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ABSTRACT: In this perspective, we discuss select issues investigated in recent studies on liquid crystal elastomers
(LCEs) and gelssoft solids having a mobile director. A considerable amount of knowledge accumulated during
the past decade proves that LCEs are not simple extensions of liquid crystals (LCs) and elastomers. The strong
coupling of orientational order of LCs and rubber elasticity of polymer networks leads to novel stimulus-response
behavior that provides not only a wealth of academically interesting issues but also numerous potential applications
including soft actuators, components of artificial muscles, and nonlinear optical devices. We mainly focus on the
responses of LCEs swollen by a low molecular mass LC to the temperature variations and electric fields. The
temperature response reveals that their macroscopic volume and shape are strongly coupled with nematic order;
therefore, they behave as the anisotropic gels with temperature-responsive volume and shape. In fast response to
electric fields, the swollen LCEs exhibit a macroscopic deformation as well as a significant change in birefringence.
This pronounced electrooptical and mechanical effect suggests that they are promising materials for electrically
driven soft actuator, and it also provides an important basis to understand a LCE-specific deformation mode
induced during a Y0rotation of director. We also highlight some characteristic textures and distortions driven

by director realignment observed in the frustrated LCEs under mechanically constrained geometries. In addition,
we discuss the phase transition and slow dynamics specific to polydomain LCEs having disordered directors. We
summarize the unresolved and challenging issues regarding these topics.

1. Introduction envisaged by de Gennés; considerable amount of knowledge

Liquid crystal elastomers (LCEs) are unique solid materials N this field has been accumulated sincépfer and Finkelmann
possessing a mobile director and rubber elasticity. LCEs Pioneered a method of producing globally aligned monodomain
comprise rubbery networks of cross-linked polymer chains that LCES in 1992 It proves that LCEs exhibit several novel
have rodlike elements sufficient to induce a mesophase. LCEsProperties that are not simple extensions of the inherent
are often referred to as a new class of materials owing to their characteristics of LCs and elastomérs.The most important
hybrid characteristicsa cross between liquid crystals (LCs) and characteristic of LCEs is the strong coupling of the orientational
elastomeric solids. Unlike un-cross-linked LC polymers, LCEs order of LCs with the rubber elasticity of polymer networks.
behave as solids; i.e., they do not flow because cross-linking The alignment of the constituent mesogens is always coupled
prohibits the motion of entire molecules. Nevertheless, the with the macroscopic shape of the LCEs, and vice versa. A
mesogenic groups in LCEs still have considerable mobility remarkable property arises due to this characteristic: uniaxial
because the network backbone formed by distant adjacent crossspontaneous deformation in response to various environmen-
links is in the rubbery state. The concept of LCEs was first ta| factors (such as temperature and light irradiation) affec-

ting their orientational order parameter. Externally imposed
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Physical Society (2006). polydomain LCEs without a global director but with local
nematic alignment of the order of microns. Polydomain LCEs
have not been sufficiently studied as compared to monodomain

direction. Importantly, LCEs exhibit a memory effect regar- ) ) )
P y y g LCEs because the disordered mosaic texture effectively masks

ding their director in the preparation state, and the mesogen . . o . -
alignment recovers its original state when the external factors the Macroscopic anisotropy. We show a strll_<|ng difference n
are initialized. phase transition between swollen monodomain and polydomain

Various LCEs including nematic, cholesteric, smectic A, LCEs. Further, we introduce the slow dynamics of the shape

smectic C*, and discotic LCEs have been synthesized and"€COVery arising from the polydomain nature.
characterize88 These LCEs have numerous potential applica-
tions such as soft actuators, artificial muscles, and nonlinear
optical devices. The coupling of the mesogen alignment with  LCEs are categorized into main-chain- and side-chain-type
elastomeric networks also yields many academically interesting LCEs in a manner similar to conventional LC polymers
issues such as nonsymmetric elasticity, unusual phase transitiondepending on whether the rodlike elements are concatenated
and significantly nonlinear mechanical responses. These issuesilong or pendant to the network backbdriehese two LCEs
have been the subjects of many publications. The initial studies exhibit no qualitative difference in their physical behavior.
and recent advances in this field have been summarized in aHowever, the anisotropy of the backbone chains in main-chain
bool and review articled#¢7The main aim of this perspective ~ LCEs is much greater than that in side-chain LCEs due to the
is to focus on some new topics that were not studied in thesedirect coupling of the mesogen alignment and backbone
earlier reviews and to focus attention on the unresolved issuesconformation. As a result, the nematic effect on the macroscopic
and future challenges regarding these topics. We restrict hereproperties is more pronounced in main-chain LCEs than in side-
ourselves to the investigation of nematic LCEs. In section 2, chain LCEs»1°Most of the previous experimental studies have
we discuss the current status and future direction of researchemployed side-chain LCEs because main-chain LCEs are usually
regarding the synthetic aspects of LCEs. In section 3, we more difficult to synthesize than side-chain LCEs. Efforts should
describe the response of LCEs immersed in solvents to be continued to investigate a simple synthesis route for main-
temperature changes. Most of the earlier studies have focusecchain LCEs in order to pursue high-performance LEEs.

