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Electric-field-induced optical rotation in the pretransitional isotropic region
of chiral nematic liquid crystals
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Measurements of the effect of an electric field on the pretransitional optical rotation in the isotropic
phase of chiral nematic liquid crystal mixtures of (S)-4'(2-methylbutylphenyl)-4-n-decyloxybenzoate
(CE6) and n-pentylcyanobiphenyl (CB5) are reported. Experiments were performed using an alternative
technique for measuring circular birefringence in the presence of linear birefringence. The optical rota-
tion results obtained fitted well with the existing theory of pretransitional optical activity. The critical
temperature obtained from data fits varied as the square of the applied voltage as expected from the
Landau —de Gennes theory. For some mixtures, the optical rotation changed sign on the application of a
large electric field.

PACS number(s): 61.30.Gd, 78.20.Ek, 78.20.Jq, 78.66.—w

INTRODUCTION

On approaching the isotropic —liquid crystal phase
transition by cooling, the characteristics of the ordered
phase start appearing locally in the isotropic phase and
become enhanced very near the transition point, giving
rise to pretransitional phenomena. This increase of short
range order over a correlation length near the phase tran-
sition results in a sharp increase of many properties (e.g.,
intensity of light scattering) as described by the
Landau —de Gennes theory [1] of orientational order in
the isotropic phase. Although the enhancement of opti-
cal rotation in the pretransitional isotropic region of
chiral nematic liquid crystals was not anticipated [2], the
first experimental evidence of pretransitional optical ac-
tivity was reported by Cheng and Meyer [3,4]. Their ob-
servations can be understood in terms of growing local
orientational order, resulting in increased intermolecular
chiral interactions that enhance chiral fluctuations (i.e.,
the development of transient helicoidal structures) on ap-
proaching the transition point.

The director or local axis of orientational order in a
chiral liquid crystal has a nonuniform spatial distribu-
tion. This can be represented in terms of five basic
structural modes illustrated in Fig. 1 [5,19]. These modes
are Fourier components having wave vector q and consist
of an achiral nematiclike mode (m =0) in which the mag-
nitude of the local order parameter varies, spiral conical
modes (m =+1) in which the instantaneous local director
is at 45' to the helix axis, and planar spira1 modes
(m =+2) for which the local director is at 90 to the helix
axis. It has been shown [6] that to lowest order, only the
conical spiral modes contribute directly to the pretransi-
tional optical activity. However, for short pitch (i.e.,
~ 100 nm) systems in which blue phases [7,8] can exist,
there can be a dominating contribution close to the phase
transition from the planar spiral modes. In comparison
with the conical spiral mode, the planar spiral mode
makes an opposite contribution to the optical activity
and has a higher divergence temperature so that a change

in sign of the optical activity can occur close to the phase
transition temperature. This has been observed experi-
mentally [9] and a theoretical explanation has been pro-
vided by Filev [10]. In the chiral nematic phase a planar
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FIG. 1. Schematic representation of structural modes of the
order parameter tensor for chiral liquid crystals. m =0: The
tensor is represented by an ellipsoid of revolution about the ar-
row axes, and the ellipsoid alternates between horizontal and
vertical, the double arrows representing the size and direction
of the largest principal axis. m =1: The arrows represent the
largest principal axis of the tensor, which rotates about and lies
at 45' to the horizontal axis. m =2: The largest principal axis
of the order parameter tensor rotates about, and is perpendicu-
lar to the horizontal axis. The arrows represent the projection
of the principal axis on the plane of the diagram with the solid
parts of the arrows above the plane of the diagram and the
dashed parts below. Modes m = —1 and m = —2 are analogous
to the m =1 and m =2 modes, respectively, but rotate in the
opposite sense.
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spiral mode having a particular wave vector qo is stabi-
lized, resulting in the characteristic helicoidal structure
of the phase. Light scattering measurements of the rela-
tive contributions of conical and planar spiral modes in
the isotropic phase of highly chiral liquid crystals have
been reported [11]. Similar measurements have been
made by investigating the temperature dependence of the
optical rotation [12—15], temperature dependence of the
circular dichroism as a function of wavelength [16], and
most recently, from optical rotation measurements as a
function of the isothermal pressure [17,18]. A recent re-
view [19] describes both theoretical and experimental as-
pects of optical activity and light scattering from chiral
systems.

Chiral interactions in liquid crystals result in a variety
of phases having helicoidal structures and strong optical
activity. Materials designated as being strongly chiral
show new phenomena such as antiferroelectric and fer-
rielectric smectic C phases, and for a few materials, the
molecular twisting power is strong enough to distort the
smectic layers to give filamental structures known as
twist grain boundary phases [20]. The effect of molecular
structure on these macroscopic manifestations of chirali-
ty is not known, but the study of chiral fluctuations on
pretransitional behavior provides a probe of local interac-
tions that are now directly related to molecular
influences.

