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ABSTRACT: We investigate the mesogen reorientation behavior of thin films of liquid crystal elastomers (LCES)
under uniaxial elongatiore{axis) normal to their initial homeotropic alignment#xis). The stressstrain 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 (lll) a large-strain region where the stress again increases. The Poisson’s
ratio uy, is strain-dependentuy, ~ 0.17 in region I, whereas in regions | and ll,, =~ 0.5 in accordance with

that of incompressible isotropic elastomers. The considerably gmaih region Il is a consequence of the
suppression of the transverse shrinkage inytu#rection (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 thgane toward the-direction in

region I, whereas no further mesogen realignment takes place in region Ill. 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 lll, recovers the original homeotropic alignment.

Introduction i.e., Ul (wherel is the film length), becomes negligible for
sufficiently thin films (VI < 1). More importantly, we can
readily observe the transverse dimensional change along the

between liquid crystals and elastomeric sofidsA marked rotation axis of director during elongation, unlike the case of
feature of LCEs is the strong coupling between their macro- thin LCE films with a homogeneous alignment. This information

scopic shape and the orientation order of the constituent is of great importanc_e to reveal thg deformation_mode specific
mesogenic moieties. Temperature change, electric field, and light!© the director rotation. There exist few experiments on the
irradiation—each of which causes the mesogen reorientation transverse dl_menS|onaI changes during the stretching-induced
can induce the macroscopic deformation of LGEEonversely, ~ director rotatior?. Roberts et af.observed an unusually large
the externally imposed deformation can drive the mesogen dimensional reduction along the initial director axis (i.e., the
realignment along the stretching axis. Owing to rubber elasticity, diréction normal to the stretching axis) for a thin LCE film with
such director switching is possible by a small load, and the & homogeneous alignment, which would be a sign of a
original orientation can be recovered by unloading. Many characteristic deformation mode other than simple stretching.
researchers demonstrated & 88tation of the directorin LCEs ~ Ynfortunately, the in.terpretation of their. data is not straigh'g—
by stretching them normal to the initial direcfor® These earfier  forward because their sample of 10 mm in length and 5 mm in
studies employed thin LCE films with a homogeneous align- W|dth_yvas not sufficiently long enough to ellm_lnate the boundary
ment. They also noticed that the boundary conditions at the condition effect on the mesogen reorlentatl_on.. )
clamps significantly affect the mesogen reorientation behavior, ~In the present paper, we study the stretching-induced director
especially when the sample strips are not sufficiently long, rotation in thin LCE films of homeotropic alignment withll
because the clamping at both ends of the specimens prohibits< 1072 We investigate the macroscopic mechanical properties
the global shear deformation induced in the course of the directorsuch as tensile stress and transverse dimensional changes in the
rotation. The resultant mesogen reorientation becomes nonuni-director-switching process. The process of mesogen reorientation
form and is sometimes recognized by the “stripe domain” is revealed by Fourier transform infrared (FTIR) spectroscopy.
textures. The formation mechanism of such nonuniform orienta- We clarify the correlation of the macroscopic mechanical
tion patterns was theoretically investigafédt4 properties with the microscopic mesogen reorientation during
The stretching of the thin LCE films with a homeotropic ~elongation. We also compare the deformation mode during the
(norma| to the film Surface) a“gnment provides some new director rotation induced by mechanical StretCh|ng with that
aspects of the director-switching behavior. This geometry can observed under electric field.*®
minimize the influence of such boundary conditions leading to . .
the nonuniform mesogen reorientation because the contributionEXPerimental Section
of the shear displacement & y x h wherey is the shear Sample Preparation. The thin films of a side chain-type LCE
strain andh is the film thickness) to the overall deformation, were prepared by the photopolymerization of the reactive mesogenic
monomer (Figure 1) with the cross-linker 1,6-hexanediol diacrylate

