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Electrically driven deformations of nematic gels
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The electrically driven deformations of side chain nematic networks swollen by nematic saivemtatic
gels have been investigated. The strains of freely suspended gels between electrodes were measured as a
function of field strengtiE). The deformation of the gels composed of a network and solvent with identical
signs of dielectric anisotropfA¢) is dominated by the electrically induced alignment of the nematogens. As a
result, the stretching direction is variable according to the sigheofThe gel with positive or negativae is
elongated parallel or normal to the field axis, respectively. The maximum strain among the samples examined
is as large as 20% &~ 0.5 MV/m. The gels composed of a network and solvent with opposite sigas of
are compressed along the field axis since the electrostrictive effect becomes dominant because of a large
reduction in the mesogen alignment effect due to the discord in the director directions of the constituent
nematogens. The gels in the isotropic phase show compressive strains along the field direction in proportion to
E? purely originating from electrostriction, independently of the signAef The nematic gels are quickly
deformed within a second upon field application, while the shape recovery after field removal requires a finite
time on the order of 10s, which reflects the structural relaxation in the polydomain texture from the oriented
to the random state. The influences of elastic modulus as well as network nematicity on the electrical defor-
mation are also examined.
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I. INTRODUCTION trostriction [20-22. In the case of nematic gels, the strain
induced by electrical alignment of the constituent nemato-
gens can exceed the electrostrictive strain because of the
strong nematic interaction as well as a large dielectric aniso-
tropy (Ae), Ae=¢g—¢,, whereg; and e, are the static di-
electric constants along@) and normal(_L) to the long axis
of the molecules(directoy, respectively. In principle, the
o . sign of Ae governs the correlation between the directions of
22316\\,:;'_[}';?)3021?;?')trt";‘grsl'st;ggn mThSeOI\rfaI\«E?o_slc?])pi?:t (}Zfor- the electric field and the 'induce'd' director origntatipn: The
. . - . director of nematogens with positive or negati¥e aligns
mation caused by glectrlcally !nduceq allgnmeqt of the Conyarallel or perpendicular to the field direction, respectively
stituent mesogens is also an interesting behavior of nemat 3,24. Thus the sign of\¢ is an important molecular char-

networks. Electrically driven actuation in nematic networksacteristic of nematogens in the applications of liquid crystal

IS expgcted to_be a promising device for art_ifig:ial muscle LC) displays. The sign oA for the constituent nematogens
and microscopic pumps and valves, because it is much faster

d he di i £ th lecul i .e., the mesogen on the network and the nematic sglvent
ue to the direct coupling of the molecular alignment to X nematic gels is also expected to play an important role in the

ternal fields than the electrical deformation based on ion'%lectrical deformation. Most earlier studi¢$2,13,15,1%

diffusion in pplyme_r net_workill]. . used combinations of the nematic networks and solvents
The electrical distortion of nematic networks swollen by both of which have positive\e, while Huanget al. [17]

nematic soIvent_s(nemgtic gels first observed by Zentel employed networks with negativke swollen by a solvent
[12], has b.een |nve§tlgated by several reseacfit3s17. ._with positive Ae. The role of the dielectric anisotropy of the
Markedly high electric fields are needed to deform apprecia-

. . constituent nematogens in electrical deformations, however,
bly dry ne_matlc network$_nemat|c rubbe_bsbecaus_e of the still remains unclear because there is no study varying sys-
strong resistance stemming from the high elastic mOd”mStematicaIIy the signs of\e for the networks and swelling
excepting some nematic rubbers with ferroelectriditys] solvents.
and filled with aligned carbon nanotubd®]. The reduction

in elasti qul m i finite def . In the present paper, we elucidate the role of dielectric
n e aSt'C. mogulus on Swefling reaiizes a '.mte. € Orrnat'onanisotropy for each constituent nematogen in the electrical
of nematic networks under moderate electric fields.

