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Electro-optical study of nematic elastomer gels
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We report on an electro-optical study of a liquid-crystal—polymer composite system. This system is made by
dissolving a small amount of acrylate monomé8%o) plus crosslinkers in a nematic liquid crystal, and then
photopolymerizing the homogeneous mixture. These nematic gels show properties different from those of
ordinary nematics or polymer stabilized liquid crystals. By studying the electric field induced Frederiks tran-
sition, some basic properties of the nematic gels can be deduced. We compare the experimental results to a
simple phenomenological model of the nematic gel, involving a characteristic length scale of queer 1
which is also visible as speckles, an effective internal aligning field of a few statvolts per cm, and an increased
rotational viscosity on the order of 1®. We indicate how a microscopic model might relate the first two of
these parametergS1063-651X97)07707-9

PACS numbsgs): 61.30-v, 78.20.Jq, 82.70.Gg

The liquid-crystal—polymer composite materials were in-sition at which the rigidity of the polymer network is impor-
troduced more than one decade ago. These systems combitagt but not completely dominant, so that the nematic direc-
the anisotropic properties of thermotropic liquid crystals andor still responds to weak externally applied fields.
the rigidity of polymer networks. Two examples of this kind ~ The nematic liquid crystal K1%l) (EM Chemical$ was
are “polymer dispersed liquid crystalstPDLC) [1] and used. Then acrylate monomer'-@-acryloylbutyloxy-4-
“polymer stabilized liquid crystals"(PSLO [2]. For PSLC, cyanobiphenylll) (8%) was added to the K15, as was dia-
side chain monomers are usually used. One example is pugrylate monomer 4,4bisacryloyl-biphenyli(lil) (0.8%) for
ting a few percent{ 1-5 wt % of diacrylate monomers in crosslinking. A small amount of photoinitiator, benzoin me-
the liquid crystal, then photopolymerizing the homogeneoughy! ether, was also added to the mixture. The concentration
mixture. The resulting polymer network can provide aof the diacrylate crosslinking monomer was adjusted to its
memory effect in which it locks in the structure defined by aminimum value so that the system gelled, but the gross non-
combination of the boundary conditions on the director pro-uniformity found in PSLC systems due to phase separation
vided by solid surfaces and an external field applied duringould be eliminated,
the photopolymerization. In the case of strong anchoring,
most of the mesogenic moieties will follow the director and CH3—(CHy)4—CeHs—CgH,—CN (1),
the polymer main chains will tend to be perpendicular to the
director. This point has been confirmed by x-ray stufgls ~ CH,=CH—CO,—(CH,),—O—CgHy—CgHy;—CN (1),

Even though the two systems show promising aspects in
terms of applications, they have an important feature in com- CH,=CH-CO,— C4H,—CgH,—O,C—CH=CH, (lll).
mon which makes them difficult to characterize: they are
highly phase separated on a microscopic scale, so that their This nematic gel showed a fairly uniform texture when
average physical properties depend on the details of thebserved with the polarizing microscope, although after ge-
phase separation which occurs during polymerization. Ofterlation slight speckles on the few-micrometer scale are visible
in PSLC systems the phase separation is visible on a mibetween crossed polarizers. As discussed at the end of the
crometer(or largep scale, and can be roughly described as gpaper, we interpret these speckles not as phase separation,
network of macroscopic polymer strands or fibrils, subdivid-but as evidence for a static random internal torque field pro-
ing the liquid crystal into a set of multiply connected duced by the intrinsic inhomogeneities of the polymer net-
micrometer-sized compartments. Within each compartmentyork. This internal random field leads to slight misalign-
there is relatively pure liquid-crystal material, and the mearments of the nematic director on a length scale that results
orientation of the nematic director is roughly preserved fromfrom competition between the disorienting effects of the ran-
compartment to compartment. In this paper, a different sysdom field and the smoothing effects of the nematic elasticity.
tem is studied: We believe that we can prepare a homogeBy rotating the sample between crossed polarizers, one could
neous gel in a nematic liquid crystal, formed from a mixturesee that the speckles represented local misorientations of the
of nematic liquid crystal plus nematiclike acrylate mono- director by a few degrees.
mers. During the polymerization, our model picture is that a The nematic mixture was sandwiched between two
multiply connected gel network of single polymer chainsindium-tin-oxide (ITO) coated glass slides separated by ei-
forms throughout the nematic without phase separation. Thither Mylar or Teflon spacers. The plates were coated with
leads to an intimately connected system of polymer and nenpolyvinyl alcohol and rubbed unidirectionally so that a pla-
atic, with new properties arising from the interaction of thenar nematic cell could be achieved. Then the cell was placed
two component systems. We have chosen to study a componder an UV lamp for a couple of hours to make sure that the