* Corresponding author. e-mail: urayama@rheogate.polym.kyoto-u.ac.jp. (AIdric_h). The rea;tive mesogenic_monomer was s_ynthesized using
 Department of Materials Chemistry, Kyoto University. established techniqué&The cross-linker concentration was 10 mol
* Electronic Materials Research Laboratories, Nissan Chemical Industries. % in the feed. A miscible nonreactive nematogen-Hdexyloxy-

Liquid crystal elastomers (LCEs) exhibit unique stimuli-
response behaviors because of their hybrid charaetecsoss
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Fi 2. Stretching of LCE fil ith a h tropic ali t. " . .
igure retehing o ms With & homeotropic alignmen at the same position during elongation. The beam spot on the

, . . . . specimen was considerably distant from the clamped regions to
4-cyanobiphenyl was mixed with the reactive monomer by a molar \ninimize the effect of the boundary condition on the mesogen

ra;;[io of 5??:50 to broaden the tempera(ljturehre(\jn%e of the nem?tic reorientation in the area of interest. The stretching setup equipped
phase. The reactant mixture was sandwiched between o glassy;i, 4 temperature-controllable box was integrated into an FTIR

plates separated by Gin-thick spacers. The plates were coated ghecrometer Jasco 4200ST. The adsorption band of the terminal
with a polyimide layer (_prow_ded by Nissan Chemical) that induces CN group parallel to the long axis of the mesogen was used to
the normal (homeotropic) alignment of the nematogens to the layer ¢y racterize the orientation order of the mesogen. The absorbances
surface. The photopolymerization was carried out at@sn the of the incident polarized light parallel and normal to the stretching
nematic state of the mixture using Irgacure 784 as a photoinitiator. 4;-action (denoted by, andA,, respectively) were measured as a

The cIeII wr?s firraz(éiated fusing a .xenohn Iampl\(vith er;wifglsions at a fynction of the tensile strain. The stretching was conducted stepwise
wavelength of 526 nm for 15 min. The resulting gel films were i aach step consisting of approximately a 5% strain increase,

deﬁa‘?heg.frﬁm the %Iass sfubstrqatl?s bydimmgr:;sing the sangwichde ecause the measurement required approximately 5 min at each
cell in dic orome_tlane or ah 3 ay.b ﬁ unreﬁcte far;] strain to acquire the data with a sufficiently high signal-to-noise
nonreactive materials were washed out by the swelling of the 445 The average stretching rate of the entire process (ap-

detached films in dichromethane. The swollen gel film was .o imately 2x 104 s°%), including the measurement times, was
gradually deswollen by increasing the methanol content in the ¢ {ha same order as that in the tensile measurements 184
swelling solvent. The LCE film was obtained by drying the sY).

deswollen gel in air. The rectangular sample strips of about 15 mm

in Ie_ngth and 2 mm i.n width with a thickness of 4&n for the Results and Discussion

tensile and IR dichroism measurements were cut from the same o )

large dry film. The nematieisotropic transition Tni) and glass Thermally Induced Shape Variation in the Unloaded
transition temperatures of the LCE film were 98 and ap-  State.Figure 3 shows the equilibrium principal ratid8 (i =
proximately 50°C, respectively. X, ¥, 2) of the thin LCE film without an external load as a

Tensile MeasurementsThe tensile measurements of the film  function of temperatureT]. The dimensions at 118C in the
specimens were conducted with a UTM-500 equipped with a isotropic state are chosen as the reference statg’fdrhe ratio
temperature-controllable box. The both edge areas (about22 A2 in the thickness direction was calculatedqy= (4,0 1,°) 1
mm) of the specimens were mechanically clamped, so that the o the pasis of the volume constancy. The volume conservation
effective initial length in the stretching direction was about 10 mM. s 0.4 5onably assumed because the system is in the rubbery state
The considerably large ratio of the effective length to the width . :

at the temperatures of interest. In the nematic stafe ofTy,

(ca. 5) is expected to provide sufficient freedom to lateral . . . . D
displacement by stretching except for the vicinity of the clamped the SPecimen uniaxially elongates in the thickness direcfigh (

region. The specimen was uniaxially stretched in Hdirection > 1andi,® ~ 1), and the elongation increases with a decrease

normal to the initial director in the-direction (Figure 2). The in T. The distortion is thermally reversible for the temperature

slowest available cross-head speed of the tensile tester (0.5 mmfchanges acrosk. A similar thermal deformation was reported

min) was employed to adjust to the considerably slow strain rate previously for various LCEs with homogeneous alignnighit.

