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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 monomers~8%! 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 order 1mm,
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 104 P. We indicate how a microscopic model might relate the first two of
these parameters.@S1063-651X~97!07707-6#

PACS number~s!: 61.30.2v, 78.20.Jq, 82.70.Gg
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The liquid-crystal–polymer composite materials were
troduced more than one decade ago. These systems com
the anisotropic properties of thermotropic liquid crystals a
the rigidity of polymer networks. Two examples of this kin
are ‘‘polymer dispersed liquid crystals’’~PDLC! @1# and
‘‘polymer stabilized liquid crystals’’~PSLC! @2#. For PSLC,
side chain monomers are usually used. One example is
ting a few percent (; 1–5 wt %! of diacrylate monomers in
the liquid crystal, then photopolymerizing the homogeneo
mixture. The resulting polymer network can provide
memory effect in which it locks in the structure defined by
combination of the boundary conditions on the director p
vided by solid surfaces and an external field applied dur
the photopolymerization. In the case of strong anchori
most of the mesogenic moieties will follow the director a
the polymer main chains will tend to be perpendicular to
director. This point has been confirmed by x-ray studies@3#.

Even though the two systems show promising aspect
terms of applications, they have an important feature in co
mon which makes them difficult to characterize: they a
highly phase separated on a microscopic scale, so that
average physical properties depend on the details of
phase separation which occurs during polymerization. Of
in PSLC systems the phase separation is visible on a
crometer~or larger! scale, and can be roughly described a
network of macroscopic polymer strands or fibrils, subdiv
ing the liquid crystal into a set of multiply connecte
micrometer-sized compartments. Within each compartm
there is relatively pure liquid-crystal material, and the me
orientation of the nematic director is roughly preserved fr
compartment to compartment. In this paper, a different s
tem is studied: We believe that we can prepare a homo
neous gel in a nematic liquid crystal, formed from a mixtu
of nematic liquid crystal plus nematiclike acrylate mon
mers. During the polymerization, our model picture is tha
multiply connected gel network of single polymer chai
forms throughout the nematic without phase separation. T
leads to an intimately connected system of polymer and n
atic, with new properties arising from the interaction of t
two component systems. We have chosen to study a com
561063-651X/97/56~1!/595~5!/$10.00
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sition at which the rigidity of the polymer network is impo
tant but not completely dominant, so that the nematic dir
tor still responds to weak externally applied fields.

The nematic liquid crystal K15~I! ~EM Chemicals! was
used. Then acrylate monomer 48-~4-acryloylbutyloxy!-4-
cyanobiphenyl~II ! ~8%! was added to the K15, as was di
crylate monomer 4,48-bisacryloyl-biphenyl~III ! ~0.8%! for
crosslinking. A small amount of photoinitiator, benzoin m
thyl ether, was also added to the mixture. The concentra
of the diacrylate crosslinking monomer was adjusted to
minimum value so that the system gelled, but the gross n
uniformity found in PSLC systems due to phase separa
could be eliminated,

CH32~CH2!42C6H42C6H42CN ~I!,

CH25CH2CO22~CH2!42O2C6H42C6H42CN ~II !,

CH25CH2CO22C6H42C6H42O2C2CH5CH2 ~ III !.

This nematic gel showed a fairly uniform texture whe
observed with the polarizing microscope, although after
lation slight speckles on the few-micrometer scale are vis
between crossed polarizers. As discussed at the end o
paper, we interpret these speckles not as phase separ
but as evidence for a static random internal torque field p
duced by the intrinsic inhomogeneities of the polymer n
work. This internal random field leads to slight misalig
ments of the nematic director on a length scale that res
from competition between the disorienting effects of the ra
dom field and the smoothing effects of the nematic elastic
By rotating the sample between crossed polarizers, one c
see that the speckles represented local misorientations o
director by a few degrees.