1063-651X/97/561)/5955)/$10.00 56 595 © 1997 The American Physical Society



596 C.-C. CHANG, L.-C. CHIEN, AND R. B. MEYER 56

monomers had reacted completely. The alignment of this 6 . ;
system still depends on the anchoring force from the sur-
faces. For a thin samplé~ 20 um, the cell remained clear 51 * nematic gel (125um) -
after the photopolymerization, which means that the anchor- o ;f;‘iﬁzgoge' (62um)
ing force is strong enough to preserve the orientation of nem:
atic gels. Because of the surface alignment and the nemati
ordering, the mesogenic groups remain parallel to the direc
tor, while the polymer main chains will have preferential
orientation perpendicular to the director. Once the sample
becomes very thick d~100 uwm), overall orientation is 2
harder to preserve during polymerization. Because the an
choring force is weaker in a thick sample, certain parts of the 15 i
sample became turbid after the photopolymerization, possi .
bly due to transient heating and flow effects induced by the oFf :
chemical reactions. Applying a strong magnetic field along
the rubbing direction during the polymerization can be help- » . ‘ \
ful to maintain alignment during polymerization. 0 10 20 30 40 50

The conoscopic method was used to study this system. | Voltage (V)
is known that by illuminating a planar nematic cell placed
between crossed polarizers, such that the rubbing axis, defin- FIG. 1. Comparisons of the theoretical calculations and the ex-
ing the unperturbed director of the nematic, is at 45° relativePerimental data with the fitting parameteis=1.3 and 1.2.m,
to the polarizer and the analyzer, interference patterns can Be=14.1 and 7.1V, for the 125 and g2m cells, respectively.

observed as a result of the phase difference between the Qg5 5 clean divergent beam was achieved. The position of
dmary and extraordinary waves. The |.nterference patterng,q sample was right after the high power lens and in front of

contain two sets of dark hyperbolas, which are characteristig, gnaiyzer. A screen was put behind the analyzer so that the
of a uniaxial slab of material with its optical axis in One jnerference patterns could be observed. A function generator

direction parallel to the surface of the slab. For normal inci-5 4 transformer were used together to generate ac voltages
with frequency of 1 kHz.

dence(at the center of the conoscopic imagihe transmitted
The experiments were done with cells of nematic gels of

light intensity in the absence of an applied field can be de-
scribed asl e sinf{md(ne—n,)/\], wheren, andne are the 1, different thicknesses, 62 and 126n. Even though a
ordinary and the maximum extraordinary indices of refraCine gpeckle pattern was observed after polymerization, the
tion, respectively, and. is the wavelength of the incident gamples nevertheless, were more uniform than the typical
light. By applying an electric field and rotating the director, pg) ¢ cell and quantitative measurements were obtained for
the effective birefringence changes, and the interference pateartain areas of the cells. By using the optical method de-
terns move. The extraordinary wave path length decreasgineq above, several observations were mébewithout
4, in units of the optical wavelength, induced by an electricihg presence of an electric field, two sets of hyperbolas still
field can be defined a8=d(ne—ner)/\ in which nert is the  ghowed up on the screen with uniaxial symmetry just like
extraordinary index averaged over the sample thickness. By,gse patterns seen in the case of ordinary nemat®s.
observing how the interference patterns change under th@ompared to ordinary nematics, the patterns did not move
influence of an electric field, some basic properties of this,ntil a much higher voltage was applied, and this threshold
system can be understopd. _ _ voltage was larger for thicker samplé8) Even though the
Suppose_the rubbing axis of a planar ne.ma.tlc cgll is alon%atterns did move, they always kept uniaxial symmetry,
the x direction. By applying an ac electric field in t®  rather than shifting in one direction as in the ordinary nem-
direction, the director will tilt in thexz pllgn(.a and splay-bend. atics.(4) For any given point on the screen, even as voltage
patterns can be generated. The equilibrium torque equatiocreased to a high level, there were only a few interference

can be derived from nematodynamics: fringes that moved past that point, which was far less than in
) 2 . the ordinary nematic(5) Once the interference patterns
Kd_'7”+E €aSINy cosy _0 (1) started to move, the-V relationship did not support the
dZ? 4w (gSify+e cosy)® linearity seen in the ordinary nemati¢s) At very high volt-
age, the interference pattern became blurry.
where ¢(z) is the tilt angle relative to thex axis, The results of the phase difference measurements vs ap-