on temperature-induced shape changes in the dry state without Another important classificatieimonodomain or polydomain
volume chang@:7 LCEs immersed in solvents undergo varia- LCEs—is based on the presence or absence of a global director.
tions in volume as well as shape, and they behave as theMonodomain LCEs having global alignment show a consider-
anisotropic gels having temperature-responsive volume andable anisotropy in various macroscopic properties. Such mac-
shape. The rubber elasticity of nematic networks leads to someroscopic anisotropy is absent in polydomain LCEs due to their
interesting features in the phase diagrams that are absent in undisordered director orientation. If the mesogen alignment during
cross-linked liquid crystal polymer/solvent and non-nematogenic the cross-linking stage is not carefully controlled, the resultant
network/solvent systems. In section 4, we describe pronouncedLCEs exhibit a polydomain mosaic texture without a global
electromechanical and optical effects observed in a monodomaindirector. One of the familiar methods to form monodomain
LCE swollen by a nematic solvent without external constraints. LCEs is the two-step cross-linking technique that was pioneered
The electric field effect with response times of ca. 10 ms and by Kipfer and FinkelmanAIn the first stage, the partial cross-
induced strains of more than 10% demonstrates that the LCEslinking yields a nematic network with a polydomain texture.
can be promising materials for a soft actuator having high The second cross-linking is performed on the first network in
actuation speed. This electric field response also reveals an LCE+the uniaxially stretched state inducing a mesogen orientation,
specific deformation pathway during a Q@otation of the which results in a monodomain LCE. This method has been
director. Further, we introduce some inhomogeneous texturesused in many studies, although it is a considerably complicated
and distortions (such as the Edericksz effect and buckling and delicate two-step process. Alternative methods employ a
deformation) of frustrated LCEs in a constrained geometry. magnetic fieldi213mechanical stretchintf,balloon inflation>

2. Classifications and Preparation Schemes
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or anchoring force arising from rubbed polymer layétg in nematic region, the network shrinks and elongates along the
order to align the mesogens upon cross-linking. Substantially, director. In the nematic regime, the degree of equilibrium
the cross-linking reaction under these aligning fields is a one- swelling is almosf-independent, whereas the shape anisotropy
step process. For example, the author's group prepared aincreases with cooling, particularly ne@y;C.
monodomain side-chain-type LCE based on acrylate backbone  the swellant nematicity has a pronounced effect on the
by photo-cross-linking the reactive mesogen MP or MN (Figure anisotropic swelling of LCEs (Figure 2b). Parts ¢ and d of Figure
1) and cross-linker 1,6-hexanediol diacrylate in the glass cell 5 ghoyy theT dependence of the degree of equilibrium swelling
}Nhosle7 SEI’ff}lceS are dc:_oated w:ctlh un|aX|aIIy rubbed polyimide (Q), principal ratios {, andAc), and shape anisotropy (0. =
ayer:’ The free-standing LCE films of a thickness of 2000} /3 y24 | CE/LC solvent systems exhibit two NI transition
um with macroscopic uniaxial mesogen alignment are obtained temperatures: Ty for the swollen LCE andTyS for the
by separating from the glass substrafes. surrounding solvent. In the totally isotropic regionTof Ty,
Several researchers have developed LC'§als LCES® the LCE is highly swollen and exhibits no anisotropy. At
utilizing the microphase separation of ABA triblock copolymers TG, the LCE and miscible nematic swellant form a single
whose central block is an LC polymer. The global director is nematic phase. In this systeifi,N is higher tharTy,S; therefore,
formed by fiber drawing? surface treatment of a cell, or  the resultantTy ¢ becomes higher thaifyS. The nematic
application of magnetic field¥. This method has the advantage ordering inside the swollen LCE &iC drives the transition
of not requiring a cross-linking reaction. An important challenge from the isotropic swollen state to the nematic shrunken state
is the development of more sophisticated and simple synthesishaving shape anisotropy elongated along the director, which is
routes for LCEs having high nematic anisotropy, particularly similar to the non-nematogenic solvent system. In the region

from the viewpoint of practical applications. of Tn® > T > TyS—where the swollen LCE is in the nematic
) . state whereas the surrounding solvent is in the isotropic-state
3. Volume and Shape Coupled with Nematic Order cooling induces a reswelling; however, it is accompanied by

The spontaneous deformation of LCEs induced by temper- @ increase in the shape anisotropy. In the totally nematic regime
ature {T) variations has been the subject of many studies during ©f T < Twi%, the volume is almosT-independent, whereas the
the past decade. Temperature variations, particularly across thésN@pe anisotropy increases with a decrease ifhe swollen
nematic-isotropic (NI) transition temperatureTy), readily !_CEs in the totglly isotropic and nematic regimes are similar
induce large changes in the nematic order parameter of LCEs.In volume but different in shape. The anisotropic swelling and
The resultant emergence or increase in the nematic order drives?h@se behaviors were thermally reversible without an ap-
a spontaneous elongation along the director, whereas itsPreciable hysteresis effect, and the same features were observed
disappearance or decay induces a reverse deformation. suchior the combinations of LCE and solvent with various chemical
T-induced deformation of LCEs has been summarized in a Structures. These results indicate that the nematic order of
bookS This spontaneous distortion in the neat state involves Neématogens plays a major role in the swelling of LCEs. This
no volume change. Here, we focus on the response of LCEsdiffers considerably in its governing force from the swelling of
immersed in solvents t® changes. When an LCE is immersed the familiar isotropic polymer network8:2°The role of nematic
in a solvent, it can change its volume by absorbing or expelling order in swelling is more evident with the aid of a mean-field
the solvent according to the balance of the chemical potentials theory. Warner and WaAg?® proposed temperatur€oncentra-
of the solvent inside and outside the network. In this case, the tion phase diagrams for LCE/solvent systems, and they predicted
nematic order is strongly coupled with volume as well as shape, the coexistence of swollen isotropic and shrunken nematic states
and the resultant swelling becomes considerably anisotropic.at the NI transition point. Matsuyama etZlalso calculated
This complicates the swelling of LCEs to a greater extent than the T—Q curves including the shape change. The theoretical
that of non-nematogenic elastomers and also leads to theresults fitted the data, and the corresponding theoretical order
interesting gels having temperature-responsive volume andparameters are shown in Figure 2. This theory reproduces the
shape. In addition, the principal difference between the LCE/ qualitative features of the data, and it demonstrates that the
solvent and un-cross-linked LC polymer/solvent systems is that Swelling behavior is mainly governed by the nematic order
the former always has a phase gap between the swollen networkparameter of each nematogen, i®s, S, and$; for the LCE
and the pure surrounding solvent owing to cross-linking. In the mesogen and the solvents inside and outside the LCE, respec-
past 5 years, the behavior of swollen LCEs has been experi-tively. Nematic ordering inside the LCE, i.e., a jumpSq (and
mentally revealed in detail. Several experimental studies have o) at Tni®, yields a large volume reduction as well as elongation
employed an LCE swollen by solveri&:23 however, detailed ~ along the director. An increase By (and &) induces further
phase diagrams focusing on equilibration at e@dhave not stretching. When the surrounding nematic solvent is in the
been obtained because the main focus was on other physicaisotropic state§, = 0 atTy < T < Ty©), an increase in the
properties. nematic order inside the LCES{ andS) drives the increase in