i . . . deformation of nematic gels by employing four combinations
The_ elec_tncal deformatlon_ of conv e”t'oﬂa' paraelectricqt e networks and solvents with positive and negative
materials without global polarization is dominated by elec-ye 5156 reveal the difference in electrical deformation be-
havior between the nematic and isotropic phases, and clarify
the effect of nematic order of the mesogenic molecules. The
*Corresponding author. Electronic address: influences of network nematicity as well as network modulus
urayama@rheogate.polym.kyoto-u.ac.jp on electrical deformations are studied using networks with

The unique feature of nematic polymer networks exhibit-
ing the properties of both polymer networks and liquid crys-
tals has received much attention from the viewpoint of aca
demic interest as well as their potential applicati¢hg?].
The hybrid character of nematic networks yields some inter
esting phenomena such as spontaneous shape cfage
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TABLE |. Characteristics of the network samples.
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Mesogenic Cross-linker

|

L}O—éCHQ}EOCN MP

| monomer contefit  concentratioh NS¢
?o—écmto@coo—@ocm MN Network [mol %] [mol %] (°O)

LCN-P-100 100 1 131

LCN-P-100-H 100 10 120

e ) sp LCN-P-95 95 1 122
LCN-P-80 80 1 115

LCN-P-70 70 1 99

CHSA(CHZ—);O@COO—@*OCW SN LCN-P-50 50 1 d
SN LCN-N-100 100 1 125

CHg_(CH%c)A@,COO_QOCHS SN2 Molar fraction of mesogenic monomerM: [M]/([M]

+[styrene monomey.
Molar fraction of the cross-linker in the total reactants.

FIG. 1. Molecular structures of employed acrylate mesogenic S . o -
. - ematic-isotropic transition temperature in the dry state evaluated
monomers and nematic solvents. The molar ratio of SN-1 and SN- : .
y polarized microscopy.

in SN is 50:50. INo nematicity.

various mesogen contents and cross-linking densities. The . . :
! R anisotropy, respectively. The solvent SP, conventionally
time dependence of the deformation in response to the appli- .
) . . . . . called 5CB, was purchased from Aldrich. The solvent SN
cation and removal of electrical fields is also investigated. e . )
. . was a miscible mixture of SN-1 and SN-2 with the molar

The results in the present study offer a basis for the under-

standing of electrically driven deformations of nematic eIsratio 50:50. The molecular structures of SP, SN-1, and SN-2
9 ; Y d 9%8Sare illustrated in Fig. 1. The mixing of SN-1 and SN-2 broad-
as well as their applications to soft actuators. .
ens the temperature range of the nematic phase. Each of
SN-1 and SN-2 was synthesized in almost the same manner
as the monomer MN. The nematic-isotrophd-1) transition
A. Sample preparation temperatures of SP and SN were 34.2 and 76.7 °C, respec-

The side chain nematic networks with positive or negativet'vely' The fully swollen nematic gels showed a single nem-

dielectric anisotropydesignated as LCN-P or LCN)Nvere atic phase composed .of t.he.nematic networks and solvents,
prepared by using the acrylate mesogenic monomer MP nd no phase separation inside the gels was observed. Table

MN, respectively. The molecular structures of MP and MN! tabulates theN-1 transition temperature in the fully S\.NO.I'
are shown in Fig. 1, and they were synthesized by the metH-en state of each network and the degree of equilibrium

ods in the literaturd25,26. 1,6-hexanediol diacrylate and swelling (Q) at the temperatures in electrical deformation
2,2’ -azobisisobutyronitrile were employed as cross-linkermeasurements. All networks swelled isotropically even in the

and initiator, respectively. To prepare the nematic network§€Matic phase owing to the polydomain texture with a finite