An optically isotropic liquid becomes birefringent
when placed in a strong enough electric field. This is
known as the Kerr electro-optic effect and results from
field-induced molecular alignment. In the pretransitional
isotropic region of nematics, electric-field-induced
birefringence is strongly enhanced by local molecular or-
der [21,22]. In this work, our aim has been to study
chiral interactions by applying electric fields in the pre-
transitional isotropic region of chiral nematic liquid crys-
tals. The increase in local orientational ordering induced
by the field should result in an increase in the local chiral
ordering, which would be manifested as an increase in op-
tical activity. Hitherto, we are aware of only two reports
of attempts to measure field-induced optical rotation. In
one case, experiments using cholesteryl oleate [23] did
not reveal any evidence of electric-field-induced optical
rotation. We believe this may be due to the poor field
aligning properties of that compound. Recently,
Martinez-Miranda et al. [24] have reported results of
field-induced optical activity in the pretransitional isotro-
pic region of a srnectic A material. They observed a
small effect (-1') in a cell with path length of -70 pm.
In this work, we show convincingly, using much longer
path lengths, that a large induced optical rotation is ob-
served in the pretransitional isotropic region of certain
chiral nematic liquid crystal mixtures that have
sufficiently large dielectric anisotropy to obtain strong
coupling to the electric field. We have studied this
electro-chiral effect using a novel sensitive technique for
determining optical rotation in the presence of linear
birefringence.

THEORY

In general, plane polarized light travelling through an
isotropic liquid of a chiral nematic material in a cell of

thickness z will be rotated by angle P:

0=do+& =+i+0 =+2.

$0 is the intrinsic optical activity for a Quid which has no
orientational order and is given by the expression [25]

16' Nz

Co
(2)

where P is a molecular property known as the optical ro-
tatory parameter, iV is the number density, X is the wave-
length of light, and co is the vacuum velocity of light.
Optical activity due to chiral interactions arises from the
conical spiral modes (P +,) and the planar spiral modes
(P +2), although to lowest order only the m =+ 1

modes contribute. The remainder of this section will be
devoted to a brief summary of the theory dealt with by
several authors in detail, e.g. , [9,26].

The local order in a liquid crystal can be represented in
terms of the anisotropic part of the local dielectric tensor.
For a cholesteric liquid crystal, the Landau —de Gennes
free energy to second order can be written as [2,27,28]

F Fo= —g —d q a —mdq+ b+ —(4—m ) q
=1 3 c

m 6

x )c. (q)/', (4)

where m is the label of the mode, q is the wave vector of
the fluctuation, and e (q) is the amplitude of the mode.
Each mode possesses a value of q which minimizes the
free energy. In addition, using the expression for the
coeKcient a, the temperature at which the minimized free
energy vanishes for each mode can be determined. At
this temperature, the correlation length for each mode
diverges:

(5)

b 2
qo

4ao(1+c/2b)
2

T+2=T + qo

ao

(6)

(7)

where qo represents the chirality of the system (i.e.,
qo =d /b =4m /p and p is the pitch of the system).

To lowest order, the optical activity due to chiral in-
teractions is enhanced only by the conical spiral mode

F Fo= ——[ae &+b(B e&r) +CO e rB&E&r2

—2de p E sd cps]d'r

where c, p is the dielectric tensor representing the local
modes, e &r is the Levi-Civita tensor, a =ao(T T*),the-
coefBcients b, c, and d are considered to be temperature
independent, and T* is the second order phase transition
temperature of the racemic mixture.

When the anisotropic part of the local dielectric tensor
is expressed in terms of the five structural fluctuation
modes discussed earlier, the free energy for terms up to
second order can be written as [11,26]
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and diverges at T, . Expressing the optical activity ten-
sor in terms of m = + 1 and m = —1 modes, applying the
equipartition theorem to determine the amplitude of the
fluctuation in each mode, and Anally integrating over all
wave vectors, the pretransitional optical activity contrib-
uted by P +& is given by

k~ Z kO2qO

4'm =+1
48rrs+a oh

1+ 2'

—3/2
1

( T Te )1/2 (8)

where kz is Boltzmann's constant, ko is the wave vector
of the light, and E is the average dielectric constant.