Figure 2a shows the schematic diagram of friependence ~ Volume as well as shape anisotropy.

of equilibrium volume and shape of monodomain LCEs  There are two noticeable discrepancies between the theoreti-
immersed in non-nematogenic solvehtsNematic ordering cal prediction and experimental observation. One is the exces-
occurs atTy G, which is the NI transition temperature not in  sive shape anisotropy in the former. This arises from the
the dry stateTN) but in the fully swollen state, i.e., the state overestimation ofS, by the Maier-Saupe approach. Th&,

of a miscible mixture of LCE and solvent with a certain LCE data for the swollen LCE immersed in solvent is not obtained
volume fraction afTy®. The temperaturdy® becomes con-  due to experimental difficulties; however, the actual value of
siderably lower thaTyN owing to a dilution effect of the non- Sy, will be considerably less than the expected vduEhe other
nematogenic solvent on network nematicity. The nematic and more important discrepancy is that transitionda# in
ordering drives a reduction in gel volume as well as an the experiments occur smoothly without the discontinuities
elongation along the director. The LCEs in the hifisotropic expected from the first-order phase transition. The contin-
region swell considerably without anisotropy. In the Idw- uous change in both the order parameter and strain at the
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Figure 2. Schematic diagrams of the temperatufg¢ dependence of equilibrium volume and shape of a monodomain LCE swollen in (a) non-
mesomorphic solvents and (b) low-molecular-mass LCs. The temperdifesnd Ty,° are the nematieisotropic (NI) transition temperatures of

the swollen LCE and surrounding pure LC solvent, respectively. (c) The degree of equilibrium sw@)liid)(Principal ratiosA) parallel (|) and

normal (J) to the director, and shape anisotropy (o0 = A/4;) of a monodomain LCE with the mesogen MP immersed in the LC solvent 5CB
(Figure 1) as a function of temperature. The cross-linker concentration in the feed is 7 mol %. The open and filled symbols represent the data on
cooling and heating, respectively. The principal ratios are defined=ad/la,', wherel andlqy' are the dimensions along the corresponding axis

in the fully swollen, dry and isotropic states, respectively. The degree of swe@in@(= 1,24¢) is the volume ratio in the dry and swollen states.

The lines depict the fitted theoretical results. (e) The temperature dependence of order par&@netaesned by the fitting of the theoretical
prediction to the swelling data. The paramet8rsS, andS, are for the LCE mesogen and the solvents inside and outside the LCE, respectively.
The data are reproduced from ref 24.

transition has already been observed for neat monodomain LCEssolvent?8:29(ii) the strength of nematic cross-coupling between
in many studie$,and the results shown in Figure 2 confirm LCE and solvent®#%and (iii) external fields (such as mechanical
that smooth NI transition also occurs in the swollen state. Why stresg® and magnet® and electric fields) that affect the nematic
is the NI transition of monodomain LCEs smooth unlike that order. For (i), almost symmetrical phase diagrams for the
of the usual nematics? There is an ongoing dispute betweensystems of Ty ¢ > Ty® and Ty© < Ty S are theoretically
two radically different explanations about this issue. The first expected; however, this has not yet been proved due to lack of
explanation is that the discontinuity vanishes because of aavailable data for the latter system. In principle, the latter system
supercritical effect caused by an aligning stress, such as tiquid can be realized if we employ a strong nematic solvent or weak
gas transition under high pressures, beyond a critical véfé! nematic network to satisfy the condition @f,S > TyN. For
The aligning stress may arise from stress applied on the sample(ii), the studies on un-cross-linked LC polymer/nematic solvent
and/or internal stress arising from cross-linking in the nematic systemé&'#2have shown that the strong cross-interaction between
state. The second explanation attributes the smooth transitionsome combinations of dissimilar mesogens stabilizes the single
to the broadening of the transition originating from heteroge- nematic phase formed by the mixtures, and the resulfant
neity in the network structures or local nematic orgfett A value can become greater than both the transition temperatures
theoretical study has argued that quenched orientational of the pure components although ffig values of usual nematic
disorder stemming from the presence of cross-links ad®is*a  mixtures lie between them. In swollen LCEs, the strong cross-
energy term to the Landatde Gennes expression and that it interaction is considered to have a significant effect on not only
reduces the first-order discontinuity at the transition. An impor- Ty,® but also the volume and shape of LCEs in the nematic
tant aspect of this issue is that swollen polydomain LCEs exhibit state. For (i), an imposed field affecting the nematic order
a definite jump in volume aTy® with an expected first-order  would shift the swelling and phase equilibria and also change
discontinuity?*38:39This issue is further described in section 5.  the volume and shape. The experimental characterizations for
With regard to the swelling and phase behavior of LCEs, the issues (i}-(iii) will reveal some new and important features
theoretical studies appear to be more advanced than theregarding the coupling of nematic order with volume and shape.
experimental studies. Several theoretical studies have pointedrurther, it should be noted that the effect of smectic ordering
out the following factors that significantly influence the behavior on swollen LCEs has been investigated neither theoretically nor
of swollen LCEs: (i) the relative nematicity of LCE and experimentally.
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Figure 3. Principal ratios {) in the directions parallel|[) and normal [J) to the director, and the degree of swellir@) @s a function of timetj
after T-jumps of (@)Ta — Ts and (b)Ts — Ta, WhereTa and T belong to the totally nematic regioii{ < TS and the region betweeny,S and
Tni® (Tai® < T < Tni®), respectively. The LCE is the same as that in Figure 2, and the nematic swellant is 7CPB (Figure 1). The ins&t&)show
in a short-time region. Schematic diagrams of (a) the shrinking process with the oversiigaraf (b) swelling process with the undershoot of
Ao. The dimensional and volume variations in the figure are enlarged for explanation. From ref 43.