with various nematicity, the mixtures with different compo- orientqtionql order in th(_a individual domains bqt without glo-
sitions of the monomer MP and the nonmesomorphic styrenB@! orientation of the director. Thus the swelling degege
monomer were copolymerized. The details of the networl{jef'ned as the ratio of the volumes in the dry and.fully swol-
preparation were described elsewhi2@. The nematic net- '€" states, was evaluated from the cube of the ratio of the gel
works were made by radical polymerization of the reactanf/i@meters.
mixtures in capillaries with diameters of several hundreds of
micrometers. The cross-linking reaction was carried out at
80 °C where both MP and MN were in the isotropic phase. The deformation of the gels under dc fields was observed
The resulting cylindrical gels were separated from the capilby optical microscopy as schematically shown in Fig. 2. The
laries, and immersed in toluene to wash out the unreacteswollen cylindrical gels with diameter of ca. 1 mm were
materials. The swollen gels were gradually deswollen in theplaced without mechanical constraint between Pt electrodes
mixtures of toluene and methanol with successive composiseparated by 2 mm, and the cell was filled with the nematic
tions, increasing the methanol content stepwise. The fullysolvent. The surface level of the solvent was adjusted to be
deswollen gels were completely dried in air. Table | summadow enough so that the outline of the gel was distinctly vis-
rizes the characteristics of each network. The numera  ible when viewed through the microscoffaut high enough
the sample code LCN-R represents the molar fraction of to immerse the gel completglyThe temperature of the cell
MP in the feed. The cross-linker concentration in the feed fowas controlled by a hot stage Mettler FP-82. The swelling
all samples excepting LCN-P-100-H is 1 mol % in the totalwas equilibrated at each temperature before applying electric
reactants. fields.

The dry networks were allowed to swell in a low molecu-  The dimensions of the gets (i=x,y) parallel and normal
lar mass LC, SP or SN with positive or negative dielectricto the field direction were measured as a function of the

Il. EXPERIMENT

B. Measurements of electrically induced deformation
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TABLE Il. Nematic-isotropic transition temperatures of nematic gels and swelling degrees at the tem-
peratures in electrical deformation measurements.

™ Phase Temperature

Network/solvent (°C) (gel/surrounding solve)ﬂ (°C) Q°
LCN-P-100/SP 50.3 N/N 25 15
N/I 38 4.5

1/1 60 17

LCN-P-100/SN 102 N/I 81 2.6
LCN-N-100/SN 85.8 N/I 81 8.9
1/1 100 33

LCN-N-100/SP 45.8 N/N 25 29
LCN-P-100-H/SP 64.2 N/N 25 2.7
LCN-P-95/SP 49.2 N/N 25 7.1
LCN-P-80/SP 48.2 N/N 25 7.8
LCN-P-70/SP 41.2 N/N 25 7.9
LCN-P-50/SP 34.2 N/N 25 9.7

“Nematic-isotropic transition temperature in the fully swollen state evaluated by polarized microscopy.
PN, nematic phasd; isotropic phase.
“Volume ratio in the fully swollen and dry states.

strength of electric fieldE). As shown in Fig. 2, the field trodes (E) separated by the distancd as Ey=Ed,/{d,
direction coincides with the axis in the orthogonal coordi- +(g4/e5)ds} whereey and e are the dielectric constants of
nates. The dimension in tiedirection was not directly mea- the gel and surrounding solvent along the field axis, respec-
sured, butd, was evaluated from the volume constancy be-tively, and d(=d;-d,) is the length occupied by the sur-
fore and after deformation, i.edxdydz=dxody02 where the  rounding solvent. The high solvent contents of all gels-
subscript 0 denotes the undeformed state. As demonstrateépt for LCN-P-100-B, over 85 vol %, may allow us to
later, the volume of the gels under electric fields does nohssumes,~ ¢ (yielding E;~E), but the difference in orien-
noticeably change even after long times. The voltage wagation between the nematogens inside and outside the gel
stepwise increased, and the dimensidpsindd, at eachE  markedly complicates the accurate estimationEgf[28].
were measured, ca. 30 s after the application of the correFhus we employ the apparent field strengtfor the discus-
sponding voltage. This time was long enough to achieve thgion hereafter.
deformation in the steady state under the voltage concerned.
The time dependence of the deformation in response to the lIl. RESULTS AND DISCUSSION
application and removal of electric fields was also examined
in a separate experiment. The principal strgifi=x,y,z) in A. Electrical deformations of LCN-P-100/SP
each direction is evaluated by Figure 3 shows the optical micrographs for LCN-P-100-
= (d — d)/dg. 1) 1/SP at 25 °C in the totally nematic phase before and after
LR B applying the electric field ofE=0.6 MV/m. The gel is
In the geometry employed, the field strength effectivelystretched in the field direction and compressed in the direc-
acting on the gelEy) is related to that between the elec- tion normal to the field axis. Figure(d displays v (i
=X,Y,2) as a function of for LCN-P-100-1/SP at 25 °C in
the totally nemati¢N/N) phase, and 38 °C in the/1 phase
/‘\ where the gel is nematic whereas the surrounding solvent is
isotropic. Hereafter we designate the phases inside and out-
lviewdimﬁ‘m side the gel ad\(gel)/I(surrounding solventwhereN and|
. denote the nematic and isotropic phases, respectively. At
nepiatcsohvent both temperatures, the gel is elongated in the field direction
(y,>0), and laterally compressed along th@ndz axes in
the same way due to the incompressibility,~ y,<0), al-
though the data ofy; (i=y,2) in the N/I phase were not
displayed in the figure. The stretching direction coincides
with the director axis in the electrical orientation of the con-
stituent nematogens MP and SP with posithe The degree
FIG. 2. Schematics of the measurement for the electrical deforof deformation grows with increasiri§y and becomes almost
mation of nematic gels. constant at the high field strengths®$ 0.6 MV/m. LCN-