in the IR dichroism measurement (as described later). The stretchingThe results in Figure 3 confirm the presence of a global director

process was recorded by a video camera. The dimensional variationsn the thickness direction (i.e., homeotropic mesogen alignment)

in they- andz-directions during elongation were evaluated by video i the unloaded state.

analysis. = S Figure 4 displays thd@ dependence of the order parameter
Infrared Dichroism Measurements. The IR dichroism mea- SP of the mesogen in the thickness direction that was estimated

surement of the LCE films under tension was conducted using af the absorbanca.® for th - ithout " |
custom-built stretching device. The film specimen was clamped at rom the absorbancly” for theé specimen without an externa

both ends in the same manner as in the tensile measurement. Thes@ad. The order parameter is defined 8§ = 3(cos’ 02 —
clamps were shiftable by micrometer screws, so that the imposed1/2 wheref is the angle between the long axis of the mesogen
strain could be controlled with high precision and the beam spot and thex-axis andf@os’ §Uis the mean value of c8¢. The

(1 mm in diameter) on the central part of the specimen could remain absorbances,? and A at eachT were almost identical. This
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Figure 4. Temperature dependence of the order parameter of the

mesogens? in the unloaded state evaluated from the absorbance data. Figure 6. Relation of the true strains in the andz-directions during
stretching. The slope corresponds to the Poisson’s rgio

140 r 7
1200 | i I i 1 strain behavior was not explored in detail in the present study;
) ! however, no significant difference was observed in the stress
. 100F | : strain curves at 70C for the strain rates of & 1074 s~ and
g 8ol ! | 8 x 1073 s7L The initial Young's modulus given by the slope
) at the small strains is approximately 300 kPa and it does not
WY 60F significantly depend ofi in the T range examined here.
- : ) Poisson‘s_RaFio,uyZ. Figure 6 sh_ows the relations between
: : : ]‘1‘3 g the true strains in thg- and zdirections at 70C and 110°C.
20 ! ! A 90°C The slope of this plot corresponds to the Poisson’s rafio
. |, 1 . Te (uyz= —dey Ide;). In the isotropic state (11TC), all data points
0 01 02 03 04 05 06 fall on the straight line with a slope of 0.5, i.@y, = 0.5. This

behavior is identical with that of incompressible isotropic
Z elastomerd? and the dimensions in the two transverse directions
Figure 5. Stress-strain curves at various temperatures, where the stress during stretching decrease equivalently. In contragtin the
is the nominal stress and the strain is the true strain. Regions |, Il, and nematic state is strain-dependent. In the small- and large-strain
IIl are based on the, dependence ofy at 70°C in Figure 6. regions ofe, < 0.18 ande, > 0.32, respectivelyy,, is well
approximated to be 0.5, bui, (~0.17) at the intermediate-
indicates the uniaxial orientation of the mesogens along the strain region (0.18< ¢, < 0.32) exhibiting the quasi-plateau
x-axis. In such system#,° is correlated with the orientation  stress (Figure 5) becomes considerably smaller than 0.5. This
distribution function of the transition momei{o) asA,° = (M/ small uy, indicates that the dimensional reduction in the
2)2f(0) sirt 6 d6 where M is the absolute magnitude of y-direction caused by stretching is significantly suppressed. The
transition moment® The values o82(T) were calculated from  dimensional reduction in the thickness) (direction at the
AQ(T) andA? in the high-temperature isotropic state (1'1%) corresponding strains becomes larger owing to volume conser-
with random orientation[¢og #0= 1/3). In the calculation,  vation: ux.is evaluated to be 0.83 fromdyd, = At #xtyd =
AS(T) was reduced by, (T) (Figure 3) to consider the variations 1. This deformation mode is considerably closer to pure shear
in the effective optical path caused by thermal deformation. As (uy. = 0 andux, = 1) rather than simple uniaxial stretching{