The swelling and shrinking of LCEs also exhibit unusual
features in their dynamic characteristté®arts a and b of Figure
3 show the timet) dependence of and Q during shrinking
and swelling after th&-jumps betweeif, andTg, respectively;
here, T andTg belong to the totally nematic regiofi{ < Ty

and undershoot occur in a direction normal to the director, where
the effect of shape variation on the dimension opposes that of
volume variation. Along the director direction where these two
effects on the dimension synchronize, a large change (more than
50% of the total change) occurs immediately afterThamps.

and region betweerTyS and Ty© (TnS < T < Tn©), Kinetic theories have been developed to describe the swelling
respectively. The equilibrium values &f, A0, andQ are greater of isotropic networks$> 4’ The theoretical modeling of the

at Ta than atTg, as observed in Figure 2b. The times required anisotropic swelling dynamics of nematic networks comprising
for the T-jumps are negligible (less than 10 s) as compared to two different modes is a challenging issue.

the time scale of interest. Importantlyg(t) exhibits a pro- ) ) ) )

nounced overshoot or undershoot behavior during the shrinking4- Deformation Coupled with Director Realignment

or swelling process, respectively, whereas the volume changes In most of the earlier studies, the director reorientation by
show no noticeable anomaly. These results clearly reveal thatexternal fields was studied by employing mechanical stretching
the swelling and shrinking dynamics of monodomain LCEs imposed normal to the initial directé?-54 A sufficiently large
comprise shape and volume variation modes with significantly strain (stress) can cause a full director rotation by a@ng
different characteristic time¥. The former induces a rapid the field axis. However, in mechanical stretching, a globally
compression or elongation along the director that occurs uniform shear deformation is not possible because of clamps
simultaneously with thd variation with decrease or increase holding the sample at both the ends. Consequently, the induced
in S respectively. The latter induces a volume variati@slow director realignment often becomes nonuniform. The formation
process governed by the diffusion of polymer networks such mechanism of the characteristic inhomogeneous (stripe-domain)
as the swelling of isotropic get§-4” The dimensional overshoot  patterns of director reorientation has been theoretically
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investigate®>>" The deformation mode that occurs during
globally uniform director rotation is also an important and
fundamental issue in the physics of LCE=2859However, it

Macromolecules, Vol. 40, No. 7, 2007

is considered to be uniaxial stretching along#tirection. This
is in contrast tauy, = uy, = 1/2 for incompressible isotropic
elastomers. The deformation and the transmittance change are

has not been characterized because of experimental difficultiesrepeatable when reiterating the application and removal of the

in realizing full director rotation in LCEs without external

fields. The time required to response to “field on” was evaluated

constraints. In section 4.1, we show that such a deformationto be ca. 5 ms on the basis of the changeAm¢ upon the
mode can be achieved through the electric field response ofapplication of the field ofo = 400 V andf = 1 kHz. The

swollen LCEs that are not mechanically constrained in optical

force generated by this distortion (ca. 10% strain) is not directly

cells. In section 4.2, we introduce some interesting patterns of measured; however, we crudely estimate it to be of the order

director realignment (other than the above-mentioned stripe-

of 10° Pa from the modulus of the LCE film (ca. 0.02 MPa).

domain pattern) that are caused by frustration in constrained What is the pathway between the two statés< 0° and

LCEs.

4.1. Deformation Induced by Director Rotation in Un-
constrained Geometry.As is well-known by electrooptical

effects in low-molecular-mass LCs, nematogen realignment can
be achieved by low electric fields because of their large dielectric

anisotropy and nematic interaction. In (solid) LCEs, the electri-

cally induced mesogen realignment drives macroscopic distor-

tion. The mechanism of this electrical deformation of LCEs
differs from that of other familiar electrical deformations such
as electrostriction and inverse piezoelectricity. The electrical
deformation of (paraelectric) LCEs based on dielectric anisot-
ropy leads to an interesting feature; dielectrically positive or
negative LCEs-where the dipole moment of the mesogen is
parallel or normal to its long axisare macroscopically stretched
in a direction parallel or normal to the field axis, respectiv@ly.

However, in the neat state, unusually high field strengths were
required to achieve a finite deformation because the high elastic

moduli act as a strong resistance to the dielectric realigning
force81.62 The swelling in low-molecular-mass LCs decreases
the network modulus without decreasing the dielectric anisot-
ropy, and it facilitates the actuation of LCEs under moderate
field strengthg9-2260.63-65 pglydomain LCEs in such a swollen
state exhibit a finite electrical deformation; however, the
characterization of the induced mesogen realignment is difficult
owing to their stacked mosaic textlfeA full 90° rotation of

the director and induced distortion are visible in swollen
monodomain LCEs under unconstrained geom&try.

