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Aggregation, pretransitional behavior, and optical
properties in the isotropic phase of lyotropic chromonic
liquid crystals studied in high magnetic fields

Tanya Ostapenko,†*a Yuriy A. Nastishin,bc Peter J. Collings,d Samuel N. Sprunt,a

Oleg D. Lavrentovichbe and J. T. Gleesona

We report results on the high-field magneto-optical response of four aqueous, lyotropic, chromonic liquid

crystal formulations in the isotropic phase. Measurements of the field-induced birefringence at

temperatures above the isotropic-nematic coexistence region at high magnetic fields reveal qualitative

differences in different materials; these differences can be attributed to the nature of aggregation and

are discussed within the context of competing aggregation models. Extending these measurements to

very high fields and large optical phase differences reveals the presence of an unexpected optical

phenomenon: magnetic field-induced circular birefringence, measured in the Voigt geometry, in a

system containing no molecularly chiral species. Possible origins of this effect are discussed.

1 Introduction

Lyotropic chromonic liquid crystals (LCLCs) are a class of
complex uids that holds potential for understanding both
molecular interactions and supramolecular assembly. Their
basic structure consists of relatively rigid aromatic cores, with
hydrophilic ionic groups positioned around the outside of the
molecule.1,2 In comparison, amphiphilic mesogens of typical
surfactant type are rod-like, with a hydrophilic group positioned
at one end of the relatively exible hydrophobic aliphatic chain.
Both chromonic and amphiphilic molecules, when dispersed in
water, self-assemble into aggregates, but differences in their
molecular structure contribute to differences in the molecular
organization of the aggregates, the character of the aggregation,
and aggregate ordering.

One essential difference between amphiphilic and chro-
monic aggregates is their molecular packing. Amphiphilic
molecules in micelles can diffuse readily along the
surface, essentially forming a two-dimensional liquid. In
contrast, the molecular packing inside a chromonic

aggregate much more closely resembles a structure where
molecules possess some positional order along a single direc-
tion. Furthermore, self-assembly is substantially different
between chromonic aggregates and micelles; in most cases, the
plank-like chromonics stack face-to-face into rod-like aggre-
gates with open ends, such that the free energy per molecule
is independent of the aggregate size. This implies that there is
no critical micelle concentration (CMC) or temperature
(CMT) for aggregation; this type of self-assembly is commonly
referred to as isodesmic. Though there is a prediction3 that
dimers might form at a critical concentration (which we will
also label CMC), most chromonics evidently assemble
isodesmically.

One LCLC that has been extensively studied is disodium
cromoglycate (DSCG), which was originally developed as an
antiasthmatic drug.4 Other examples of LCLCs include dyes
such as Sunset Yellow (SSY), Violet 20, Direct Blue 67 and Blue
27.5 Despite numerous studies done on the LCLC aggregation
process through various experimental techniques (see ref. 6–8
for recent reviews), there are still unanswered questions as to
how the aggregation mechanism proceeds. LCLC molecular
self-assembly depends on factors such as molecular structure,
concentration, temperature, solvent polarity, and ionic
strength.2,9 It is thought that the cause of face-to-face aggrega-
tion is the p–p interaction of aromatic cores, but other causes
can include any noncovalent interactions that the molecules
may have.9 Some of these studies have explored the molecular
behavior in the nematic phase, but there are only a few
studies5,10 of the pretransitional behavior as the coexistence
region of liquid crystal and the isotropic liquid is approached
from the pure isotropic phase.
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Results from X-ray scattering and optical techniques sug-
gested that the nematic liquid crystal phase of SSY shares many
of the same properties as DSCG, including isodesmic aggrega-
tion and columnar aggregates.5 Determining the aggregate
nature in the isotropic phase is more difficult. In this case, it is
possible to induce optical anisotropy by application of an
external eld, such as a high magnetic eld, and record it with
high resolution in order to probe the shape anisotropy of the
aggregates. Since the molecular planes in the aggregate are
perpendicular, or nearly perpendicular, to the stacking direc-
tion, and since the molecular diamagnetic anisotropy is typi-
cally negative, the molecular planes tend to align parallel to an
applied magnetic eld, so that the long axes of the aggregates
orient perpendicular to the eld direction.