The nematic mixture was sandwiched between t
indium-tin-oxide ~ITO! coated glass slides separated by
ther Mylar or Teflon spacers. The plates were coated w
polyvinyl alcohol and rubbed unidirectionally so that a pl
nar nematic cell could be achieved. Then the cell was pla
under an UV lamp for a couple of hours to make sure that
595 © 1997 The American Physical Society
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596 56C.-C. CHANG, L.-C. CHIEN, AND R. B. MEYER
monomers had reacted completely. The alignment of
system still depends on the anchoring force from the s
faces. For a thin sampled;20 mm, the cell remained clea
after the photopolymerization, which means that the anch
ing force is strong enough to preserve the orientation of n
atic gels. Because of the surface alignment and the nem
ordering, the mesogenic groups remain parallel to the di
tor, while the polymer main chains will have preferent
orientation perpendicular to the director. Once the sam
becomes very thick (d;100 mm!, overall orientation is
harder to preserve during polymerization. Because the
choring force is weaker in a thick sample, certain parts of
sample became turbid after the photopolymerization, po
bly due to transient heating and flow effects induced by
chemical reactions. Applying a strong magnetic field alo
the rubbing direction during the polymerization can be he
ful to maintain alignment during polymerization.

The conoscopic method was used to study this system
is known that by illuminating a planar nematic cell plac
between crossed polarizers, such that the rubbing axis, d
ing the unperturbed director of the nematic, is at 45° relat
to the polarizer and the analyzer, interference patterns ca
observed as a result of the phase difference between th
dinary and extraordinary waves. The interference patte
contain two sets of dark hyperbolas, which are character
of a uniaxial slab of material with its optical axis in on
direction parallel to the surface of the slab. For normal in
dence~at the center of the conoscopic image!, the transmitted
light intensity in the absence of an applied field can be
scribed asI} sin2@pd(ne2no)/l#, whereno and ne are the
ordinary and the maximum extraordinary indices of refra
tion, respectively, andl is the wavelength of the inciden
light. By applying an electric field and rotating the directo
the effective birefringence changes, and the interference
terns move. The extraordinary wave path length decre
d, in units of the optical wavelength, induced by an elect
field can be defined asd5d(ne2neff)/l in which neff is the
extraordinary index averaged over the sample thickness
observing how the interference patterns change under
influence of an electric field, some basic properties of t
system can be understood@4#.

Suppose the rubbing axis of a planar nematic cell is al
the x direction. By applying an ac electric field in thez
direction, the director will tilt in thexz plane and splay-bend
patterns can be generated. The equilibrium torque equa
can be derived from nematodynamics:

K
d2c

dz2
1
Dz
2

4p

easinc cosc

~e isin
2c1e'cos

2c!2
50, ~1!

where c(z) is the tilt angle relative to thex axis,
K(5K15K3) the elastic constant,ea(5e i2e') the dielec-
tric anisotropy, andDz the z component of the electric dis
placement field. Solving forc(z), and then calculating
neff , one can show thatd should depend linearly onV2Vc
whenV is just aboveVc , whereVc is the threshold voltage
for the Frederiks transition@5#.

A HeNe laser~Melles Griot,l50.633mm! which gener-
ates linearly polarized light was used as the monochrom
light source. The light passed through a spatial filter an
high power lens (503, numerical aperture equal to 0.85! so
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that a clean divergent beam was achieved. The position
the sample was right after the high power lens and in fron
an analyzer. A screen was put behind the analyzer so tha
interference patterns could be observed. A function gener
and transformer were used together to generate ac volt
with frequency of 1 kHz.

The experiments were done with cells of nematic gels
two different thicknesses, 62 and 125mm. Even though a
fine speckle pattern was observed after polymerization,
samples, nevertheless, were more uniform than the typ
PSLC cell and quantitative measurements were obtained
certain areas of the cells. By using the optical method
scribed above, several observations were made.~1! Without
the presence of an electric field, two sets of hyperbolas
showed up on the screen with uniaxial symmetry just l
those patterns seen in the case of ordinary nematics.~2!
Compared to ordinary nematics, the patterns did not m
until a much higher voltage was applied, and this thresh
voltage was larger for thicker samples.~3! Even though the
patterns did move, they always kept uniaxial symmet
rather than shifting in one direction as in the ordinary ne
atics.~4! For any given point on the screen, even as volta
increased to a high level, there were only a few interfere
fringes that moved past that point, which was far less than
the ordinary nematic.~5! Once the interference pattern
started to move, thed-V relationship did not support the
linearity seen in the ordinary nematics.~6! At very high volt-
age, the interference pattern became blurry.

