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Dynamic response of a nematic liquid crystal in silica aerogel in an external electric field
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The change in optical transmittivity of the nematic-aerogel system in an alternating external electric field
was investigated near the nematic-isotropic phase transition. We observed a slow, glasslike dynamical reori-
entation process that is probably correlated over many pores. The magnitude of the change in the transmittivity
can be explained by the model of Belliet al.
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[. INTRODUCTION a strongly scattering translucent state a few degrees in the
nematic phase. The strong scattering is a result of large
Liquid crystals confined to disordered matrices are veryariations of refractive index due to the random orientation
convenient systems to study the structural, thermodynamica®f the nematic director within the porous matrix. An external
and dynamical effects of randomness. They are experimerglectric field induces some partial ordering of the director
tally very accessible and can be easily incorporated inténd so effectively decreases the variations of the refractive
structures with various degrees of randomngks Their  index. Consequently the turbidity of the system also de-
properties are especially interesting near phase transition8f€ases.
Liquid crystals in general exhibit a number of phase transi-
tions that have been extensively studied in the bulk. Confine- Il. EXPERIMENT
ment to random network strongly influences the nature of the
transitions. The transition regions become remarkably broad- The silica aerogel used in our measurements has a density
ened and usually shifted with respect to the bulk transitiorof 0.248 g/cni and an average pore sizthe pore chord
temperatures. Phase sequences, phase stability, and orierd&pgth { of 43.6 nm as was characterized by mercury poro-
tional dynamics of liquid crystals have been studied in sevsSimetry. The pore size is in agreement with the pore sizes
eral porous matrices such as aerodls6], Vycor glasg7], determined by small angle x-ray scattering in the aerogels
sintered silica glassd$8], and control porous glassgs,10). with similar densitieg5]. The preparation of aerogels is de-
In this paper we report on the investigation of the orien-scribed in Ref[11]. Thin slices(below 1.5 mm of the aero-
tational dynamics of the liquid crystal confined to silica aero-gel were cleaved from a larger block and filled with liquid
gel near the nematic-isotropic phase transition. The respongystal 4-pentyl-4’-cyanobiphenybCB) using capillary ac-
of the material to an alternating external electric field wastion under vacuum. The 5CB was used as purchased from
measured. Our measurements are complementary to the dylerck Ltd. During the filling process the liquid crystal was
namic light scattering experiment®LS) as they allow us to  in the nematic phase. The bulk 5CB exhibits the isotropic-
concentrate on the low frequency dynamics of the systemflematic transition aty, pu=35 °C and the nematic-solid
The DLS experiments that have been performed up to nowansition at 22.5 °C. The filled slices were fixed between flat
have shown rather complicated behavior of the orientationaTO coated glass plates with the UV cure glue with a refrac-
dynamics. In particular, in addition to the main relaxationtive index that matched the refractive index of the isotropic
processes in the microsecond range originating from in5CB.
trapore orientational fluctuations, a much slower relaxation An unpolarized beam from a He-Ne laser with a wave-
mode with a broad distribution of the relaxation times ap-length of 632.8 nm passed the focusing lens and entered the
pearg[2,5]. Its temporal dependence can be represented witBample in the direction normal to the glass plates. The trans-
a stretched exponential function with the value of the expomitted light was collected with an objectivi3.5/100 and
nent decreasing with decreasing temperature, a behavior théetected by a photodiode. The output of the photodiode was
is expected of a system exhibiting a glasslike transition. Thigonnected to the lock-in amplifier referenced to a sinusoidal
slow component of the orientational dynamics is attributed tadriving voltageU (w) that was applied to the sample. The
the interpore director coupling. maximum amplitude of the electric field in the sample was
In order to gain some additional insight into the slow around 200 kV/m. The photodiode signal at the doubled fre-
frequency part of the orientational dynamics, we measureduency 2» was measured. This signal was proportional to
changes in turbidity of the system as a function of a fre-the field induced variation of the sample transmittivity
guency of an external electric field. The measurements weréT(2w), that is to the quadratic electro-optic response of the
performed at several temperatures near the phase transitigystem. A possible explanation of the transmittivity changes
The turbidity of the nematic-aerogel system strongly dependand the underlying reorientational mechanism is given in the
on the temperaturf4]. The system goes from a transparentdiscussion. The dependence of #iE(2w) on the field am-
state when a nematogen material is in the isotropic phase faitude E; is shown in Fig. 1. The dependence is almost
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FIG. 1. Variation of transmittivity as a function of the external FIG. 3. Magnitude of the change in transmittivity as a function
electric field amplitude at frequency 270 Hz. The solid line is the fitof frequency of the external electric field at various temperatures:
to quadratic dependence. t —ty pu= — 0.1 K (squarel t —ty pu= — 1.2 K (circles, and

t —tni pu= — 1.8 K (triangles. Full lines are fits to Eq(1).
perfectly quadratic in the whole probed interval frdiy