Such eld-induced alignment leads to induced birefrin-
gence, i.e. the Cotton–Mouton (CM) effect.11 However, results
from this technique have produced conicting reports con-
cerning the nature of aggregation, especially in DSCG: Cham-
pion and Meeten12 studied the magnetic eld-induced
birefringence of DSCG and saw behavior that was consistent
with isodesmic aggregation. On the other hand, Luoma13

investigated the magnetic eld-induced birefringence of both
DSCG and Sunset Yellow, nding isodesmic behavior only in
the latter. Moreover, non-isodesmic behavior for the DSCG
solution was claimed from the results of light scattering14 and
absorption studies.6 Thus, the precise nature of aggregation,
especially in DSCG, remains an open question.

To investigate experimentally the nature of the aggregates
and aggregation process in the isotropic phase of LCLCs, one
must account for the effects of pretransitional nematic
ordering. In standard thermotropic liquid crystals, the pre-
transitional short-range order in the isotropic phase is
described well by Landau-deGennes theory.15 According to this
theory, the Cotton–Mouton coefficient decreases with temper-
ature as 1/(T � T *), where T * is the thermodynamic stability
(supercooling) limit of the isotropic phase. Since the mean
LCLC aggregate length, and therefore aspect ratio, also change
with temperature, one may anticipate that T * itself is a
temperature-dependent parameter. If the aggregation process
is isodesmic, the mean aggregate length decreases continu-
ously with increasing temperature, approaching molecular
dimensions only at a very high temperature. On the
other hand, in a non-isodesmic process, aggregates could
form, or lengthen, abruptly at some critical temperature in the
isotropic phase. In either case, the Cotton–Mouton coefficient
should have a temperature dependence reecting both pre-
transitional behavior [1/(T � T *(T))] and a change in the form
(shape) birefringence due to the temperature-dependent
length.

In the work reported here, we used high-eld magnetic
birefringence to probe aggregation and pretransitional
nematic ordering in four different LCLC systems above the
biphasic (nematic-isotropic coexistence) region. In addition to
testing the Landau-deGennes prediction in LCLC systems, our
results provide insight into the character (isodesmic versus
non-isodesmic) of the temperature-dependent aggregate
growth.

2 Experimental details

Four different LCLC systems were studied for this work (Fig. 1).
These four compounds were selected for two reasons: (1) they
are among the most studied of the chromonic systems, and (2)
based on these studies, they represent both a range of assembly
structures and differing behavior. All were prepared as aqueous
solutions: (i) 12 wt% and 14 wt% 5-[3-(2-carboxy-4-oxochromen-
6-yl)oxy-2-hydroxypropoxy]-4-oxochromene-2-carboxylic acid
(DSCG), from Spectrum, Inc. (original purity¼ 98%), (ii) 25 wt%
of the disodium salt of 6-hydroxy-5-[(4-sulfophenyl)azo]-2-
naphthalenesulfonic acid (Sunset Yellow or SSY) from Sigma
Aldrich (original purity ¼ 95.7%) (iii) 2.5 wt% Bordeaux dye
(BD), the product of the sulfonation of the cis-dibenzimidola-
zole derivative of naphthalenetetracarboxylic acid, from Optiva,
Inc., and (iv) 3.65 wt% 6,15-disulfonicacid-7,16-dichloro-6,15-
dihydrodinaptho[2,3-a; 2,3-h]phenazine-5,9,14,18-tetraone dia-
mmonium salt known as Blue 27 (B27), from Optiva, Inc.

The LCLC concentrations were chosen to yield clearing point
temperatures TN+I (upper limit of the coexistence region) near
room temperature. Since TN+I for Sunset Yellow depends very
sensitively on concentration, we opted for a particularly low
clearing point to allow heating well above this temperature
without water loss. As a result, we were able to study tempera-
tures 30 degrees or more above the transition without water
evaporation being a problem; this was veried by checking that

Fig. 1 LCLC materials used for aggregation studies. (a) Disodium cromoglycate
(DSCG),16 (b) Sunset Yellow (SSY),17 (c) Blue 27,18 (d) Bordeaux dye.19

9488 | Soft Matter, 2013, 9, 9487–9498 This journal is ª The Royal Society of Chemistry 2013

Soft Matter Paper

Pu
bl

is
he

d 
on

 2
0 

A
ug

us
t 2

01
3.

 D
ow

nl
oa

de
d 

by
 S

w
ar

th
m

or
e 

C
ol

le
ge

 o
n 

24
/0

3/
20

16
 1

9:
22

:2
9.

 
View Article Online

http://dx.doi.org/10.1039/c3sm51819a


there was no change in the clearing temperature. For high-eld
measurements, DSCG, Bordeaux and Sunset Yellow were sealed
in 1 mm path length, B270 crown glass cuvettes. Blue 27,
because of its greater absorbance, was also sealed in a 1 mm
cuvette, but the thickness was decreased by adding borosilicate
slides to reduce the optical path length to 0.46 mm.