The results of the phase difference measurements vs
plied voltage are shown in Fig. 1. The samples were fi
moved around until the hyperbolas formed an ‘‘X’’ at th
center of the screen, thus selecting a point for wh
dDn/l5 integer. Applied voltages were recorded each tim
the dark hyperbolas formed an ‘‘X’’ again. There existed
certain degree of error because the interference patterns
came blurry when larger voltages were applied. By usin
photodiode with a small iris diaphragm in front of the cen
of the ‘‘X,’’ the intensity change can be monitored and b
converted to phase difference by using the relat

FIG. 1. Comparisons of the theoretical calculations and the
perimental data with the fitting parametersd851.3 and 1.2mm,
V0514.1 and 7.1 V, for the 125 and 62mm cells, respectively.
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56 597ELECTRO-OPTICAL STUDY OF NEMATIC ELASTOMER GELS
I; sin2(pd). This method is useful, especially for smalld.
In order to explain the experimental observations, we

troduce a simple phenomenological model for the effects
the gel. Several modifications have to be introduced into
ordinary theory of the Frederiks transition:~1! There must
exist a characteristic length scaled8 for the material, which
is different from the length scale of ordinary nemati
(5d, the thickness of the sample!. The high voltages neede
indicate thatd8 is very small. For each layer of thicknes
d8, the threshold field is equal toEc for the Frederiks tran-
sition. ThenVc will depend linearly ond. ~2! There should
be a constraint coming from the gel structure and its ori
tation should be along the original director. The polym
network produces a mean orienting effect described as
effective internal fieldE0 applied along the director. One ca
easily calculateVc from the consideration of the contributio
of the effective internal field to the free energy:

Vc5SV0
214p3

d2

d82
K

ea
D 1/2, ~2!

where V0(5E0d) can be used as a representation of
network constraint and can be measured experimentally~3!
Because the interference patterns showed uniaxial symm
even with the presence of the applied voltages, there mus
equal thicknesses of the sample tilted in the1 ẑ and 2 ẑ
directions. The simplest model is a stack of layers of thi
nessd8, with the director alternating its tilt direction from
layer to layer.c(z) then can be described as sin(pz/d8) for
small deformations. This along with~1! predicts that the re-
laxation time of the nematic gels is dependent only ond8,
but not on the sample thicknessd. Because of these mixe
orientations which are not really homogeneous thin layers
higher voltages the birefringence decreases and lots of s
tering occurs, which is why the patterns became blurry. T
small value ofd8 means that theVc is large. Therefore only
a few fringes move across the sample before it becomes
blurry for further measurements.~4! The nonlinearity of the
d-V curves suggests that there is pretilt of the director in
many effective thin layers we imagine existing in the syste
as another effect of the polymer network. Gels are w
known to be slightly inhomogeneous, and we certainly
speckles representing local director misorientations of a
degrees.

In order to understand how the pretilt angle can affect
phase difference, numerical simulation of an ordinary ne
atic based on Eq.~1! was done. For any givenDz , which is
a constant,c(z) can be calculated for the equilibrium con
dition. Then thed-V relationship can be understood. Table
lists the parameters used in the calculations. The result
calculations are shown in Fig. 2 for three different pre
angles for the 124mm cell. Similar calculations can be don
for the 62mm cell. In an ordinary nematic cell, there is on
one layer with the length scaled and no constraint from the

TABLE I. Parameters used in the theoretical calculations.

e i e' ne no K l d

20.0 7.0 1.74 1.54 8.031027 dyn 0.633mm 124.0mm
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network, which meansV050. In the normal Frederiks tran
sition,c(z) is always zero whenV is smaller thanVc . This
is not true when the system has a pretilt. In that case,
electric torque is never zero andc(z) will increase even with
the presence of a small field. This results in a nonzerod for
any applied voltage. The change ofd is small for smallV,
and becomes larger whenV is comparable toVc . This can
easily be observed in Fig. 2. By comparing the results sho
in Fig. 2 with the experimental data shown in Fig. 1, qua
tative agreement can be found. Then the idea of the inte
field can be put into the calculations. This field constrains
liquid-crystal molecules to align along the direction defin
by the network, when the applied voltage is belowV0. When
V is greater thanV0, uc(z)u starts to increase slowly, due t
the pretilt, and interference fringes start to move.