K(=K;=Kj3) the elastic constank,(=¢|—€,) the dielec- plied voltage are shown in Fig. 1. The samples were first
tric anisotropy, and, the z component of the electric dis- moved around until the hyperbolas formed an “X” at the
placement field. Solving fory(z), and then calculating center of the screen, thus selecting a point for which
Net, ONe can show thaé should depend linearly od—V,  dAn/\= integer. Applied voltages were recorded each time
whenV is just aboveV,., whereV, is the threshold voltage the dark hyperbolas formed an “X" again. There existed a
for the Frederiks transitiof5]. certain degree of error because the interference patterns be-
A HeNe laser(Melles Griot,A =0.633xm) which gener- came blurry when larger voltages were applied. By using a
ates linearly polarized light was used as the monochromatiphotodiode with a small iris diaphragm in front of the center
light source. The light passed through a spatial filter and af the “X,” the intensity change can be monitored and be
high power lens (58, numerical aperture equal to 0)8§0  converted to phase difference by using the relation
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TABLE I. Parameters used in the theoretical calculations. 5 : :
€| €, Ne Ny K A d s
20.0 7.0 1.74 154 8X10 "dyn 0.633um 124.0um 4r °e Pfe:f:'rg: )
= pretilt= o
» pretilt=10° .
X Vc a
| ~ sir?(m8). This method is useful, especially for small sr 1
In order to explain the experimental observations, we in-
troduce a simple phenomenological model for the effects o . .
the gel. Several modifications have to be introduced into thi 2r ° i
ordinary theory of the Frederiks transitioft) There must :
exist a characteristic length scalé for the material, which s .
is different from the length scale of ordinary nematics Tr o ]
(=d, the thickness of the samplerhe high voltages needed & .
indicate thatd’ is very small. For each layer of thickness LN .
d’, the threshold field is equal &, for the Frederiks tran- 000 A — ops o
sition. ThenV, will depend linearly ond. (2) There should ’ \',O”age ) ‘

be a constraint coming from the gel structure and its orien
tation should be along the °.”9'r?a' director. Thg polymer FIG. 2. Calculateds as a function of three different pretilt
network produces a mean orienting effect described as an . .
L . . . angles for a 124.m sample. The threshold voltag€é(=0.83 V) is
effective internal fieldg, applied along the director. One can . :
. . . L represented ax in the figure.
easily calculaté/. from the consideration of the contribution

f the effective internal fiel the fr nergy: . .
of the effective internal field to the free energy network, which mean¥,=0. In the normal Frederiks tran-

12 sition, (z) is always zero whel is smaller tharV.. This

, 2) is not true when the system has a pretilt. In that case, the

electric torque is never zero aggdz) will increase even with
the presence of a small field. This results in a nonz&for

where Vo(=Eqd) can be used as a representation of theany applied voltage. The change &fis small for smallv,
network constraint and can be measured experimen(@ly. and becomes larger whanis comparable to/.. This can
Becau;e the interference patterns_showed uniaxial symmetgisily be observed in Fig. 2. By comparing the results shown
even with the presence of the applied voltages, there must kg Fig. 2 with the experimental data shown in Fig. 1, quali-
equal thicknesses of the sample tilted in the and —z  tative agreement can be found. Then the idea of the internal
directions. The simplest model is a stack of layers of thick-field can be put into the calculations. This field constrains the
nessd’, with the director alternating its tilt direction from liquid-crystal molecules to align along the direction defined
layer to layer.¢/(z) then can be described as sia(d’) for by the network, when the applied voltage is beldy When
small deformations. This along witti) predicts that the re- V is greater thaiVy, |(z)| starts to increase slowly, due to
laxation time of the nematic gels is dependent onlyddn  the pretilt, and interference fringes start to move.
but not on the sample thickneds Because of these mixed The results of calculations can be used to fit the experi-
orientations which are not really homogeneous thin layers, ahental data shown in Fig. 1 becausés proportional to the
higher voltages the birefringence decreases and lots of scatverall sample thickness. Two fitting parameters for the data
tering occurs, which is why the patterns became blurry. TheboveV, can be adjusted here: the pretilt angle and the char-
small value ofd’ means that th& . is large. Therefore only acteristic length scalé’. The voltages can be rescaled in
a few fringes move across the sample before it becomes tomrder to fit the experimental data by using the following
blurry for further measurement&) The nonlinearity of the function:
&-V curves suggests that there is pretilt of the director in the
many effective thin layers we imagine existing in the system, d2 112
as another effect of the polymer network. Gels are well V=(V§+ Fvga,) ,
known to be slightly inhomogeneous, and we certainly see
speckles representing local director misorientations of a few
degrees. whered/d’ represents the number of effective layers in the