We determined TN+I by cooling the sample from high
temperatures and monitoring the intensities of both back-
scattered and transmitted light in zero magnetic eld. In the
coexistence region, the scattering is much larger than the
transmission, due to the presence of nematic droplets, from
which the light scatters strongly. We took the transition
temperature to be the temperature at which the transmission
went to zero and scattering reached a plateau. The transition
temperatures, using our setup, were: T B27

N+I z 25� C, T BD
N+Iz 26.5�

C, T DSCG
N+I (12 wt%) z 26� C, T DSCG

N+I (14 wt%) z 30.5� C, and
T SSY

N+I z 15� C.
High resolution measurements of eld-induced optical

phase shis were conducted in the isotropic phase of the LCLC
samples using the classic technique combining photoelastic
phase modulation and lock-in signal detection, as described in
ref. 20. Data analysis was performed with updated calibration
characteristics for the photoelastic modulator; details of the
calibration procedure can be found in ref. 21. Fig. 2 illustrates
the experimental setup. The sample was inserted into a two-
stage, temperature-controlled brass oven with�10 mK stability.
The oven was suspended at the midpoint in the bore of the 31
Tesla solenoid at the National High Magnetic Field Laboratory

(Cell 5). A diagram of the sample geometry appears in Fig. 3; in
this arrangement, the magnetic eld is perpendicular to the
optical path (further details are provided in ref. 22). Any stray
birefringence induced by the sample glass, steering mirrors, or
other optics was compensated out using a Soleil–Babinet
compensator. The light source used to study Sunset Yellow,
Bordeaux dye,19 and DSCG was a 632.8 nm helium–neon laser;
there is negligible absorption by these solutions at this wave-
length. For Blue 27, we used an Argon-ion laser set in multi-line
mode and amonochromator to select the line at a wavelength of
457.9 nm. Absorption at this wavelength was signicant, but
accurate measurements of optical phase shis were still
feasible.

Two experimental protocols were followed: (1) eld sweeps
in which the eld was ramped from 0 to 30 Tesla at a rate of
10.125 Tesla min�1 and at xed temperatures starting 1–2
degrees above the upper limit of the coexistence region, and (2)
temperature sweeps in which the temperature was ramped
above TN+Iwhile holding the eld xed between 25 and 30 Tesla.
Throughout both protocols, the intensity of transmitted light
was simultaneously monitored at three frequencies: DC, 1f and
2f, where f ¼ 50 kHz is the photoelastic modulation frequency.
The ratio of the 1f to 2f amplitude is proportional to tan 4,
where 4 is the phase difference between the ordinary and
extraordinary rays traversing the sample. The phase difference
is related to the induced birefringence (refractive index anisot-
ropy Dn) according to 4 ¼ (2pdDn)/l, where d is the sample
thickness and l is the vacuum wavelength.

Fig. 2 (Color online) Optical setup for pathlength perpendicular to the magnetic field; the coordinate system is indicated to the right. The dotted circle denotes the
magnet, with the magnetic field pointing in the ẑ -direction (out of the page). The twomirrors attached to the oven that were used to direct the laser beam through the
sample are not explicitly shown.21
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3 Results and discussion
3.1 Low eld behavior and temperature dependence of the
Cotton–Mouton coefficient

The Cotton–Mouton effect in a diamagnetic medium is a
quadratic relationship between Dn and the applied magnetic
eld B given by:11

Dn ¼ ClB2. (1)

Here, C ¼ C(T) is the temperature-dependent Cotton–Mouton
coefficient, and l is the wavelength of the laser used. This relation
applies for values of B for which Dn is well below the saturated
value. Since the magnetic permeability of the LCLC differs
negligibly from the vacuum permeability, B can be taken to be the
measured eld in the empty bore.

In Fig. 4, we plot Dn as a function of B2 for different
temperatures in the isotropic phase (above TN+I) for the four
LCLC systems studied. All four show Dn f B2 at sufficiently
small B or sufficiently high temperature relative to TN+I. The
values of Dn for Blue 27 are 30–50 times lower than the other
LCLC materials. The behavior is similar to the difference in
birefringence seen in the homogeneous nematic phases of
these compounds.18 We attribute this to the fact that the best
choice of optical wavelength available to us still lies in the wings

Fig. 3 (Color online) Sample geometry, with light passing through the sample
linearly polarized at 45� . (a)When B¼ 0, themolecules/aggregates may align in any
direction at temperatures above TN+I. As the temperature approaches this transition,
the number of aggregates increases. (b) When B > 0, the molecules align parallel to
the applied magnetic field, causing the aggregates' long axis to align perpendicular
to the magnetic field; i.e., the material has a negative diamagnetic anisotropy. Due
to this induced anisotropy, a phase difference is present in thematerial, increasing as
the field increases and the molecules become more aligned. This effect is more
apparent when the temperature is closer to TN+I.