DC
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FIG. 4. Optical micrographs of LCN-P-100/3B) before and
015 T (b) after applying the electric field d=0.6 MV/m.
0.10 - :
0.05 F i a=gole - 1)2/(9Gi) 2
x 0 wheree andeg are the dielectric constants of materials and
vacuum. In the calculation, the literature value of the dielec-
0051 : tric constant of the solvent SP in the isotropic phase was used
010k | as ¢ because of the high solvent content in the gel
(94 vol %) as well as the similar chemical structures of MP
“L1sg 03 0 15 and SP. The modulus of the gel in the nematic phase is un-
E? (102V*m™?) known but will be on the same order of magnitude as that in

the isotropic phase, because the modulus of the dry polydo-
FIG. 3. Principal strains of LCN-P-100/SR) in the N/N main nematic networks is not significantly influenced by the
(Q=15 andN/I phasegQ=4.9) as a function of field strengtfE) ~ N-I transition[32], and the swelling degree in tthN/N phase
and (b) in the I/l phase(Q=17) as a function ofE?. is comparable to that in the/| phase.

B. Electrical deformations of LCN-N-100/SN
str;?r?iiap g‘ogd;lr;';‘nphglse exhll::|ts the largest electrical e 54) illustrates theE dependence of; (i=x,y,2)

- e g the samples examined. The maxi-t, | cN.N-100/SN at 81 °C in thél/I phase. Measurement
mum strain in theN/I phase(ca. 10% is lower than that in i, the N/N phase was not possible; the outline of the gel was
the N/N phase[29], primarily due to the smaller swelling jnyisible because there was almost no optical contrast be-
degree yielding the higher elastic modulus: The ratio of thgyeen the swollen gel and the surrounding solvent. As shown
maximum strains at the two temperatufes. 2 is not far  pefore, the phase of the surrounding solvent alters the swell-
from the elastic compliance ratio expected from the classicghg degree but does not influence the orientation direction of
rubber elasticity theory30], (Qun/Qny)*~1.5. This sug- the gel under electric fields. LCN-N-100/SN in tNél phase
gests that the phase of the surrounding solvent influences thie compressed in the field directign,<0), in other words,
swelling degregelastic modulusbut does not alter the es- stretched normal to the field directiofy,~ y,>0). The
sential characteristics of electrical deformations such as th§tretching directions agree with the director axes in the elec-
stretching direction. A threshold & (around 0.1 MV/mto  trical alignment of the constituent nematogens MN and SN
yield a finite deformation in th&l/N or N/I phase is present, with negativeAy: The director of the dielectrically negative
the details of which will be discussed later. nematogens is electrically oriented not in a unique direction