90°) in Figure 4c like? The anglé is the rotation angle of
director, and? = 0° and 90 correspond to the initial state and
complete rotation along the field axis, respectively. Figure 4d
illustratesy as a function of for the specimens with different
cross-linker concentration€f) where 6 was evaluated from
the data ofAne.4 The soft elasticity theoRp58:59proposes
that the pathway fron = 0° to 9C° consists of pure shear
deformation and body rotation, as schematically shown in Figure
5a. The variation ir® from 0° to 9C° results in stretching along
the rotated director and compression along the initial director
axis without dimensional changes along txdirection. The
expression ofyi(0) in this mode?* for a sufficiently thin film
specimenlg® < 1,°) is given by4P

Vo= —(1 = i) sirt 0 (1a)
ry=0 (1b)
. |><o 1\ .
y,=(k—1) smz@—i-l—o(l—E) sinf cosd  (lc)

wherek is a measure of the shape anisotropy of polymer chains
arising from the nematic order ahd andl,® are the dimensions
measured along the andz-directions at) = 0°, respectively.
The theory typically considerg, to be proportional to st
andyy = 0 to be independent @f, which is in good agreement
with the data for all the specimens, as shown in Figure 4d.

Figure 4a shows the response of an unconstrained swollenHowever, some discrepancies can be observed in the other

LCE with positive dielectric anisotropy to an electric field (
direction) normal to its initial directorx¢direction)®42 The
electric field drives the anisotropic deformation as well as a
large decrease in birefringence in tkey plane as a result of
director realignment along theaxis. Figure 4b displays the
electrically induced straingy} in the x- and y-directions and
the effective birefringence in the-y plane Ang) as a function

of voltage amplitude of the sinusoidal field between electrodes
(Vo). A strong correlation between a changeAngs andyy is
evident in the figure. AlImost complete director rotation toward
the field direction Anett ~ 0) is achieved by sufficiently high
fields (ca. 20 Vim). The induced deformation primarily occurs
in the plane of director rotation. The compressive styai(<0)
along the initial director axis exceeds 15% at high fields for a
loosely cross-linked LCE (Figure 4d), whereas almost no
distortion is observed along thedirection. Since LCEs are
mechanically incompressibley, is extensional and has a
magnitude similar t/y. Another observation from a different
angle confirmed that the dielectrically positive LCEs used here
are stretched along the field affsFigure 4c shows a schematic
diagram of the deformation induced by a°9®@tation of the

features. First, in the experiments, a considerable body tilting
is absent during the intermediate stage of director rotatigh at

~ 45° (Figure 5b). The maximum tilt angle (tanw = I,/1;) is

as small as a few degrees; however, the specimen cannot tilt
remotely from the electrodes because the resultinglue is
considerably greater than the gap between the electrode and
sample. The resultant contact of the specimen with the transpar-
ent electrodes was not observed by optical microscopy. Second,
the Cx dependence ok evaluated from Figure 4d shows an
opposite trend to that obtained from swelling anisotrogy=

K),17 although thek values evaluated by these two independent
methods are similar in magnitu®, as shown in the inset of
the figure. Real systems exhibit an anchoring effect on the
specimen surface and/or surface tension effect, none of which
is considered in the theory. In addition, the soft elasticity theory
originally proposes that full director rotation does not consume
energy in ideal LCEs without either the anchoring effect or
chain-entanglement effe&b.6667 In the experiments, a high
external field is required to achieve full director rotation, and
recovery to the initial state rapidly occurs upon field removal.
This indicates that real systems are not purely soft. Nevertheless,

director. This is the pure shear deformation where the specimenit is noteworthy that the theory reproduces the most characteristic

is uniaxially stretched but without lateral shrinkage in one
direction. This anisotropic deformation is also characterized by
the Poisson ratiau) asuy, ~ 1 anduy, ~ 0 when the distortion

results: yx(6) ~ sir? 8 andyy(#) ~ 0. The deformation mode
in the process of full director rotation provides an important
basis to understand the coupling of the rubber elasticity and
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Figure 4. (a) Electrooptical and mechanical effects in a dielectrically positive monodomain LCE swollen by 5CB (Figure 1) in unconstrained
geometry at 25C. The sample is the same as that in Figure 2. A and P denote the optical axes of the analyzer and polarizer, respectively. The
sinusoidal voltagé/o = 750 V at 1 kHz is imposed normal to the initial directardirection). The gap between electrodes (40) is greater than
the film thickness (34tim), and the cell is filled with a transparent silicone oil (nonsolvent for the LCE) such that the specimen is not mechanically
constrained by the electrodes. The field drives director realignment along the field-diisation) that is indicated by a large decrease in birefringence
in thex—y plane and simultaneous anisotropic deformation of ca. 10% compression aloadithetion but without any appreciable dimensional
change along thg-direction. From ref 64a. (b) The straipg y, and effective birefringencAne in thex—y plane as a function of apparent voltage
amplitude {o) between the electrodes. The strajnss defined byy; = (Ii — i°)/li°, wherel; andl;® are the specimen dimensions measured along
thei-axis in the deformed and undeformed states, respectively. The birefringence is reduced by the initial Yalee6.athe sample is the same
as (a). The data aknei of the same specimen effectively sandwiched by electroges Q) are also shown. The data are reproduced from ref 64b.
(c) Schematic diagram for the distortion induced by & Bflation of the director. The induced deformation is pure shear where the specimen is
stretched along the realigned director but without lateral shrinkage in the direction irrelevant to the director rotation. (d) The stnaipgas
a function of si 0, wheref is the director rotation angle evaluated frane for the samples with different,. The inset compares the shape
anisotropy parametetsanda that are evaluated from the dependence of (eq 1a) and the anisotropy in swelling, respectively. The data are
reproduced from ref 64b.

