significant
reduction in tensile stress is observed as a quasi-plateau stress
(approximately 40 kPa) in the director rotation process. The
“semi-soft” concept considers that the quasi-plateau stress (the
significantly low modulus given by the slope in this region) is
a sign of the softness and it attributes the finite stress to the
deviation from the ideal soft response owing to structural
imperfections formed by cross-linkng in the aligned nematic
state.1 We notice the similarity in the deformation mode between
the experiment (µyz ≈ 0.17, pure shearlike deformation) and
theory (µyz ) 0, pure shear). The theory24 also correlates the
value of the strain at which the director rotation is complete
with the shape anisotropy of the constituent nematic network
chains: the rotation ends atεz

II ) εz
I + ln k, whereεz

I is the
true strain at the beginning of rotation andk is a measure of
shape anisotropy. The strain region corresponding to the director
rotation becomes wider with an increase in nematic order. For
70 °C, with εz

I ≈ 0.18 andk ) 1.20, the predicted end of region
II would be aroundεz

II ≈ 0.35, similar to the data in Figures 5

and 6 (εz
II ≈ 0.32); for 90°C, with k ) 1.07, it should be around

εz
II ≈ 0.25, close to the data in Figure 5 (εz

II ≈ 0.21). The values
of k were estimated by the theoretical relation1 of λx

0 ) k2/3

with the data in Figure 3. For the estimation ofk, it is more
appropriate to useλx

0, which is directly related to the orientation
order of the network backbone, as compared toSx

0, which
represents that of dangling mesogens.

Conclusions

When a thin film of LCEs having homeotropic alignment is
stretched normal to the initial director, the director is realigned
along the stretching axis at a sufficiently large elongation. The
orientation order in the sufficiently stretched state is comparable
to that in the unloaded state. The director reorientation process
is characterized by the three strain regimes. In the small-strain
regime (εz < εz

I), the mechanical behavior is identical to that
of isotropic elastomers; the stress-strain relation is linear and
the Poisson’s ratioµyz is 0.5. In this regime, the mesogen
orientation changes primarily in they-zplane from the random
state to a finitely aligned state along the stretching axis.

In the moderate-strain region (εz
I < εz < εz

II), the stress is
almost constant (ca. 40 kPa), andµyz(≈ 0.17) becomes consider-
ably smaller than 0.5. In this region, the mesogen rotation occurs
primarily in the x-z plane. The small plateau stress suggests
that such mesogen rotation proceeds cooperatively. We point
out the similarity between this pure shearlike deformation and
the pure shear mode observed in the unconstrained LCEs
subjected to a 90° director rotation under an electric field. This
similarity indicates that pure shear always accompanies the
director rotation in LCEs. The feature of the deformation mode
in the director rotation process is similar to the picture of the
soft elasticity theory expecting a route at significantly low-
energy cost.

In the large-strain region (εz > εz
II), the stress increases again

but without any further mesogen realignment. The stress increase
is entirely due to the entropic elasticity of stretched network
chains. The homeotropic mesogen alignment before elongation
is recoverable after complete unloading, even from the highly
stretched state.
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Figure 9. Schematics for the correlation of the macroscopic deformation with the microscopic mesogen reorientation.
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