If higher than second order terms are included in the
free energy expansion (3), cross terms related to the coni-
cal and planar spiral modes occur, giving rise to an addi-
tional optical rotation. Although this is a higher order
efFect, fluctuations of the planar spiral mode may be quite
large in the isotropic phase because this fluctuation
diverges at Tz () T&). Since the optical rotation corre-
sponding to the planar spiral mode is in the opposite
sense from that due to the conical spiral mode, a peak
occurs in the optical rotation just before the transition to
the ordered phase. The optical activity due only to cou-
pling of the conical and planar spiral modes is given by
[10]

ka Tkoqo f (x, r)
48ns+aob (T—T2 )

(9)

where f(x, r) is a function representing the mixing of the
two modes, x is qp/2kp (ratio of wavelength to pitch),
and ~=T—Tz. Thus the planar spiral modes can con-
tribute to pretransitional optical activity through mode
coupling. However, other mechanisms may allow the
m =+2 modes to influence the pretransitional optical ac-
tivity. Simplified expressions of (8) and (9) are used later
for modeling the expenmental results reported in this pa-

per in which the temperature dependence of f(x, r) is ig-
nored.

EXPERIMENTAL DETAILS

Our polarimeter arrangement is shown in Fig. 2 and is
based on the synchronous detection of a modulated opti-
cal signal with an EG&G, model 5210 lock-in amplifier.
Instead of using a chopper [4] to produce the modulated
signal, we used a Hinds International PEM-80 photoelas-
tic modulator, which is a device for varying the polariza-
tion of the incoming light by a strain-induced
birefringence. The light source from a 5-mW He-Ne
(632.8 nm) laser was circularly polarized by a polarizer
and quarter-wave plate combination. Circularly polar-
ized light entering the modulator was converted to light
that switched between linearly polarized states (at a 42-
kHz rate) alternately polarized +45' and —45 to the
transverse modulator axis. If the pass axis of the
analyzer is at an azimuthal angle of 0, it can be shown us-
ing Mueller matrices that the transmitted light intensity I
is given by

I=
—,
' Ip [1—sin5 sin2( P+ 8)], (10)

where Io is the initial light intensity and 5 is the modu-
lator retardation. If 6 =D cosset, where D is a propor-
tionality constant and co is the modulation frequency, Eq.
(10) can be rewritten as

I=—,'Ip[1 —sin[D coscot]sin2(/+8) J .

On orienting the pass axis of the analyzer parallel to ei-
ther of the modulator axes (i.e., 8=0), the frequency
dependent term vanishes if the sample is optically inac-
tive (i.e., / =0'). Hence no light modulated at 42 kHz ap-
pears at the photodiode. However, if the sample is opti-
cally active (i.e., P) 0 ), the right-hand side of Eq. (11)
can be expanded as a series of Bessel functions:

I=—,'Ip ~ 1 — 2 g (
—I)"J 2k&+(D)c s(o2k+1)cot sin2(/+8)

k=0

=
—,'Io [ 1 —[2J,(D)coscot —2J3(D)cos3ipt + . ]sin2(P+ 8) ] . (12)

The fundamental frequency term was the source of the
signal used for the synchronous detection of the optical
rotation signal with the lock-in amplifier. To optimize
the magnitude of the fundamental frequency signal, the
peak-to-peak retardance of the modulator was set to 371
nm to maximize J& (D) [i.e., D = 1.841 and
J, (D) =0.582]. Light transmitted from the analyzer was
detected using a large area photodiode and the magnitude
of the fundamental frequency signal was measured by the
lock-in arnplifier. The optical rotation was obtained
directly with a precision of +0.05' by recording the angle
of rotation of the analyzer to null the fundamental fre-
quency signal (i.e., 8= —P).

Optical rotation measurements of chiral nematic liquid
crystals of positive dielectric anisotropy were performed
in 20-mm glass spectrophotometer cells. A specially
made Teflon plug with vertical parallel plate electrodes of
length —16 mm and separated by -2.7 mm was inserted
into the glass cell. Voltages as large as 4 kV could be ap-
plied to these electrodes by a Brandenburg voltage sup-
ply. The cell was temperature controlled by circulating
water from an electrically heated water bath to the cell
holder, which had a temperature stability of +0.05 C.
Each optical rotation measurement was made after wait-
ing for -5 min at constant temperature.

The linear birefringence of the sample should not
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FIG. 2. Experimental setup for measuring the optical rota-
tion of chiral systems as a function of temperature in the pres-
ence of an applied electric field; the laser beam was aligned so
that it remained central between the parallel plate electrodes of
the cell.

where 51 is the linear retardation. For small 8, (13)
reduces to Eq. (10) and so for ideal optical elements, the
presence of linear retardation does not contribute to the
optical rotation, fundamental frequency signal.