Fig. 4 (Color online) |Dn| versus B2 for (a) Blue 27, (b) Bordeaux dye, (c) DSCG,
and (d) Sunset Yellow. Only selected temperatures for eachmaterial are shown for
clarity.
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of resonant absorption of Blue 27, and thus the real part of the
complex refractive index may be anomalously low.18 By tting
the low eld data in Fig. 4 to the linear relationship presented in
eqn (1), we extracted the Cotton–Mouton coefficient

C ¼ dDn
dB2

� �
B/0

. At higher values of B (B $ 10 Tesla) and for T

close to TN+I, we note that Dn is not linear in B2 for Bordeaux dye
and Sunset Yellow. Such a nonlinear dependence at high eld
was previously observed in colloidal suspensions,23 goethite a-
FeOOH nanorods,24 and hard colloidal platelets.25 The deviation
from Dn f B2 in those cases is caused by phase separation, a
eld-induced transition, or competition between magnetic
properties. In Section 3.2 below, we will address the question of
what mechanism in LCLCs might cause the departure from the
classical Cotton–Mouton effect at high elds.

Fig. 5 displays the dependence of C on T in the isotropic
phase of the four LCLCs studied. These data are revealing of the
nature of the isotropic-nematic transition and potentially of the
aggregation mechanism. For Blue 27, Bordeaux dye, and Sunset
Yellow, C(T) tends gradually away from zero as the temperature
is decreased. However, in the case of DSCG, C(T) rapidly
increases from a at value consistent with zero, within the
precision of our measurement.

The prediction from Landau-deGennes theory for the pre-
transitional temperature dependence of C(T) above the
isotropic to nematic transition is:

CðTÞ ¼ Cmax

T � T*
; (2)

where Cmax ¼ 2
9
DnmaxDcmax

a0
, Dnmax and Dcmax are the birefrin-

gence and anisotropy of magnetic susceptibility for the fully
ordered uniaxial nematic state, respectively, and a0 is the
coefficient of the lowest order (quadratic) term in the Landau-
de Gennes expansion of the isotropic phase free energy in terms
of the nematic order parameter. In thermotropic nematics,

the supercooling limit T* of the isotropic phase is a constant
(i.e. a material property). However, our data are not fully
described by the simple prediction in eqn (2) (Fig. 6).

To develop an expression for C(T) applicable to LCLCs, we
must account for the temperature-dependent length of the
aggregates – and specically its potential effect on the form
birefringence, the birefringence resulting from anisotropy on
scales larger than the molecular scale,26–28 of the LCLC solution
– in addition to the impact of pretransitional nematic order.
Since the saturated refractive index anisotropy in the nematic
phase of LCLCs is small compared to thermotropics (Dnmax x
0.02 versus 0.15), the aspect ratio of the aggregates is much
larger (up to 100 : 1 versus 6 : 1). Furthermore, since the index
contrast between the aggregates and aqueous solvent is not
small (nLCLC � nwater x 0.2), form birefringence could be a
signicant contributor to the eld-induced Dn we measure, in
addition to the inuence of molecular anisotropy. The form
birefringence of a uniaxial anisotropic particle is generally a
complicated function of the particle aspect ratio, L(T)/d. We take
L as the temperature-dependent mean length and d as the
(xed) cross-sectional diameter of the LCLC aggregates.

In order to keep the analysis simple, we will model the
aggregates as spheroidal objects with L/d[ 1 giving a long, thin
prolate shape, approaching a cylinder in the limit L/d / N, and
L/d < 1 giving an oblate shape. We will also assume that the
aggregates are continuous media, with anisotropic dielectric
constants 312 and 33 surrounded by a solvent medium with
isotropic dielectric constant 3sol. The 3 direction corresponds to
the axis of rotational symmetry of an aggregate and 1, 2 to the
plane perpendicular to 3. In the case of spheroids, the electric
eld is uniform inside, and the refractive index anisotropy Dnmax

comprising both form and molecular contributions for a fully
aligned LCLC may be written in a simple form for Dmax � 1 as:26

Dnmax ¼ f

2
ffiffi
3

p
��

3k � 3sol

1þ kkDk

�
�
�

3t � 3sol

1þ ktDt

��
(3)

where f is the volume fraction of the LCLC molecules, �3 is the
dielectric constant of an isotropic distribution of pure LCLC

Fig. 5 (Color online) The classical Cotton–Mouton coefficient versus T for Blue 27
(sideways triangles), Bordeaux dye (triangles), DSCG (squares), and Sunset Yellow
(circles). Since the data for Blue 27 are substantially lower than that for the other
three systems, it is plotted against the scale on the right axis.