observed in Figure 430 increases with cooling. An increase = uy, = 0.5) for incompressible materials. The pure shear

in SO upon cooling leads to the spontaneous stretching in the deformation of isotropic elastomers is usually achieved by

thickness direction (Figure 3). “constrained” uniaxial stretching, where a mechanical constraint
Stress—Strain Behaviors. Figure 5 displays the stresstrain is imposed on the specimens such that no dimensional change

curves at various temperatures. The stress is the nominal stressn one of the two transverse directions can o¢€dt.It should

and the strain€) is the true strain given by = In A, wherel be noted that this pure shearlike deformation in the nematic

is the principal ratio. The ratid is defined byl = I/lo where elastomers arises even though the externally imposed deforma-

| andlg are the dimensions in the stretched and relaxed states,tion is simple uniaxial stretching with no constraint on lateral
respectively. The stresstrain relation in the isotropic state at  shrinkage.

T > Ty has no singularity. It is almost linear over the entire Infrared Dichroism. Figure 7a illustrates the, dependence
strain region, although the specimens are not highly extensible.of the dichroic ratioD,y = AJ/Ay at 70, 90, and 116C. In the
The shape of the stresstrain curves in the nematic state undeformed statd),y ~ 1; the mesogen alignment in tlye-z
significantly differs from that in the isotropic state. The stress  plane before stretching is random even in the nematic state
strain curves in the nematic state are characterized by threeowing to uniaxial orientation about theaxis. In the isotropic
regions: (I) the small-strain region exhibiting linear elasticity, state (110°C), D,y remains almost unity even at large
(1) the moderate-strain region with a quasi-plateau stress, andelongation. The stretching in the isotropic state induces no
(1) the large-strain region where the stress again increases.appreciable orientation of the dangling mesogens.

The stressstrain curves at different values ofin the nematic In the nematic state (70 and 9@C), D,y increases with
state are similar in their shapes as well as quasi-plateau stressestretching, and becomes constant in the sufficiently high strain
but the quasi-plateau region becomes broader with a decreaseegion. The corresponding order parame$er= (D,y — 1)/

in T, i.e., an increase iBC. The strain-rate effect on the stress (D, + 2) along the stretching axis in the plateau region is 0.36



7668 Urayama et al. Macromolecules, Vol. 40, No. 21, 2007

3 6
@ ) ° 70°C °
) o
25 € 5
=~
> ~
N A o #
Q 2 110°c < 4
X 90°C >
<
O 170°C
1.5 53
’ I7od‘jc) < 1
unloading, N
1 AnBoa . ; < 2
0 0.1 0.2 0.3 0.4 0.5 0.6
1 A . . . .

0 0.1 0.2 0.3 0.4 0.5 0.6

(b) 2 3 &
Figure 8. Strain dependence of the absorbanggandA; at 70°C,
25 ¢ e where Ay and A; are reduced byl to consider the variation in the
> = =T effective optical path during elongation. Regions |, II, and Ill are based
QN 2t x on thee, dependence of, in Figure 6.
15 | o X %0C characteristie, dependencies df, andA,. With increasing;,
e.r«c (i) Ay decreases an#d; increases in region I, (iip; increases
1 : : : : with no change of, in region Il, and (i) neitherA, nor A,
0 20 40 60 80 100 changes in region Ill. In particular, suehdependencies dof,
o, (kPa) and A; in region Il 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
and 0.29 at 70 and 9T, respectively, each of which is similar  rotation is readily induced by a constant stress (approximately
to (70 °C) or considerably higher than (9CC) that in the 40 kPa in the present case) and that it occurs cooperatively.
unloaded state §°). This result clearly indicates that the This director rotation in the—z plane is also responsible for
elongation drives the realignment of the dangling mesogensthe pure shearlike deformation mode (the smgl) in region
along the stretching direction. At the large strains where the II.
stress increases again (Figure 5) with = 0.5 (Figure 6), no The coexistence of the symmetric rotation states-6fand
further mesogen realignment occurs. The saturatioDgfat —0 before stretching is expected becaus&gf~ AL andS?
90 °C takes place at the smaller strai £ 0.22) than that at = 1 in the relaxed state (Figure 4). Both states, however, lead
70 °C (e, =~ 0.32). This agrees with the result that the stress to essentially the same deformation mode. The similar deforma-
upturn at 90°C begins at the smaller strain,(~ 0.20) than tion mode is observed for an unconstrained LCE subjected to a
that at 70°C (e, ~ 0.35). 90° rotation of the director under an electric fiéflt6 the