=0 t0Eo=170 kV/m. Synchronously with the transmittivity . jiquid crystal in the cracks or at the surface of the

variation 5T(2w) also the average transmittivif) of the sample[4]. The intermediate region where the transmittivity

sample was monitored. slowly decreases coincides with the prominently broadened
The temperature dependence of the average transmittivit y P y

(T) of the nematic-aerogel system in alternating electric fielcge{avt O|: thi_;ﬁemanc-sotrgplc tran3|t!gndW|th|n the aerogekI)
is shown in Fig. 2a). It exhibits a behavior very similar to network, while the second more rapid decréase very prob-

the behavior without the external fiel]. When the sample ably starts when the nematic correlation lentheaches the

is slowly cooled from the isotropic to the nematic phase the?verage pore sizg of the aerogel. The coherent signal dis-
abrupt decrease i{T) appears, which is followed by a appears when the diffusive scattering regime is reached

gradual decrease. At abb@ K below the first jump(T)  [4.12. . _

starts to decrease more rapidly again until it finally saturates The temperature dependence of a quadratic electrooptic

at a very low value. Comparison of this characteristic behavtesponsesT(2w) of the sample is shown in Fig(ld. Dur-

ior to the heat capacity data suggests that the first jump in thig cooling 6T(2w) starts to increase steeply at the point

transmittivity coincides with the sharp but low peak of the where the bulk phase transition takes place. In the region of

specific heat coming from the small amount of the residuathe gradual phase transition th8 (2w) decreases slowly
with the temperature approximately following the behavior

0.20 - of the average transmittivityT). Figure Zc) shows the tem-
%0.15 | ) / perature dependence of the normalized electro-optic response
g 0.10 .,/' of the sample, that is the ratio between the variation of the
g 0.05 F ...o-"" transmittivity 5T(2w) and the average transmittivityT).
N o The normalized electro-optic response is nearly constant in
00 the region of the gradual phase transition and sharply de-
o) 2:0 [ creases outside this interval. Such behavior was observed for
E 151 various frequencies of the driving voltage and in various
§ 1.0k samples, some of them prepared also without using the index
3 05Ff matching glue.
= 00h The dependence of the quadratic electro-optic response
© 55 6T(2w) on the frequencyw of the external field was mea-

2.0 sured in the interval from 2 Hz to 10 kHz, the upper fre-
e 15} quency being limited by the bandwidth of our high voltage
=R, amplifier. Compared to DLS experiments, which generally
2 05 cover the frequency region from mHz to MHz this frequency
T 0.0 . . . interval is very narrow, but it coincides well with the char-

-3 2 -1 0 1 acteristic time scale associated with the interpore director
Temperature /-f (K) reorientation. The results obtained at three different tempera-
NI bulk tures are shown in Fig. 3. For frequencies lower than 10 Hz

FIG. 2. Average transmittivitya), change in transmittivitgp), ~ 01(2w) decreases with the decreasing frequency. We relate
and the ratio of change in transmittivity to average transmitti@gly ~ this decrease to the ionic conduction of the sample. At higher
as a function of the relative temperature with respect to the bulfrequencies the motion of the ions, which screen the external
nematic-isotropic transition. The data were obtained at the fieldield, is hindered by the viscosity of the system. A maximum
frequency of 270 Hz. in the electro-optic signabT(2w) appears at about 20 Hz.
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FIG. 4. Response of the transmittivity to a step increase and to a Temperature -2, (K)

step decrease of the external electric field. The solid line plotted on
top of the transmittivity data corresponds to the fit to second order
exponential decay.

FIG. 5. Temperature dependence of paramegeasd 7.