Fig. 6 (Color online) 1/C versus T for all four systems. The data for Blue 27 and
DSCG are plotted against the right axis. For DSCG, 1/C is non-linear, but for the
other three materials, we note that there is a nearly linear trend.
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molecules, kk;t ¼ ð1� f Þ 3k;t
3sol

� 1
� �

, and Dk and Dt are depo-

larization factors. Here, the direction k corresponds to the
applied eld B. Since Dn only reaches �0.02 in the nematic
phase of LCLCs, the condition Dnmax � 1 is fullled.

Due to the negative diamagnetic anisotropy, the aggregate
long axes all lie degenerately in the plane perpendicular to Bwhen
the system is fully aligned by B. As the inter-aggregate spacing is
much smaller than the optical wavelength, we write Dk ¼ D12 and
Dt¼ (D12 + D3)/2, where D12 and D3 are the depolarization factors
for a spheroid. Similarly, we take 3k ¼ 312 and 3t¼ (312 + 33)/2. The
depolarization factors are given by;29 for m h L/d > 1:

D12 ¼ m

2ðm2 � 1Þ

"
m� 1

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2 � 1

p ln

 
mþ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2 � 1

p

m�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2 � 1

p
!#

(4)

D3 ¼ 1

m2 � 1

"
m

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2 � 1

p ln

 
mþ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2 � 1

p

m�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2 � 1

p
!

� 1

#
(5)

for m ¼ 1:

D12 ¼ D3 ¼ 1

3
(6)

and for m < 1:

D12 ¼ m

2ð1�m2Þ
�

1ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1�m2

p sin�1
� ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1�m2
p �

�m

�
(7)

D3 ¼ 1

1�m2

�
1� mffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1�m2
p sin�1

� ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1�m2

p ��
(8)

For simplicity in what follows, we shall replace a statistical
distribution in values of m at each temperature with the mean
value, m / �m ¼ �L(T)/d.

Although eqn (3) embodies a number of approximations, it
captures the essential physical results. Namely, in the limit of
no LCLC molecules ( f ¼ 0), Dnmax vanishes, while in the case of
pure LCLC ( f ¼ 1, no solvent), Dnmax f 3k � 3t. When there is
no shape anisotropy (m ¼ 1), and using the fact that kk,t � 1 in
this case, we again obtain Dnmax f 3k � 3t, i.e. the optical
anisotropy is entirely due to anisotropic molecular
polarizability.

Next, we must account for the pretransitional nematic order.
We use the Landau-deGennes prediction (eqn (2)) together with
a temperature-dependent T* arising due to the temperature-
dependent �L/d. Following,10 we write:

T � T* ¼ T � T0* � a2(T � T*
0)
2 � a3(T � T*

0)
3, (9)

where a2 and a3 are constants, and T*0 corresponds to the
supercooling limit of the isotropic phase for a uniform system
of aggregates with mean length �L(T*0). Combining eqn (2), (3)
and (9) yields:

CðTÞ ¼ 2

18
Dcmax f

��
3k � 3sol

1þ kkDk

�
�
�

3t � 3sol

1þ ktDt

��

�
h
T � T*

0 � a2

	
T � T*

0


2 � a3

	
T � T*

0


3i�1

(10)

The nal ingredient is an expression for �L(T)/d, which
contributes in eqn (10) through the depolarization factors Dk
and Dt. For an isodesmic aggregation process, one theoretically
expects (ref. 30 and references therein) an Arrhenius-like
temperature dependence:

LðTÞ
d

¼ L0

d
e1=2f1=2exp

�
Ea

2kBT

�
(11)

here, Ea is the “scission” energy, or the extra energy associated
with the two end caps of an aggregate relative to the energy per
molecule in the interior stack, f is the volume fraction of
chromonic molecules, L0 is a length comparable to the inter-
molecular spacing (L0 � 0.3 nm), e ¼ exp(1) z 2.718, and T is
the absolute temperature. Typical values of the scission energy
are Ea � 8 � �10kBT.8 For variations around room temperature
(�300 K), eqn (11) gives a relatively weak, approximately linear
temperature dependence. The analysis leading to eqn (11) will
be reviewed below.