The results of calculations can be used to fit the exp
mental data shown in Fig. 1 becaused is proportional to the
overall sample thickness. Two fitting parameters for the d
aboveV0 can be adjusted here: the pretilt angle and the ch
acteristic length scaled8. The voltages can be rescaled
order to fit the experimental data by using the followin
function:

V5SV0
21

d2

d82
Vcal
2 D 1/2, ~3!

whered/d8 represents the number of effective layers in t
sample andVcal is the voltage from the calculations shown
Fig. 2.V0 is the voltage representing the internal constra
which is equal to 14.1 and 7.1 V for the 125 and the
mm cells, respectively.

The results of fitting are shown as the solid lines in Fig.
Both experimental data sets have the best fits for a pr
angle equal to 3°, consistent with our observations of spe
les. The characteristic lengthsd8 are chosen to be 1.3 and 1
mm for the 125 and the 62mm cells, respectively. The
threshold voltagesVc @from Eq. ~2!# can then be calculated

FIG. 2. Calculatedd as a function of three different pretil
angles for a 124mm sample. The threshold voltage (Vc50.83 V! is
represented as3 in the figure.
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598 56C.-C. CHANG, L.-C. CHIEN, AND R. B. MEYER
to be 42.3 and 23.4 V. These values may vary for differe
samples, or even for different spots within the same samp
due to large scale nonuniformity in gelation.

One major hypothesis of the model is to propose th
there exists a characteristic length scaled8. One way of test-
ing this hypothesis is to measure the relaxation time of t
system. In our model, the dynamic equation can be written

K
]2c

]z2
2

ea
4p

E0
2sinccosc5g1

]c

]t
~4!

when the applied electric field is removed att50. For small
deformations, the time dependent part ofc will be propor-
tional to exp(2t/t), where t5g1 /@Kp2/d821eaV0

2/
(4pd2)# is the relaxation time of the nematic gels.

One way of measuring the relaxation time is to apply
voltage and then to ground both ITO electrodes att50 and
monitor how the intensity changes with time. The intensity
proportional to the square of a sinusoidal function. The on
time dependent component is fromneff , the average index of
refraction of the extraordinary wave. For small director d
formations neff(t);c2; exp(22t/t). By monitoring the
time dependent part of the intensity, one can then meas
the relaxation time of the system.

The results of experimental measurements are shown
Fig. 3 for the 125 and the 62mm cells, respectively. The data
for the 125mm cell are close to an exponential function. Th
argument that there exists a small variation ofd8 relative to
the mean characteristic length can be put into the model
fit the remaining small deviations observed in the data. O
way of describing this variation is to expand the time depe
dent part ofneff for smallc:

FIG. 3. Experimental results of measurements ofneff for nem-
atic gels as a function of time for the 125 and 62mm cells. Note
that the data for the 62mm cell are far away from a simple expo
nential decay and it takes even longer to relax than the 125mm cell.
The fitting curves are the results of model calculations explained
the text.
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d

c2dz5d(
i
P~di8!expS 22

t

t~di8! D , ~5!

whereP(di8) is the probability for the characteristic lengt
di8 . Assuming a Gaussian distribution, P(di8)
; exp@2(di82d8)2/(2s2)#, whered8 is the mean length scal
which is determined to be 1.3mm from the fitting result of
Fig. 1, ands is the standard deviation. By puttingt into Eq.
~5!, the experimental data can be fitted by choosings to be
0.2 mm andg1 to be 2.23104 P. The solid line represent
the best fit of the experimental data. The averaget can be
calculated to be 57 s, which is much larger than the ti
constant of K15 (;16 s! for the same sample thickness. Th
long relaxation time is also different from that of a PSL
formed with fibrils of polymer and pockets of liquid crysta
In that case, small volumes of pure nematic, under the
enting influence of the surrounding polymer fibrils, wou
relax extremely quickly.

For the cell of thickness 62mm, the above argumen
alone cannot explain the experimental data. There are at
two time scales existing in the measurements ofneff . One
possible explanation is that because of the large scale
uniformity in gelation of the sample, there are areas with t
different values ofg1 in the part of the sample we observe
For some areas with more polymer,g1 is larger; for some
areas with more free liquid-crystal molecules,g1 is smaller.
The equilibrium solutionc(z) from Eq.~1! for smallDz was
then used as the initial condition for Eq.~4!, and howc(z)
relaxed with time was monitored. The value ofneff was re-
corded whend was smaller than 1/2. The value ofE0 in Eq.
~4! is equal to 3.8 statvolts/cm for the nematic gel used in
experiment.