As shown in Fig. 4b), the gel at 60 °C in the totally but in the plandincludingy andz directiong normal to the
isotropic(I/1) phase exhibits compression in the field direc-field axis. The compressive straing are almost constant in
tion (%< 0) in contrast to the stretchingy, > 0) in the nem-  the region ofE>0.5 MV/m. As seen in Fig. &), y, in the
atic phase. The compressive strain linearly depends?dn I/l phase is also compressive and in proportiorEfo The
accordance with the familiar electrostriction, indicating thatcompression along the field axis is different in major origin
the gel in the isotropic phase behaves like the usual paraelebetween the nematic and isotropic phases: The former is
tric materials. This result also demonstrates that the electricahainly driven by the electrical orientation of the nemato-
deformation dominated by the nematogen alignment needgens, while the latter is purely caused by electrostriction. The
nematic order as well as large dielectric anisotropy. Theplateau value ofy in the N/l phaseca. 7% is rather higher
shear modulus of the gel in the isotropic ph&&g) is esti-  than vy, (less than 1%in the 1/l phase at the corresponding
mated to be 1.8 10° Pa from the electrostrictive coefficient E, despite the much smaller swelling degree of the nematic
a (a is defined byy,=-aE?) on the basis of the relation for gel(Qu,=Q,;/4), suggesting the large effect of the nemato-
paraelectric materialg21,22,31: gen alignment on the deformation.
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FIG. 6. Principal strain along the field direction for LCN-P-
100/SN in theN/I phase(Q=2.6) and LCN-N-100/SP in thé&l/N
0.05 | . phase(Q=25) as a function of field strengttE).
e 0 fect of a strong dipole interaction between the nematic do-
T mains on electrostriction.
LCN-N-100/SN in the nematic phase is expected to be
-0.05| . elastically rather harder than LCN-N-100/SP on the basis of
the considerably smallég). Nevertheless, the values ¢f at
010 high E in the two system§Figs. 5a) and € are comparable.

1
0.5 1.0
E* (10"*V’m™)

This also reveals a significant contribution of the coupling of
the network and solvent with identical signs &t to the

electrical deformation.

FIG. 5. Principal strains of LCN-N-100/S{¥) in the N/I phase All nematic gels examined here exhibited no appreciable
(Q=8.9 as a function of field strengtfE) and(b) in thel/I phase  change in birefringence before and after deformations, indi-
(Q=33) as a function of?. cating that the electric fields do not induce a definite orien-
tation of the polydomain structure. The electric fields cause a
finite orientation of the individual domains yielding the mac-
and LCN-N-100/SP roscopic deformation observed, but the induced variation in

Figure 6 displays theE dependence ofy, for LCN-P- local orientation is so small that the change in global bire-
100/SN and LCN-N-100/SP, i.e., the combinations of netffingence may be masked due to a relatively large sample
works and solvents with opposite signs &§. The former thickness(qa. 1_mrr). It is likely thf';\t _thg saturation of the
system is examined in the/1 phase because of insufficient str_am a_t high fields reflect_s the limitation of the _electrlcal
optical contrast between the gel and surrounding solvent i,queptanon of the polydomam .structure.. The elect_ncal defo.r-
the N/N phase, while the latter system is studied in fi  mation of monodomain nematic gels with global director ori-
phase. Of importance is that both systems show compressi\?é‘tat'on is an interesting issue, and it will be investigated in
strains in the field direction. It should be noticed that the? Separate studig3].
deformation of LCN-N-100/SP is not governed by the posi-
tive dielectric anisotropyi.e., not elongated in the field di-
rection, despite the markedly high content of the solvent Figure 7 shows the comparison gf for the swollen net-
(97 vol %) with a positive large\e. According to the results works LCN-P-100/SP with different cross-linking densities
in Figs. 3—6 only the system of the network and solvent botHn the N/N phase. The swelling degree of LCN-P-100-H is
of which have positiveAe (LCN-P-100/SP is stretched in  considerably lower than that of LCN-P-100 due to the higher
the field direction whereas all other three systems are conflastic modulus. The network with the higher cross-linking
pressed. This indicates that combinations of the network anélensity shows less maximum deformabilitya. 5%, and
solvent with identical signs ofie are needed for the electri- needs a higheE (ca. 1.4 MV/m to reach the maximum
cal deformation dominated by the nematogen orientation efdeformation. These are attributed to two effects of high
fect. When the signs afe of the components are opposite, cross-linking density: One is to enhance the elastic modulus
the effect of mesogen a|ignment on the deformation is mucﬁ)f swollen networks; the other is to reduce the Spatial free-
reduced or diminished because of the discord in the directodom for the pendant mesogens, which hinders the growth of
directions of the constituent nematogens. As a result, théhe orientation.
electrostrictive effect becomes dominant yielding a compres- - . .
sion along the field axis. However, the resulting strain is not E- Effect of nework nematicity on electrical deformations
linearly dependent of?, implying that there exists a finite Figure 8 depicts th& dependence of, for the LCN-P-
contribution of the mesogen orientation effect and/or the efm/SP with various molar fractions of MBn) in the N/N