The versatility of the setup in Fig. 2 is such that it can
be configured with minor changes to measure the linear
birefringence of a sample. To perform these measure-
ments, it is necessary to remove the quarter-wave plate
and cross the analyzer with the polarizer. If 6, is the
sample retardation, the light leaving the analyzer has in-
tensity

I=—,'ID[1 —cos(5, +5 )] . (14)

inhuence the optical rotation signal. This was checked
theoretically by placing a linear retarder between the
analyzer and sample in Fig. 2 and working through the
Mueller matrices to determine the resulting transmitted

By substituting 5 =D cosset in (14) and expanding as a
series in Bessel functions, the transmitted intensity is
given by

oo 00I=—,'Io 1 — Jo(D)+2 g ( —1)"J2k(D)cos(2cokt) .cos5, + 2 g ( —1)"J2k+&(D)cos[(2k+1)cot] sin5,
jc =1 k=0

,'ID[1 —JD(D—)cos5,+2J&(D)cos(cot)sin5, — . ] . (15)

The magnitude of the fundamental frequency signal is
measured by the lock-in amplifier and corresponds to the
linear birefringence of the sample.

RESULTS AND DISCUSSION

Initially, the chiral ester (S)-4'(2-methylbutylphenyl)-
4-n-decyloxybenzoate (CE6) was selected for studying
electric-field-induced phenomena. This material has a
large intrinsic optical rotatory power (i.e., -0.8'/mm)
and a relatively low isotropic-chiral nematic phase transi-
tion temperature (i.e., 45. 3 C). The presence of the
chiral nematic phase is important for enhancing field-
induced effects in the pretransitional isotropic region.
Furthermore, the racemate of CE6 was available so that
control experiments could be performed to show that any
induced optical activity was solely due to the chiral com-
pound. Results on pure CE6 are shown in Fig. 3. The
optical rotation diverges in the pretransitional isotropic
region in a manner similar to that of other chiral nematic
liquid crystals [3,27], but increases more sharply than
that of chiral smectic liquid crystals [29,30]. However,
no induced effect was observed on applying electric fields
of —1 kV/mm in either of the two configurations illus-
trated in Fig. 3. We believe that this is due to CE6 hav-
ing very poor field aligning characteristics attributed to
its very small dielectric anisotropy.
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FICx. 3. The effect of an electric field on the optical rotation
of pure CE6 for different configurations shown. In
configuration 2, a cell with transparent electrodes was used.
The arrows denote the direction of the laser light.

To increase the pretransitional order we selected a two
component system of CE6 solute and n-

pentylcyanobiphenyl (CB5) solvent. The latter com-
ponent is archiral but has a large positive nematic dielec-
tric anisotropy (i.e., b.e —+ 12 at 25'C), which results in a
large pretransitional Kerr effect [21]. We found that a
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large increase of the signal in the pretransitional region.
Although applied voltages of up to 3 kV were applied,
only a small fluctuating signal was observed at the lock-in
amplifier, which could not be nulled by rotating the
analyzer.

Earlier, it was shown theoretically that the linear
birefringence of a sample does not contribute to the opti-
cal rotation signal. One final check involved performing
an experiment to measure the electric-field-induced
birefringence as a function of temperature of both the
chiral and achiral mixtures. The results for these mix-
tures are compared as linear plots of the inverse Kerr

FIG. 10. Fitting parameter A as a function of CE6 concen-
tration. The solid lines are linear least-squares fits.

constant against temperature in Fig. 7 and show that in
the pretransitional region there is no significant difference
&n the field-induced birefring ence for the chiral and
achiral mixtures. This provides experimental evidence
that the birefringence signal does not contribute to the
optical rotation signal.

The effect of varying the chirality of the system was in-
vestigated by measuring the response of mixtures con-
taining different amounts of racemic CE6 but maintain-
ing the same overall composition of the CB5-CE6 mix-
ture. Four other mixtures were prepared with concentra-
tions of CE6 varying from 8.5% (w/w) to 25% (w/w).
Figures 8 and 9 show the inAuence of applying voltages of
up to 2.5 kV on the pretransitional optical activity of two
of these mixtures. All field-induced experiments were
performed using configuration 1 in Fig. 3. The field-
induced behavior of the 25% (w/w) CE6—9% (w/w) ra-
cemic CE6—66% (w/w) CB5 mixture was similar but less
pronounced than that of the initial mixture, i.e., 34%
(w/w) CE6 —66% (w/w) CB5. However, the field-induced
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CONCLUSION

In this paper, we have reported results of field-induced
optical rotation in the pretransitional isotropic region of
chiral nematic mixtures that have a strong positive
dielectric anisotropy. We have shown that this induced
optical rotation can diverge in the positive or negative
direction depending on the chiral strength of the mix-
tures and the magnitude of the electric field applied. Fur-
thermore, the behavior of the field-induced optical activi-
ty in the pretransitional isotropic region was modeled ex-
cellently by theoretical expressions based on a
Landau —de Gennes approach that describes natural pre-
transitional optical activity phenomena. Field effects on

chiral fluctuations provide a new probe of chiral interac-
tions, and measurements in the pretransitional region of
smectic C*, TGBA*, TG-BC*, and other helicoidal liquid
crystal phases should give more detailed information on
the local molecular interactions responsible for these
phases.
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