mobile director. A complete understanding of this deformation comparison between the electrooptical effects of a swollen LCE
mode will require further development of the theory and detailed in the unconstrained state and that of an LCE effectively
characterization. sandwiched by electrodeg,(= 0).5% In the constrained state,
4.2. Freedricksz Effect and Buckling Distortion in Con- the reduction inAngg saturates at high fields, and the total
strained Geometry. The constrained geometry that prohibits decrease from the initial value is only 40%. This is considerably
the strain in one direction significantly suppresses the director less than the decrease of ca. 95% in the unconstrained state.
realignment in the corresponding direction. Figure 4b shows a Further, the threshold field for the onset of director rotation in
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significantly different from theA-type structure (Figure 6) that
is similar to the conventional Feelericksz effect of nematics.
The A-type structure exhibits half the wavelength of director
rotation between the plates, whereas $ietructure in LCEs
exhibits the full wavelength. This difference originates from
the fact that LCEs exhibit rubber elasticity in addition to the
Frank elasticity of LCS? The director in LCEs (solid) is
anchored by the matrix itself, whereas that in usual nematics
(liquid) is anchored only at the substrate surfaces. The difference
is also evident from the fact that the threshold for the onset of
director response in LCEs is determined by the field strength
rather than the voltage, unlike in usual nemati®$? 7°How-
ever, a considerable amount of study is still required to
investigate the various aspects of the Freedericksz effect.
Detailed measurements revealing either the overall deformation
/ 7 p_— or the shear gradient are absent. The direct observation of the
x—z plane is required to reveal the induced distortion. Further,
in refs 70 and 71, it is considered that the crossover from the
S« structure to theA structure might occur when the thickness
of LCEs decreases to a characteristic length as a result of the
merging of the two nonuniform regions and the boundary wall
domain. A qualitative observation of such crossover behavior
has been mentioned in ref 70, but the onset thickness for this
7 transition has not been characterized. Further, a Monte Carlo
simulatiorn’* suggests that sufficiently high fields can result in
Figure 5. (a) Schematic depiction of soft deformation pathway during - g gt ctures where the director is aligned along the field axis
a 90 rotation of the director for small volume elements having the

anisotropy ok = 1.67. The arrows indicate the director direction. The €Vven in the central Iayer.of the Sample._A t.heore.ti.cal stady
deformation is composed of pure shear and body rotation. Figure also suggests that a’ledericksz or undulation instability occurs

courtesy of M. Warner. (b) Macroscopic deformation in ez plane at the onset of the director response depending on the sample
floréhe th'nfl‘&% film with|,*/l;” = 40 andk = 1.34 on the basis of eq thickness and material parameters. Thus, the experimental
. From re . L . s ’ .
characterization of the influences of various parameters (includ-
< ing network modulus and nematic order) on thédeericksz
effect remains incomplete.

=
g : : . : : .
1‘1’ g, ff A Another interesting phenomenon is the buckling deformation
— of a monodomain nematic gel (formed in the optical cell)
< L L 2 constrained by glass plates that occurs upon cooling in the low-
temperature nematic pha&eas shown in Figure 7. The cooled
R« S gel becomes significantly frustrated because its expansion, which
‘ is to be induced along the director, is prevented by the boundary
S ff Tf 4 conditions. The buckling distortion represents a low-energy
deformation incorporating a periodic strain field coupled with
periodic rotations of the director. This deformation mode
Figure 6. Schematic depiction of configurations in a constrained LCE decreases the rubber elastic energy to a greater extent than the
under a normal external field. In the absence of the field, the |\ ,ndeformed state at the cost of a Frank elasticity penalty. It
homogeneous alignmeht is observed. In weak fields, the antisym- | led that the pitch of th ined is | )
metric configurationA or symmetric configuratiors, is observed ~ Was also revealed that the pitch of the striped texture Is larger
depending on the nematicity and film thickness. In strong fields, the in weaker nematic gels with thicker phase gaps, and the stripe
symmetricS; structure is formed. Reprinted with permission from ref  js absent in nematic gels that are extremely thin or weak. The
71. Copyright 2006 EDP Sciences. pitch characteristics arise from the competition between the
nematic rubber elasticity and Frank elasticity of LCs. It is

the constrained state isl order of magnitude greater than that . .
in the unconstrained state. These results evidently indicate that'mportant to study the thermally induced spontaneous deforma

the director reorientation is strongly suppressed, and a full tion of the same sample in the unconstrained state in order to

90° rotation of the director never occurs in this constrained interpret quantitatively the buckling deformation in the con-
geometry strained state. Unfortunately, the gel employed was too soft to

What type of mesogen reorientation occurs in the constrained PEfOrm experiments in the unconstrained state. A similar type
geometry? The electrooptical effect of monodomain nematic of striped texture can also be possibly observed in conventional

networks (formed in the presence of a considerable amount of LCES with sufficiently high moduli. A systematic study of
LC solvent inside the optical cell) in this geometry has been constrained and unconstrained geometries for LCEs with various

studied by several researché#s’° Conoscope observations nematicities and thickness values will reveal the details of the
have revealed aS-type (Figure 6) alignment; further, it is  coupling of the rubber elasticity with the Frank elasticity.
considered that the shear in the sample plane is also apparenkurther, another type of mechanical constraint or director
from the translation of dust and other imperfections imbedded realignment may cause different types of frustration in LCEs
in the gel’® The S structure accompanying the shear strain is that result in new inhomogeneous orientation patterns.
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Figure 8. Degree of equilibrium swelling@) as a function of
temperature for the two polydomain LCEs composed of 1@ gnd
MN (O) (Figure 1) swollen by the nematic solvent 7CPB. The
temperaturedy® and Ty S denote the NI transition temperatures of
the swollen LCEs and pure surrounding solvent, respectively. The open
Figure 7. An LC gel confined in a cell when cooled to 26 from 35 and filled symbols denote the data obtained on coo_Iing a_nd heating,
°C observed with a polarizing optical microscope. The LC gel is formed fespectively. Note that the volume changed;af are discontinuous.
by the self-assemblage of a polystyrerside-chain LC polymer The data are reproduced from ref 83.

polystyrene triblock copolymer dissolved in 5CB (Figure 1). The less

soluble polystyrene block aggregates to form physical cross-links. The

orientation of the director imprinted during cross-linking and the polydomain LCEs is the polydomain-to-monodomain-({®)
orientation of the crossed polarizers is shown in the top left-hand corner transition induced by elongatid#8%-82 A considerably low

of each image. The dark lines in the left-hand image become bright in i xia| stress drives the transition from the disordered director
the right-hand image, and vice versa. Director alignment in (a) the initial . o

uniformly aligned state and (b) the buckling deformed state. The cell t€Xture to a globally aligned state. The M transition has been
substrates are &= +d/2. Reprinted with permission from ref 73.  discussed in detail in earlier studfes.Here, we describe phase

Copyright 2006 American Physical Society. transition, swelling behavior, and slow dynamics specific to
) ) _ polydomain LCEs.