C. Electrical deformations of LCN-P-100/SN

D. Effect of cross-linking density on electrical deformations
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FIG. 7. Principal strain along the field direction for LCN-P- -
a function of field strengtlE). £(10%s)
phase. As can be seen in Table |, a decreasa iields a FIG. 9. Time dependence of the strains for LCN-P-100/SP in the

reduction inTH, i.e., a reduction in network nematicity. A N/N phase in response to the application and remqva! of the.ele.ctric
decrease in network nematicity gives rise to two pronounceaeld 01_‘ E:0.53 MV/m. The protocol for the electric field is indi-
effects on the electric deformation: The first is to increase th&ated in the figure.
threshold field strengttE,) to yield a finite deformation; the
second is to lessen the tensile strain in the field direction. O$welling degrees of the networks with>0.5 are high and
interest is that the deformation along the field axis exhibits @&/most independent afi, implying that neither the dielectric
crossover from stretchingy,>0) to compression y,<0) constant nor the elastic modulus governing the electrostiction
aroundm=0.5. The networks witim< 0.4 showed no appre- Significantly differs among LCN-P/SP witm>0.5. As a
ciable electrical distortion due to the low degrees of swellingconsequence, thé region showing almost zero strain is ap-
(Q<5) as well as the low MP content. parentlly. broadened Wit_h decreasing When the_ networ.k
The presence oE, for LCN-P/SP totally composed of nematlcny becqmes qu!te smaI'I, the compressive stral'n by
dielectrically positive nematogens stems from the cancella€l€ctrostriction in the higfe region exceeds the extensive
tion of the two strains in the opposite directions: the tensileStrain by the weak effect of nematogen orientation. This ex-
strain induced by the nematogen alignment, and the corrRlains the crossover from,>0 (elongation to y,<0 (com-
pressive strain originating from electrostriction. In contrast,Pression aroundm=0.5 observed. _
as is evident in Figs. 5 and 6, such a threshold field strength The results in Fig. 8 show the presence of the electrostric-
is absent for LCN-N/SN, LCN-P/SN, and LCN-N/SP all of tive effect for LCN-P/SP in the nematic phase. On the basis
which contain dielectrically negative nematogens. For LCN-Of this result, it is expected that strains at highdo not
P/SP, the extensive strain driven by the mesogen alignmeg§@turate in LCN-N/SN where the nematogen alignment
becomes smaller with decreasingowing to a reduction in  Yields compressive strain in the same direction as the elec-
network nematicity. Meanwhile, the compressive straintrostriction. However, the experimental data exhibit a plateau

caused by electrostriction will be almost unalterechipyThe ~ In Strain at highE in disagreement with this expectation,
which may be because the electrostrictive effect in LCN-