The data in the unloading process freg—= 0.42 at 70°C induced deformation is pure sheag{= 0), i.e., the LCE is
are also shown in Figure 7a. The mesogen orientation recoverselongated along the field axis but with no dimensional variation
the initial state D,y = 1) when the imposed strain is completely in the direction regarding the director rotation axis (in other
removed, although a finite difference in thgdependence of  words, the direction perpendicular to the plane where the director
D,y is observed in the loading and unloading processes. Thisstays confined during rotation). The present result shows that
result demonstrates that the director is mechanically switchablethe pure shearlike deformation mode also arises when the
by the imposition and removal of the tensile strain. director is rotated by mechanical uniaxial stretching. This

Figure 7b show®,, as a function otr, at 70°C and 90°C. similarity suggests that the director rotation in LCEs is always
In the high stress region, the stress increase causes no furtheaccompanied by pure shear deformation. A finite deviatigh (
increase inDy. This feature is essentially the same as that in = 0) from pure shear in the mechanically driven director rotation
Figure 7a using strain as a variable. Importantly, a rapid increaseis probably because the macroscopic dimensional chaspe (
in D,y is observed around 40 kPa, i.e., corresponding to the in the elastomers is directly influenced by the externally imposed
quasi-plateau stress in Figure 5. This shows that a significantuniaxial stretching. In contrast, under electric fields the pure
degree of mesogen realignment occurs under the quasi-plateashear mode specific to director rotation is clearly visible because
stress. the imposed fields influence the mesogen orientation but do

Correlation between Mechanical Properties and Mesogen  not directly deform the elastomers. A finite effect of the
Reorientation. The ¢, dependencies of, and A, are more boundary conditions at clamps @, cannot be completely ruled
informative than that of the ratiD, for the detailed exploration  out here although the specimen length is considerably (ca. five
of the reorientation behavior. Figure 8 displajsandA; as a times) longer than its width. The experiments for the specimens
function ofe, at 70°C. The data at each strain are reduced by with various dimensional ratios will reveal such boundary
Ax to consider a reduction in the effective optical path by condition effect.

Figure 7. Dichroic ratioD,y at various temperatures as a function of
(a) the straire; and (b) the stress,.

elongation, andly was calculated from the data in Figure 6 In region I, A; increases with elongation but is accompanied
assuming volume constancy. The strain regiom,l< 0.18), by a reduction irA,. This behavior indicates that the mesogens
region Il (0.18 < ¢, < 0.32), and region Il {&; > 0.32), are reoriented along the stretching axis in yhez plane. The

according to the, dependence qiy, (Figure 6), are indicated = mesogen alignment in the-z plane is varied from the random
in Figures 5 and 8 to discuss the correlation between the state D,y = 1) to a considerably ordered staf®,( ~ 2.2) by

mechanical propertiesr{ anduy;) and reorientation behaviors  the stretching ok, = 0.18 (the end of region ). This implies
(Ay andA;). As observed in Figure 8, each regime exhibits the that a finite mesogen orientation in tite z plane is needed for
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Figure 9. Schematics for the correlation of the macroscopic deformation with the microscopic mesogen reorientation.