5. Nematic Elastomers and Gels Having Disordered 5.1. Phase Transition and Swelling BehaviorsFigure 8

Directors show theT dependence of equilibrium swelling for the poly-

As mentioned in section 2, if the mesogen alignment is domain LCEs composed of different mesogens (MP and MN)
untreated at the cross-linking, the resultant LCEs have ain a low-molecular-mass L83 Two important issues arise
disordered polydomain texture without a global director. Poly- when the behaviors of monodomain (Figure 2) and polydomain
domain LCEs have attracted considerably less interest thanLCEs are compared. The swelling of polydomain LCEs exhibits
monodomain LCEs because of the absence of anisotropy in theirno anisotropyd = 1) owing to the absence of a global director,
macroscopic properties. Polydomain structures characterized byunlike the anisotropic swelling of monodomain LCEs. However,
Schlieren texture in usual nematics may be regarded as thethey exhibit a similaiT dependence of macroscopic volu@ge
kinetic effect of a macroscopically aligned equilibrium state. particularly with regard to the reentrant dependence (reswelling
In contrast, polydomain textures in LCEs appear to be a behavior on cooling) in nematic solvent systems. This indicates
thermodynamic equilibrium state, where the Frank elasticity is that the action of the local nematic order on the overall volume
balanced by the disordering force due to the defects (cross-is equivalent to that of the globally aligned nematic order. It
links) quenched in the network475In recent years, LCs with ~ appears that each local domain independently swells in a similar
qguenched disorder characteristics such as nematics embeddechanner to monodomain LCEs such that there is neither
in the disordering host structure (for example, random porous connectivity nor correlation between the different domains. This
media) have received considerable attention because of numermay be possible if the osmotic bulk modulus is considerably
ous interesting properti€§. 78 Polydomain LCEs significantly ~ greater than the shear modufidhowever, the mechanism of
differ from such disordered LC systems in terms of the source similarity in the T—Q behavior between polydomain and
and length scale of the random disord®The quenched monodomain LCEs remains unclear.
disorder in the latter arises from the anchoring of the random  Most importantly, polydomain LCEs exhibit a discontinuous
porous media on the surface, and the domain size of the resultantvolume change during the NI transition in accordance with the
texture is similar to or smaller than the source size. The main expected first-order transition, which is in contrast with the
sources of quenched disorder in the former are the cross-linkssmooth NI transition in monodomain LCEs. Why are their NI
and defects in the network structure, and each local domain intransitions so different? It is perplexing that the two existing
the order of microns contains many cross-links. In addition, scenarios for the smooth transition in monodomains (see section
polydomain LCEs are similar to spin glasses and random 2) appear to explain the discontinuous transition in polydomains.
magnets in terms of the spatial correlations of alignments The polydomain texture is formed in the actual thermodynami-
because they are composed of randomly oriented local domainscally equilibrium state. The polydomain LCE have neither
and have no overall alignmefft.A familiar phenomenon of applied stress nor internal stress aligning the mesogens during
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Figure 9. Temperature dependence of the characteristic texture size(b) 3000
(&). The data are extracted from light-scattering stulies a side- 500 S T. G,
chain polydomain LCE based on siloxane backbone in the neat state. T NI !
Open and filled symbols denote the data obtained on heating and ﬂ: 1
cooling, respectively. The data are reproduced from ref 5. 2500 | 400 | 1 C:?
'z 1
cross-linking. In addition, they do not have a spatially large ~ ﬁ: !
heterogeneity formed upon cross-linking in the artificially 7y 300 ¢ 3: )
achieved monodomain state. If the macroscopic size of a ~~ 2000 | A A ' Ci
monodomain LCE is decreased to a few micrometers, which is L 200 . . 1 :
similar to the local domain size of polydomains, does such a 20 30 40 50 ol
small monodomain system exhibit a sharp transition? An T (°C) !
experiment regarding this question will be a critical test for the 1500 | 8:
existing explanations. o i
Few measurements of the domain siZg ¢f polydomain o i
LCEs have been conductétlt has been demonstrated that : . !
rapidly increases in the vicinity ofy; whenT — Ty (i.e., as 1000
the local nematic ordeB decreases), as shown in Figure 9. The 20 30 40 50
evolution of& nearTy, was expressed a@s~ (Tny — T) 7Y with T (OC)

y = 1. The domain size is determined by a balance between

the Frank elasticity and random disordering effect. The evolution Figure 10. (a) Time dependence of during the shape recovery of

; ; ; the swollen polydomain LCEs (I-PLCE and N-PLCE) with a cross-
of £ nearTy implies that a decrease iB causes a larger linker concentration of 1 mol % at 25C. The LCE mesogen and

reduction in the latter effect than in the former. A similar qyaliant are MP and 5CB (Figure 1), respectively. The data=a0
behavior of & near Ty is observed in un-cross-linked LC  corresponds to the strain induced by the applied fietg). (The
polymers in the polydomain stafe.Several theoretical pa-  characteristic times for I-PLCE and N-PLCE are 4.(F and 2.6x