In Fig. 7, we display the results of tting data for C(T) for
three of thematerials studied, Blue 27, Bordeaux dye and Sunset
Yellow, to eqn (10) in the form:

CðTÞ ¼ A

����
�

1

1þ kkDk

�
�
�

D

1þ ktDt

�

�
����hT � T*

0 � a2

	
T � T*

0


2 � a3

	
T � T*

0


3i�1

(12)

Here, the absolute value is taken since our measurement of
optical phase shi is not sensitive to sign, and eqn (11)
describes the temperature dependence of �L/d that enters in the

depolarization factors. In the ts, we xed D ¼ 3t � 3sol

3k � 3sol
to

values between 0.9 and 1, kkx kt¼ 0.2 –�0.25, Ea/kB¼ 3000 K,
and L0/d ¼ 0.3.8 The parameters A, T*0, a2, a3 were set to
reasonable starting values and then freely varied. As Fig. 7
shows, these ts accurately describe the data, and we conclude
that these data are consistent with an isodesmic aggregation
process in the isotropic phase of aqueous Sunset Yellow,

Fig. 7 (Color online) C versus T for Blue 27, Bordeaux dye and Sunset Yellow,
with fit to eqn (12). The data for Blue 27 are plotted against the scale on the right
axis. It is apparent that the data for these three systems are described remarkably
well by the isodesmic model.
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Bordeaux dye, and Blue 27. We also nd that the tted param-
eters a2, a3 are quite small, in the ranges �0.007 to �0.004 and
0.0003 to 0.0005, respectively, for these LCLCs. This is consis-
tent with only a minor evolution in T*, due to gradual variation
of mean aggregate length with temperature, and again indicates
isodesmic behavior.

Next, we turn to our results for DSCG. As is evident from
Fig. 8(a), the temperature dependence of C(T) differs qualita-
tively from the other LCLC systems. While our measurements in
the 12 wt% sample indicate a stronger decrease in C(T) above

TN+I, more complete data, obtained on a 14 wt% sample,
extending to higher temperatures, clearly establish the differ-
ence. These data, recorded during a temperature scan at xed B
¼ 25 Tesla, demonstrate that Dn decreases rather rapidly with T
above TN+I to a minimum value that is consistent with zero
within our experimental resolution, and then remains essen-
tially at with further increase in T. As further shown in Fig. 8(b)
(utilizing a log scale for clarity), the standard (isodesmic) model
for �L/d in eqn (11), used with eqn (12), cannot account for the
sharp decrease and attening out of the data for C(T) in the
isotropic phase. To describe the unusual results for DSCG, we
therefore propose a model for a non-isodesmic process, char-
acterized by a strongly temperature-dependent �L/d.

Let us start by briey reviewing the classical isodesmic
model, which was developed years ago and, for example,
describes the growth of worm-like micelles.30 The free energy
density of the system, used to calculate a length distribution, is
constructed from two parts: the non-extensive part of the free
energy for the individual aggregates, taken simply to beP

LEac(L) (where c(L) is the concentration of aggregates with
length L), and the entropy of mixing for the aggregates,
kBT
P

Lc(L)ln[c(L)n0] (where v0 is a molecular volume). Thus, the
effective free energy density of the system is: f ¼ P

L(Eac(L) +
kBTc(L)ln[c(L)n0]). Minimization of this density over c(L), subject
to the constraint of xed volume fraction f of chromonic mol-

ecules
�P

LLcðLÞn0 ¼
n0

L0

ðN
0
dLLcðLÞ ¼ L0f

�
, gives c(L) ¼

exp(�Ea/kBT)exp(�L/�L)/(en0), where �L ¼ L0e
1/2f1/2exp(Ea/2kBT).

This is eqn (11) above.
To extend the model for the case of a non-isodesmic process,

we consider the possibility that the aggregates may statistically
occupy two states, one characterized by non-extensive energy U0

¼ Ea and the other, a temperature-dependent “excited” state of
the aggregate, characterized by energy U1 ¼ Ea + gkB(Tc � T),
where g and the temperature Tc are two phenomenological
parameters. In this case, the non-extensive energy of an

aggregate is given by
�v

vb
ln½expð�bU0Þ þ expð�bU1Þ�;

or Ea þ gkBðTc � TÞ
exp½gðTc � TÞ=T� þ 1

. This replaces Ea in the previous

expression for the free energy density f of the system. We note
that this new expression reduces to Ea if g/ 0. The constrained
minimization of f now gives a more strongly temperature-
dependent mean length. However, to ensure a nite �L at high
temperature, it is necessary to include a lower cutoff on the
integration over L in the constraint condition, i.e.P

L/
1
L0

ðN
L1

dL, where L1 is chosen to ensure the same high

temperature limit as eqn (11), namely, �L/ L0e
1/2f1/2 as T/N.