the occurrence of the cooperative director rotation inxhe and 6 €' ~ 0.32); for 90°C, withk = 1.07, it should be around
plane in region Il. The variation iA; in region | may also &' ~ 0.25, close to the data in Figure&'(~ 0.21). The values
include a finite mesogen orientation in tkez plane, leading of k were estimated by the theoretical relafiaf 1,0 = k&3
to anA; increase with na\, change. However, the mechanical with the data in Figure 3. For the estimation kfit is more
behaviors with no singularity (linear stresstrain relation and  appropriate to us&®, which is directly related to the orientation

uyz= 0.5) suggest that the degree of the director rotation in the order of the network backbone, as comparedSh which
x—zplane, if any, is considerably smaller in region | because it represents that of dangling mesogens.

results in unusual mechanical behaviors as observed in region

II. It should be noted that the presence of a finite ordering cgnclusions

process in thg—z plane prior to the cooperative director rotation

(region 1) may be due to the relatively low nematic order of the ~ When a thin film of LCEs having homeotropic alignment is
present specimersC ~ 0.3). In a highly oriented homeotropic  stretched normal to the initial director, the director is realigned
LCE, the mesogen orientation may occur only in Xaeplane along the stretching axis at a sufficiently large elongation. The

without that in they—z plane (i.e., onlyA, varies with noAy orientation order in the sufficiently stretched state is comparable
change) in the stretching process. In such cases, the inducedo that in the unloaded state. The director reorientation process
deformation may also become closer to pure shegr- 0). is characterized by the three strain regimes. In the small-strain

In region I, the stretching does not lead to further variations regime ¢, < €;), the mechanical behavior is identical to that
in either Ay or A;. This implies that the director rotation is  of isotropic elastomers; the stresstrain relation is linear and
completed at the end of region Il, and region Il corresponds to the Poisson’s ratiquy; is 0.5. In this regime, the mesogen
the past director-switching regime. The stress increase in regiongrientation changes primarily in the-z plane from the random

Il is entirely due to the entropic elasticity of the stretched state to a finitely aligned state along the stretching axis.
network chains. The macroscopic deformation behavior in region

[l becomes the classical respongg,& 0.5) once again. Figure

9 shows the schematics for the correlation between the mesoge

reorientation and the macroscopic shape during stretching.
Finally, we compare the present results with the expectations

of the soft elasticity theory for nematic elastom&?3:2* The

theory expects the presence of the “soft mode” in the proces

of director rotation-a route at no cost or a significantly low-

In the moderate-strain regior( < €, < &), the stress is
hallmost constant (ca. 40 kPa), amg(~ 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
gout the similarity between this pure shearlike deformation and
the pure shear mode observed in the unconstrained LCEs

energy cost for the transition between the initial antl1@@ation subjected to a J0director rotation under an electric field. This
states of the director. The macroscopic deformation via the soft Similarity indicates that pure shear always accompanies the
mode under imposed uniaxial tension is pure shear=(0 in director rotation in LCEs. The feature of the deformation mode
the present notatior?¥. The full soft mode scenario leads g in the director rotation process is similar to the picture of the

= 0 anduy, = 0 during the director rotation. A significant ~ soft elasticity theory expecting a route at significantly low-
reduction in tensile stress is observed as a quasi-plateau stresenergy cost.

(approximately 40 kPa) in the director rotation process. The | the |arge-strain regiore{ > '), the stress increases again
“semi-soft” concept considers that the quasi-plateau stress (they ¢ without any further mesogen realignment. The stress increase
significantly low modulus given by the slope in this region) is  ig engirely due to the entropic elasticity of stretched network
a sign of the softness and it attributes the finite stress to the chains. The homeotropic mesogen alignment before elongation

Qewatlon.from the ideal soft response owing to structurgl is recoverable after complete unloading, even from the highly
imperfections formed by cross-linkng in the aligned nematic stretched state

state! We notice the similarity in the deformation mode between

the experiment(y, ~ 0.17, pure shearlike deformation) and i )
theory (i, = 0, pure shear). The thedfyalso correlates the A_cknowledgment. T_he authors would like to express their
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