) _ ~ results of the fit are shown in Fig. 5. For a pure Debye
Above this frequencyT(2w) decreases monotonically with e|axation dynamics the exponeg has a value of 0.5,
increasing frequency. _ _ whereas in our system it decreases with the decreasing tem-
The low-frequency behavior 08T(2w) is more clearly  peratyre fromg~0.5 at the bulk nematic-isotropic transition
observed when measurements are performed in the time dﬁémperature down t@~0.35 at about 2.5 K beloFig.
main. Figure 4 shows the time response of the sample trangy,)] The orientational relaxation time on the other hand
mittivity to a step increaseswitching on and to a step de-  remains more or less independent of the temperature and has
crease(switching off) of the external electric fiel&. When 5 \,aue of about 2 mEFig. 5b)].
the field is switched on the transmittivity first rapidly in-
creases. The increase takes place in an initial time interval of
about 10 ms. After this a two step decreasing process occurs, Il DISCUSSION
which can be well fitted to two exponentials. The value of '
the faster relaxation time is always close to 40 ms, while the Our measurements show the existence of the slow nem-
value of the slower relaxation time is more variable and is oratic director reorientations in the aerogel host. Due to the
the time scale of 10 s. When the external field is switched of6uperposition of the reorientational dynamics and the dynam-
the transmittivity does not fall to the initial value, but it jcs of the ionic motion the determined value©f2 ms is a
rapidly increases again and shows a very similar temporait uncertain, but it is obviously much larger than the char-
behavior as in the case of switching on the field. This pheacteristic relaxation time of the intrapore orientational fluc-
nomenon can be explained by a remaining screening field aliations that appear in the microsecond raf&8,6]. Taking
the ions and other charged impurities. When the externahto account the ratio of effective elastic constaty; to
field vanishes the ions cause an increase of the effective ireffective viscositys. for the bulk 5CB[13], we can deduce
ternal fieldE acting on the nematic molecules and corre-an interpore dynamic correlation lengthy=2m (7K o/
spondingly also the transmittivity increases. The remainingy )2~ 2x 1078 m. This value of thé > is a strong evi-
ionic field has an opposite direction with respect to the exdence of a dynamically correlated orientational process ex-
ternal fieldE, but as the nematic director is coupled to thetending through tens of the aerogel pores. Such a correlated
EZy. the effect is similar in both cases. The two step naturelynamics was also observed by our recent DLS experiments,
of the screening process is very probably related to the inwhere in addition it was shown that close to the nematic-
trapore and to the interpore motion of the ions. In the case adkotropic transition the orientational fluctuations have a well
the alternating external fields of the frequencies above 2 Hdefined quadratic dependence of bh the scattering wave
which were used in ousT(2w) measurements only the vector[6]. This is only possible if the fluctuations are corre-
screening due to the intrapore ionic motion is important.  lated over distances comparable to the wavelength of light.
The observed frequency dependence ofdi¢2w) (Fig. Another similarity between the DLS experiments and our
3) was fitted by a modified Debye relaxation function 6T(2w) measurements is also the temperature dependence
of the characteristic dynamic exponent of the slow mode.
This dependence was studied in the DLS measurements of
(1) Bellini et al.[1,5]. There it was observed that the correlation
function of the intensity of the scattered light has a stretched

whereE2(w)=E3{(wr) 41+ (w7)?]" 1} describes the ef- exponential formg®(7)xce™"* with the parametes de-

fect of the intrapore ionic screening and the parameter of thereasing with the decreasing temperature. In the frequency
ionic relaxation timer; had a fixed value of 40 ms as ob- domain this implies that the spectrum at>7 ! has the
tained from the step field measuremetfgy. 4). The corre- form (w7) 175, So the lowest determined value of the pa-
sponding fitting curves are shown as solid lines in Fig. 3. TheameterB=0.35 in the electro-optic response corresponds to

_p2
6T(2w) Eeﬁ(w)—[l+ (20”_)2]3 )
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s=0.4 in the DLS measurements. This is just the valus of 1 dN'(6) 1
that Bellini et al. obtained[5] at the point where the in- f'(0)=—— 5———7-=5-[1+C(3 co$6—1)]
. ; No 27d(cos6) 2
trapore dynamic correlation length becomes equal to the pore
size. Also, the slope in temperature dependencg ¢Fig. =fo(0)+ 5f(0). (6)
5(a)] is very similar to the slope of temperature dependence
of s in Ref.[5]. The perturbed orientational distributigB) results in a de-