The results of calculations were rescaled in both axes
fit the experimental data. The fitting curve is shown as
dashed line in Fig. 3. The remaining difference between
fitting curve and the experimental data could come from
distribution of the characteristic lengths. The scaling in t
time axis is related to the two values ofg1, which can then
be calculated to be 1.13104 and 6.43104 P. They have the
same order of magnitude as the rotational viscosity for
125mm cell described earlier. This order of magnitude is
the range of that for similar systems reported by others@6,7#.

Although the results we present here concern only o
sample composition, and our model for analyzing them
purely phenomenological, we believe that this may serve
starting point for more thorough consideration of this kind
gelled liquid-crystal–polymer system. The effective leng
scale and internal field that we hypothesize to fit the d
might be related to a microscopic model of polymer–liqu
crystal interactions. We picture the following scenario rel
ing these two features of our model.

First, the polymer network is formed in the nemat
phase, and therefore preserves the anisotropic structur
that phase, so it has a mean orientation. However, the p
merization process is not entirely uniform, and local miso
entations, relative to the director, are created on a variet
length scales, with long wavelength fluctuations being s
pressed by the nematic alignment. Note that the intrin
length scale between crosslinks in the gel should be on
order of 10 nm, much smaller than our observedd8 of about

in
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56 599ELECTRO-OPTICAL STUDY OF NEMATIC ELASTOMER GELS
1 mm. The question is why we see the dominant fluctuatio
at a length scale much larger than that of the polymer n
work. One answer could be macroscopic phase separa
but we picture a different mechanism.

Once the polymer is formed, it acts as an internal fi
EW int which has a uniform part corresponding toE0 in our
model, in thex direction, and a small random partEW'

in the y and z directions. In the free energy density, th
director is coupled to this effective field by a termf p
52(ea/8p)@ n̂•(E0x̂1EW')#

2. The mean director is paralle
to E0, but static distortions of the director field,nW' , are
driven byEW' . Fourier analyzingnW' andEW' , one finds that
for wave vectorq, n'(q);@E0E'(q)#/(E0

214pKq2/ea).
ForE'(q) an increasing function ofq, this produces a spec
trum of n'(q) that is peaked atq.E0Aea /(4pK). For our
value ofE0, this gives a wavelength for the dominant flu
tuations ofnW' of l.15 mm.

The exact peak wavelength depends on the form
E'(q), and our measuredd8 should be comparable tol/2.
Basically the nematic elasticity prevents the director fro
following the shortest wavelength components ofE' . In our
measurements, wavelengths below about 1mm are sup-
pressed, even thoughE' should have significant componen
down to wavelengths of about 10 nm.

Our overall approach to data analysis here emphas
looking for a few parameters that describe the quantita
measurements, consistent with the qualitative observati
It is somewhat surprising that a single length scale and a
degrees of pretilt, along with an effective internal field a
an increased viscosity, could explain all the observatio
s
t-
n,

d

f

es
e
s.
w

s.

One might have anticipated that broad distributions of len
scales, internal fields, pretilt angles, and viscosities wo
have been needed to fit the data, especially if one works f
the hypothesis of strong phase separation during polymer
tion, which we do not. From that hypothesis, the approach
the data analysis might then have been to assume tha
smearing of the Frederiks transition threshold was due t
broad distribution of length scales and pretilt angles for
different compartments of nematic. However, we found su
complex data analysis unjustified. The dynamic data, es
cially for the 125mm cell, also support the concept of
single mean length scale with only a narrow distributi
about the mean. Other more complex interpretations o
single relaxation time are also possible, such as a broad
tribution of length scales with an exactly compensating se
viscosities to recover a single exponential relaxation time
the sample, but this again seems unlikely.

We have tried here to outline one consistent approach
understanding gelled nematics based on a homogen
model without phase separation. This seems to give res
indicating that the gelled nematic is accurately described
a small set of parameters that may be amenable to analys
terms of a simple model of the interacting gel network a
nematic phase. To further test this picture will surely requ
more experiments.
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@7# S. Götz, W. Stille, G. Strobl, and H. Scheuermann, Macrom

ecules26, 1520~1993!.