In order to understand how the pretilt angle can affect thesample and/, is the voltage from the calculations shown in
phase difference, numerical simulation of an ordinary nem#¥ig. 2.V, is the voltage representing the internal constraint,
atic based on Eq1) was done. For any giveD,, which is  which is equal to 14.1 and 7.1 V for the 125 and the 62
a constanty(z) can be calculated for the equilibrium con- um cells, respectively.
dition. Then thes-V relationship can be understood. Table |  The results of fitting are shown as the solid lines in Fig. 1.
lists the parameters used in the calculations. The results doth experimental data sets have the best fits for a pretilt
calculations are shown in Fig. 2 for three different pretilt angle equal to 3°, consistent with our observations of speck-
angles for the 124.m cell. Similar calculations can be done les. The characteristic lengtds are chosen to be 1.3 and 1.2
for the 62um cell. In an ordinary nematic cell, there is only wm for the 125 and the 62um cells, respectively. The
one layer with the length scatkand no constraint from the threshold voltage¥ . [from Eq. (2)] can then be calculated

d? K

Ve= a?e,

Vi+4m3

()
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, where P(d/) is the probability for the characteristic length
d/. Assuming a Gaussian distribution, P(d/)

1 ~ exp—(d/ —d")%(207)], whered' is the mean length scale
which is determined to be 1.@m from the fitting result of

N, (arb. units)
»
‘

~
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0 50 100 150 200 Fig. 1, ando is the standard deviation. By puttinginto Eq.
08 | ' ‘ - ‘ i (5), the experimental data can be fitted by choosimtp be
L - nematic gel (62um) 0.2 um andy; to be 2.2<10* P. The solid line represents
%06 % . the best fit of the experimental data. The averagean be
E %, calculated to be 57 s, which is much larger than the time
g047 h 1 constant of K15 ¢ 16 9 for the same sample thickness. This
= ' long relaxation time is also different from that of a PSLC
021 : 1 formed with fibrils of polymer and pockets of liquid crystal.
00 ‘ e In that case, small volumes of pure nematic, under the ori-
0 100 200 300 400 enting influence of the surrounding polymer fibrils, would

Time (seconds) relax extremely quickly.