To explain the magnitude ofT(2w) we have extended crease of the total scattered power that is given by
the model of Belliniet al. [2] to calculate the change in

turbidity due to the external electric field. In this model the 6P T2p(g)st(o)sin 6de 2 Ve EZR?
nematic in the aerogel is assumed to consist of single p ==~ TZPP(6)fo(6)sin odo 5 Kot
uniaxial domains with a form of domain size distribution 7

being equivalent to the form of the pore size distribution of
the aerogel but with a temperature dependent mean domaighere
size. Each domain is assumed to be immersed in an optically

isotropic surrounding medium. The scattering of light from a Iovzsik“ 7
single domain is due to the mismatch of its index of refrac- P(f)= ——| s —cos 219) 8
tion with respect to an average of all other domains. The 8lme |3
scattering from a large ensemble of the domains is an inco- . S o
herent sum Of the Sing'e scattering events. IS the S-Cattered pOW?I’ fl’0m a S|ng|e doma|n W|th a def|n|te
For the case of randomly oriented domains of a uniformorientationé of the director, i.e., the optical axis averaged
size the total scattered power in this mode]2s14] over all possible incoming polarizatiofh$4].
In order to describe the variation of the turbidity of the
loV2e2k* nematic-aerogel system relati¢f) has to be averaged also
Piot= —, (2)  over the domain size distribution. This distribution is as-
2ime sumed to have the form(R)=R2¢ %e"N¢[1]. The rela-

tive increase of the transmittivity due to the external field,
which is in our situation proportional to the relative decrease
of the turbidity, then yields

wherel g is the intensity of the incident bea,the volume
of the domain,k the wave vector of lightg, the optical

dielectric anisotropy, and the average dielectric constant of
the medium. Whe_n an external_electric field is _appl_ied to the ST (5P 144s(a°)soE§ﬁ§2
system the domains tend to align along the direction of the - = .
field and the distribution of the domain orientation changes.
It becomes anisotropic and since the anisotropy is small it = . . (0
can be calculated as a perturbation of the initial isotropic! @King into account the data for bulk 5CR3,15: &,

11 —8
distribution. Let 6, with possible values in the interval O “1.0' Keﬁw_lo ) N, E¢~10° V/m, and{~5x 10 -m the
<6<ml2, be the angle between the orientation of the doJatio T/T is estimated to be of the order of 18 This result
main and the direction of the external field. As the initial IS in good agreement with our measurements. _
distribution of the domain orientation is isotropic, i.e., EXPression(9) is valid when the nematic correlation

fo(6)=1/2m, the number of domains found within the cone /€ngthlc is equal to the average pore sizein the interme-
angle of 0< #<y is given by diate temperature region whelg<¢ the director in most

pores is not pinned to the walls so that the reorientation of
W ] each domain is larger than estimated by Ej.and accord-
N(lﬂ):zWNoJO fo(@)sin 6d6=No(1—cosy), (3)  ingly also the variation of the transmittivity increases. And
indeed in our experiments in the temperature interval where

whereN, is the total number of domains. The magnitude ofthe nematic correlation length is supposed to be smaller than
the field-induced change in the orientatié can be ob- the pore s.izléz], that is in the temperature interval from the
tained by comparing the competing elastic and electric field?Ulk transition temperature down to about 1.2 K below the
torques. Assuming strong anchoring of the director at th@ulk transition, the change of the transmittivity in the exter-

TPl 5 Ke Y

domain surface this comparison results in nal electric field is Iarge[rF_ig. 2c)] than predicted by Eq9)
and slightly decreases with the decreasing temperature. The
28{;’)8052&2 _ _ point where the nematic correlation length reaches the
Op=— —————siny cosy=C sin y cosy, (4)  pore size/ can be observed as a knee in Fi¢c)2The knee
eff is usually smooth since the pore sizes are distributed over a

wheres(® is the dielectric anisotropy at low frequencies andid€ range.

R the radius of the domains. The related increased number of | Summary, our measurements support Fhe '.dea qf the
domains within the cone 0 6< y is therefore existence of an extensive interpore dynamic orientational

coupling of nematic liquid crystal in silica aerogel which has
N’ ()= N(p+ 6¢)=No[ (1 —cos ) + C sirfy cos ¢)] been established previously on the basis of the DLS experi-
(5) ments[5,1,6]. They present a set of complementary measure-
ments that demonstrate a glasslike behavior of the interpore
and the corresponding perturbed distribution of the domaimeorientational processes. The glasslike nature of this process
orientation is then becomes more pronounced with decreasing temperature.
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