0.20 : : : N/SN is too small to appear definitely in tlierange exam-
- Jeta0e ined. For instance, the electrostriction for LCN-N/SN in the
015k -3)20 S 1 isotropic phasdFig. 5b)] is much smaller than that for
) :80 LCN-P/SP[Fig. 4(b)] probably due to the rather smaller di-
o7 ¢ electric constant.
010 | o . A
iy . ® L] -
0.05 | "‘ . " eaal F. Time dependence of electrical deformations
SR aaast Figure 9 illustrates the time dependenceypfand v, for
0o R IRONRIAB AT, 200003 LCN—gP—100/SP in response to thepelectric ﬁg?ds acc{)rding to
e, the protocol shown in the figure. Upon the application of the
-0.05 5 o3 o e 0.8 electric field, the induced deformation reaches the steady

state within a second. Field application for ca. &égion |)

yields no noticeable change i indicating that the swelling
FIG. 8. Principal strain along the field direction for LCN-P- degree is almost unaltered by the electric fields. After the

m/SP with different MP contertim) in theN/N phase as a function removal of the electric field at=1.0x 10* s, the gel exhibits

of field strength(E). shape recovery but perfect shape recovery requires a finite

EMVm™)
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Or T flects structural relaxation in the polydomain nematic texture
£ from the oriented state to the random state.

o K

IV. CONCLUSIONS

The nematic networks swollen by nematic solvents under
electric fields are stretched in the director direction of elec-
trically induced alignment of the nematogens, when the signs
of Ae for the network and solvent are identical: The dielec-
trically positive (negative nematic gels are elongatédom-
presseglalong the field axis. The nematogen alignment effect
yields a maximum strain of ca. 20% &=~0.5 MV/m
. L among the samples examined. In the case where the signs of
0 0.5 1.0 ) . 7

£ (10°s) Age fqr the.con.stltulent nematogens are opposite, the strain in

the field direction is compressive because the effect of nem-

atogen orientation becomes too small to exceed the electros-
for LCN-P-100/SP in th\/N phase after the removal of the elec- trictive effect due to the discord in the director directions of

tric field: Ay(t)=y(t) - ¥(=), Ay=¥(0)- (=), wherey(0) and (=)  the constituent nematogens. In the isotropic phase, all gels
are the strains just after the field application and in the undeforme§how compressive strain along the field axis in proportion to
state (or in the long time limi}, respectively;t=0 in the figure E? purely originating from electrostriction. These results in-

corresponds to the time at the field removal. The data in region lidicate that electrical deformation governed by the nematogen

in Fig. 9 were employed. The slope of the line yields the longestalignment effect requires nematic order as well as laxge

characteristic time of 4.8 10° s for shape recovery. with identical signs.
In a system of network and solvent both of which have

positive Ae, a threshold value dE to yield a finite deforma-
tion is present in the lovie region as a result of the cancel-

log,,[Ay(r) / Ay]

FIG. 10. Semilog plots of the reduced strailg(t)/Ay vs time

time. When an electric field with identical strength is applied

again halfway in the recovery processtat1.3x 10* s, the . g MR

ggl is eIonga);ed again up toyaﬁmost the same degreg, as lation of the two strains in the opposite directions: the exten-

upon the first field application. Region Il corresponds to theS!Ve strain stemming f“’”? the_ nematogen alignment _eff_ect,

whole process of shape recovery after the removal of th nd the compressive strain originating from electrostriction.

electric field. About K 10° s is needed to recover the origi- s the netW(_)rk nematlcny gets s_malleﬁs? becomes larger

nal shape perfectly. and the ter_13|lg strain along the f!eld axis decreases because
Figure 10 displays a semilog plot dfy(t)/Ay for the of a reducthn n the mesogen .orle'ntatlon. effect.

data in region 11l where\y(t) = 1(t) - 1), Ay=(0)— y(0): The_ appl|cat|o_n of an electric field quickly deforms the

(0) and y(=c) are the strains just after the field application nematic gels, while pe_rfeqt sh_ape recovery after the removal
din th def d stater in the | i limi of the field needs a finite time in the order of*19 The slow

and in the undetormed stater in the long ime fimi}, re- process of shape recovery presumably results from structural

spectlvelly,;\lt:O_ m_fl_:lg. tlg_ftfzorrespo_ndtsh to trlle t|tr_ne at field relaxation in the polydomain nematic texture from the ori-
removal. No significant difference in the relaxation process, .. to the random state.

betweeny, andvy, is observed, indicating that there exists no

anisotropy in the shape recovery process. The data at rela-

tively long times oft>900 s fall on the straight line. The ACKNOWLEDGMENTS
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