The nal result for �L is:

LðTÞ
d

¼ L0

d
e1=2f1=2

�
exp

�
Ea

kBT

�
exp

�
gðTc � TÞ=T

exp½gðTc � TÞ=T � þ 1

�

�exp

� �g

expð�gÞ þ 1

�
þ 1

�1=2
(13)

Fig. 8 (Color online) (a) C versus T for 12 wt% and 14 wt% DSCG. The solid lines
correspond to eqn (12) (isodesmic model), whereas the dotted lines correspond
to eqn (12) using the more general model for �L/d of eqn (13) (non-isodesmic
model). While both models appear to describe the data prior to the sudden
decrease to zero, the inset shows that the isodesmic model cannot fully describe
the behavior of C(T) far from TN+I. (b) We can easily see the fit quality of the non-
isodesmic model by examining the data on a y-axis logarithmic scale, where the
data T [ TN+I are only describable by including eqn (13).
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This expression reduces to eqn (11) when g / 0, but for large
g, it exhibits a sharp change with temperature in the vicinity
of Tc.

In Fig. 8, we present ts of the DSCG data for C(T) for 12 and
14 wt% DSCG samples to eqn (12) and using a more general
model for �L/d in eqn (13) with g ¼ 540 and Tc ¼ 308 K. We also
included a small, xed baseline for C(T), which represents an
instrumental offset in our experiment. The model matches the
data quite well and it clearly is more accurate than the simple
isodesmic model. This result indicates a signicantly more
dramatic T dependence for the length of aggregates in the
isotropic phase of DSCG compared to that reected in the data
for the other LCLCs. Moreover, the values of the t parameters
a2 ¼ �0.21 and a3 ¼ 0.035 are much larger in magnitude for
DSCG than the other systems; this is expected if the variation of
�L/d is more dramatic. It should be stressed that our main
qualitative conclusion is in fact independent of the details of
the model leading to eqn (13): an accurate description of our
data for DSCG requires a substantially stronger temperature
dependence of �L/d than that expected in a purely isodesmic
aggregation process.

Unusual aggregation behavior in aqueous DSCG has also been
deduced from recent light scattering14 and optical absorption
experiments.6 These experiments indicated that the aggregates
become essentially isotropic in shape at a temperature �10�C
above the coexistence region, which is roughly consistent with the
decrease in C(T) to essentially background values in Fig. 8(a). Our
results encompassing four different LCLCs nevertheless conrm
that non-isodesmic aggregation in LCLCs is atypical.

The difference in the aggregation properties of DSCG
compared to the other systems is presumably a manifestation of
some structural difference in the aggregates or of a possibly
subtle difference in their thermodynamic and/or electrostatic
stabilization. X-ray experiments on DSCG indicate that the cross
sectional area of the aggregates is roughly equivalent to twice
the area of single molecules,31 so side–side dimerization of
molecules within the stack is a possible distinguishing feature
for a non-isodesmic process. In fact, X-ray measurements on
Sunset Yellow, which assembles isodesmically, point to
columnar aggregates of single molecules.5,32 However, similar
measurements19 indicate that Bordeaux dye breaks the pattern.
In this case, aggregates with a two-molecule cross section
develop isodesmically. The distribution of charges on the
aggregates also does not yield a satisfactory explanation for the
singular behavior of DSCG. Both DSCG and Bordeaux dye have
charged groups on the same side, whereas Blue 27 and Sunset
Yellow have charged groups on opposite sides,32 so it is unlikely
that the reason for the difference in aggregation process
between DSCG and the other three systems is merely due to the
location of these charged groups. Perhaps the difference is
molecular, given the higher exibility of the core of the DSCG
molecule relative to the other molecules.

3.2 High-eld behavior of the induced birefringence

We now return to the question of the origin of the substantial
deviation from classical Cotton–Mouton behavior (Dn f B2)

observed for certain LCLCs in Fig. 4 when T is close to TN+I and
at larger values of B2. One possibility is that additional optical
effects become signicant in these cases, including Sunset
Yellow and Bordeaux dye, but not in DSCG. Previous analyses,
such as that presented by Luoma,13 assume that the media are
weakly absorptive, in which case one may decompose the
optical Jones matrix into the product of matrices for separate
effects. In this analysis, linear dichroism cancels out in the
measurement of the optical phase shi 4 and thus cannot lead
to the nonlinearity of Dn(B2) seen in Fig. 4(b) and (d). The
general form of the Jones matrix33,34 for an optically anisotropic
material contains eight independent parameters describing
eight possible optical properties. Two of them correspond to the
isotropic mean refraction and mean absorption. The other six
parameters describe linear and circular birefringence, linear
and circular dichroism, and the so-called Jones birefringence
and Jones dichroism.