For the cell of thickness 62:m, the above argument
FIG. 3. Experimental results of measurementsigf for nem-  gjone cannot explain the experimental data. There are at least
atic gels as a function of time for the 125 and g qells. Note  wwo time scales existing in the measurementagf. One
that the data for the 62m cell are far away from a simple expo- 4ggjple explanation is that because of the large scale non-
nential decay and it takes even longer to relax than thed@ell. hirormity in gelation of the sample, there are areas with two
;I:eetzglng curves are the results of model calculations explained Nyifferent values ofy, in the part of the sample we observed.
' For some areas with more polymey; is larger; for some
areas with more free liquid-crystal molecules, is smaller.
to be 42.3 and 23.4 V. These values may vary for differentrhe equilibrium solutiony(z) from Eq.(1) for smallD, was
samples, or even for different spots within the same samplehen used as the initial condition for E@t), and howy(z)
due to large scale nonuniformity in gelation. relaxed with time was monitored. The value mf; was re-
One major hypothesis of the model is to propose thagorded whens was smaller than 1/2. The value Bf in Eq.
there exists a characteristic length sa#le One way of test- (1) is equal to 3.8 statvolts/cm for the nematic gel used in the
ing this hypothesis is to measure the relaxation time of th%xperiment.
system. In our model, the dynamic equation can be written as The results of calculations were rescaled in both axes to
fit the experimental data. The fitting curve is shown as the
2y e o d_a_shed line in Fig. 3. The r_emaining difference between the
K—z——aEgsim/rcoa/fz y1— (4) f|§t|n.g curve and the experlmgntal data could come f_rom a
gz 4 at distribution of the characteristic lengths. The scaling in the
time axis is related to the two values ¢f, which can then
_ o be calculated to be 1410* and 6.4< 10* P. They have the
when the applied electric field is removedtat0. For small  game order of magnitude as the rotational viscosity for the
deformations, the time dependent partyofwill be propor- 155, cell described earlier. This order of magnitude is in
tional to expEt/7), where 7=1y;/[K7?/d 2+ €,V  the range of that for similar systems reported by otfiérg.
(4md?)] is the relaxation time of the nematic gels. Although the results we present here concern only one
One way of measuring the relaxation time is to apply asample composition, and our model for analyzing them is
voltage and then to ground both ITO electrodes=a0 and  purely phenomenological, we believe that this may serve as a
monitor how the intensity changes with time. The intensity isstarting point for more thorough consideration of this kind of
proportional to the square of a sinusoidal function. The onlygelled liquid-crystal—polymer system. The effective length
time dependent component is framgs, the average index of scale and internal field that we hypothesize to fit the data
refraction of the extraordinary wave. For small director de-might be related to a microscopic model of polymer—liquid-
formations ngy(t)~ >~ exp(—2t/7). By monitoring the crystal interactions. We picture the following scenario relat-
time dependent part of the intensity, one can then measuiiag these two features of our model.
the relaxation time of the system. First, the polymer network is formed in the nematic
The results of experimental measurements are shown iphase, and therefore preserves the anisotropic structure of
Fig. 3 for the 125 and the 62m cells, respectively. The data that phase, so it has a mean orientation. However, the poly-
for the 125um cell are close to an exponential function. The merization process is not entirely uniform, and local misori-
argument that there exists a small variatiordofrelative to  entations, relative to the director, are created on a variety of
the mean characteristic length can be put into the model, tength scales, with long wavelength fluctuations being sup-
fit the remaining small deviations observed in the data. Ong@ressed by the nematic alignment. Note that the intrinsic
way of describing this variation is to expand the time depeniength scale between crosslinks in the gel should be on the
dent part ofng for small order of 10 nm, much smaller than our obserdéf about
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1 uwm. The question is why we see the dominant fluctuationgOne might have anticipated that broad distributions of length
at a length scale much larger than that of the polymer netscales, internal fields, pretilt angles, and viscosities would
work. One answer could be macroscopic phase separatiohave been needed to fit the data, especially if one works from
but we picture a different mechanism. the hypothesis of strong phase separation during polymeriza-
Once the polymer is formed, it acts as an internal fieldtion, which we do not. From that hypothesis, the approach to
Eint Wh|Ch has a uniform part Corresponding m in our the data analySiS m|ght then have been to assume that the
smearing of the Frederiks transition threshold was due to a
broad distribution of length scales and pretilt angles for the
director is coupled to this effective field by a terfi different compartmen'ts of oemotic. However, we found such
A Ae i _ complex data analysis unjustified. The dynamic data, espe-
=~ (ea/8m)[n-(Eox+E, )] The mean director is parallel cjqly for the 125 um cell, also support the concept of a
to Eoy, but static distortions of the director fielsh, , are  single mean length scale with only a narrow distribution
driven byE, . Fourier analyzing1, andE, , one finds that about the mean. Other more complex interpretations of a
for wave vectorq, n, (q)~[EqE, (q)]/(E3+4mKg?e,).  single relaxation time are also possible, such as a broad dis-
For E, (q) an increasing function af, this produces a spec- tribution of length scales with an exactly compensating set of
trum of n, (q) that is peaked afj~E,\e,/(47K). For our  Viscosities to recover a sjngle exponeotial relaxation time for
value of Eg, this gives a wavelength for the dominant fluc- the sample, but this again seems unlikely.
tuations Ofﬁi of \=15 um. We havo tried here to outl!ne one consistent approach to
The exact peak wavelength depends on the form 0|;mdersta_nd|ng gelled nematics bas_ed on a homogeneous
E, (q), and our measured’ should be comparable to/2. _mo_del _Wlthout phase separation. Th|s seems to give results
Basically the nematic elasticity prevents the director fromIndlcatlng that the gelled nemaiic is accurately descnbed.by
following the shortest wavelength componentsEof. In our a small set O.f parameters that may be amenable to analysis in
measurements, wavelengths below abouth are sup- terms of a simple model of the interacting gel network and

pressed, even thoudh, should have significant components nematic phase. To further test this picture will surely require
down to wavelengths of about 10 nm. more experiments.
g
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model, in thex direction, and a small random paﬁl
in the y and z directions. In the free energy density, the
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