86, i i 1@ s, respectively. (b) TemperaturE) dependence of the characteristic

perg®86.87studied the determinant &f however, the effects of - ; _ ! A
[ . time (r) of I-PLCE. The inset figure is for N-PLCE. The NI transition

temperature and cross-linking are still unclear. In order to temperaturesTy® of I-PLCE and N-PLCE are 48.1 and 48°€,

e|UCIdate the tl’anSItIOI’l behavior Of p0|yd0maln LCES, we respective|y. The data are reproduced from ref 89.
require further information, in particular, about the local nematic
order for polydomains. Probably, only NMR measurements are the nematic order of the local domains in the resulting
accessiblé® but no data for polydomain LCEs have been polydomain LCEs. In contrast, they significantly differ with
reported. regard to the dynamic features. Figure 10a shows the strain
5.2. Effects of Cross-Linking History. Polydomain LCEs recovery of I-PLCE and N-PLCE with the same cross-linker
can be obtained via two different routes. The first is by cross- concentration after an imposed electric field was removed at
linking the mesogenic monomers in the low-temperature poly- = 0.8° There is no appreciable difference in the field-induced
domain nematic state. The second is by cross-linking the static strain at = 0. A slow shape recovery is observed on the
mesogens in the high-temperature isotropic state and coolingorder of 16 s. These slow dynamics primarily arise from the
the resultant networks to the low-temperature nematic state.polydomain nature rather than the viscoelastic relaxation due
Several studies have examined the properties of the former andto chain-entanglement effects because a monodomain LCE
or latter LCEs (designated as N-PLCE and I-PLCE, respec- exhibits a fast shape recovery within 1 s. The slow dynamics
tively);8%-82 however, most of them did not focus on the effect of polydomain LCEs were also observed in slow stress
of cross-linking history. These two LCEs with the same cross- relaxation during P-M transition?® Importantly, the character-
linker concentration exhibit no appreciable difference in the istic time () for the shape recovery of I-PLCE is ca. 5 times
equilibrium properties such &N, Ty®, andQ,8%8%as shown greater than that of N-PLCE. This result indicates that the initial
in the inset in Figure 10a. This implies that the mesogen director alignment upon cross-linking in the polydomain texture
alignment in the cross-linking stage does not appreciably affect is memorized by the resultant network (N-PLCE); further, this
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memory effect yields a strong disorder correlation to accelerate tional to sirf 6 (0: rotation angle of the director). These
the recovery from the oriented state to the initial state. It is also characteristics are well described by a soft deformation pathway,
noteworthy that these strain recovery processes obey analthough the considerable body tilting in the intermediate stage
exponential-type function rather than a stretched exponential of director rotation, which was theoretically expected, is not
function and power law that are often employed to describe observed. The correlation between the nematic strengttband
the slow dynamics of random disordered systems. A theoretical dependence of strain is also unclear. The director realignment
study?” showed that the effect of cross-linking history also in constrained geometry results in interesting inhomogeneous
emerges in the stretching-induced M transition, whereas no  patterns as a result of the balance of the Frank elasticity of LCs
corresponding experimental survey has been conducted thus farand rubber elasticity of elastomers. New types of nonuniform

The shape recovery of I-PLCE and N-PLCE becomes director alignment and distortions are expected to emerge under
considerably slower nedfy; when T — T8 as shown in  different constraint modes and initial director orientations.

Figure 10b. TheT dependence of nearTy, is expressed as _ Polyo!omain LCEs should receive_ more attention as an

~ (Tni — ) with x = 0.2 for both the LCEs. This deceleration interesting LC system of quenched disorder whose correlation
implies that the magnitude of the induced reduction in the elastic length (in the micron range) is considerably greater than the

restoring force is larger than that in the viscous resistant force Size of the source of disorder (network mesh). The polydomain

when the local nematic order decreases. The increasedar nature results in slow dynamics that can be observed during
Twi should be related with the evolution §{Figure 9), butthe ~ Shape recovery after the removal of the imposed field and stress
correlation is unclear. Much remains unknown about the static relaxation during the PM transition. The dynamics of poly-

and dynamic aspects of polydomain LCEs. domain LCEs is strongly affected by whether the cross-links
are formed in the isotropic or polydomain nematic state. The
6. Summary and Outlook characteristic time and domain size steeply increase Tigar

whenT — Ty. In order to understand these phenomena, we

We have described some select issues on LCEs and LC gelg 5ye o elucidate the balance of the Frank elastic force and

arising from recent researches. When globally aligned mon- 4qom disordering forces and how the cross-linking history
odomain LCEs are immersed in a solvent, the nematic order and temperature influence these forces.

couples both volume and shape and they behave as the |, this perspective, we have restricted ourselves to the
anisotropic gels withT-responsive volume and shape. This j,estigation of nematic LCEs and have not considered other
reveals some new aspects in the swelling and/or phase behav'ofypes of LCEs including smectic and cholesteric LCEs. A
that are absent in non-nematogenic network/solvent and un-cqnjing of the orientational order with rubber elasticity in
cross-linked LC polymer/solvent systems. The existing theory gmectic and cholesteric LCEs emerges in a different manner
qualitatively explains the anisotropic swelling behavior that is fom nematic LCEs. and it yields new physical effezfBhis

primarily governed by the nematic order of each constituent i ais0 reveal and develop the potential of smart soft materials
nematogen, but it predicts excessive anisotropy. Similar to the having a large variety of functions.

smooth NI transition in the neat state, the swollen LCEs exhibit

continuous changes in volume and shape at the transition  aAcknowledgment. The author acknowledges financial sup-
temperature without the expected first-order discontinuity. In port from the Murata Science Foundation, a Grant-in-Aid (No.
contrast, swollen polydomain LCEs without a global director 16750186), and the 21st century COE program “COE for a
exhibit a discontinuous jump in volume at the transitions. ynited Approach to New Materials Science” from the Ministry
Swollen monodomain and polydomain LCEs are strikingly of Education, Culture, Sports, Science, and Technology, Japan.
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