Separate, direct measurements veried that both linear and
circular dichroism (in the materials we studied) are below our
threshold of detection. Two other effects, the so-called Jones
birefringence and dichroism (linear birefringence and
dichroism, both oriented at 45� to the optic axis), are extremely
esoteric; it is not entirely clear that they are allowed,34 nor can
they be measured independently. Furthermore, it is highly
unlikely that the Jones dichroism should be taken into account
when the linear and circular dichroism are ruled out.

In uniaxial nematics, the Jones dichroism is expected to be
nonzero when the linear dichroism is nonzero. For a uniaxial
nematic, the Jones birefringence does not refer to a separate
material property, but appears when the optic axis of a crystalline
sample is azimuthally misaligned with respect to the coordinate
system, such that 4JB ¼ 4LB tan 2a, where a is the angle of
misalignment, and 4JB and 4LB are the phase retardations due to
the Jones birefringence and linear birefringence, respectively.33

For more details, see ref. 35 and 36. In our experiment, due to the
negative diamagnetic anisotropy of the aggregates, they tend to
align their long axes perpendicular to ~B without any preference
for their direction within a plane Pt~B. In other words, the polar
angle between the optic axis and ~B is xed, but the azimuthal
orientation of the optic axis within the plane Pt~B is degenerate.

This is a rare example of the realization of a nematic-like
structure with the scalar orientational order parameter

� 1
2
\S\0. For S ¼ � 1

2
, the optic axis induced by the applied

magnetic eld is strictly localized within the plane P and

thereby a¼ 0. For other values of S from the interval� 1
2
\S\0,

a is nonzero, but decreases for the increasing magnetic eld,
which implies that 4JB also decreases when B increases. If the
observed deviation from the Cotton–Mouton law were due to the
Jones birefringence, then this deviation would decrease for
increasing magnetic eld, which is in conict with our observa-
tion. Therefore, we opted to neglect four of the six anisotropic
optical effects, namely: linear, circular and Jones dichroisms, and
Jones birefringence, leading us to examine whether the two
remaining effects, linear and circular birefringence, can
adequately describe our data.
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Finally, we also made careful efforts to rule out instrumental
effects – specically, the possibility that the modulation
amplitude setting could differ from the actual amplitude, which
can affect the shape of 4 in the vicinity of 4¼ np/2, where n is an
integer. We developed a procedure to self-consistently correct
for differences between the set and actual amplitudes, the
details of which are described in ref. 21. To validate this
procedure, we measured the magnetic eld-induced optical
phase difference in the isotropic state of a standard calamitic
liquid crystal (5CB) from 0 to almost 1.6p radians. The results,
displayed in Fig. 9, show (within experimental uncertainty)37

that 4 increases linearly with B2 as expected, which conrms
that the unusual behavior we observe in these LCLCs is not an
instrumental artifact.

Then, considering only a combination of linear and circular
birefringence, the Jones matrix representing our LCLC samples
becomes:

cos
J

2
� i4LB

J
sin

J

2

�4CB

J
sin

J

2

4CB

J
sin

J

2

cos
J

2
þ i4LB

J
sin

J

2

0
BB@

1
CCA; (14)

where 4LB and 4CB are the phase differences between orthog-
onal linear and circular components of transmitted light,
respectively, and J ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

4LB
2 þ 4CB

2
p

. In the usual way, we may
obtain the transmitted electric eld vector ~E by multiplying
together the matrices representing each optical element in our
experimental setup, including the incident polarizer, sample,
photoelastic modulator, and analyzer. The transmitted intensity
is then evaluated by taking ~E$~E*. Expanding the intensity in
terms of Fourier modes of modulator frequency, we nd for the
ratio of lock-in amplier signal voltages proportional to the
rst- and second harmonic components of the intensity:

V1f

V2f

¼ J1ðAÞ
J2ðAÞ

4LBffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4LB

2 þ 4CB
2

p tan

� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4LB

2 þ 4CB
2

p �
: (15)

where V1f and V2f are the rst- and second harmonic compo-
nents of the optical signal, f is the photoelastic modulation
frequency, and J1(A) and J2(A) are the Bessel function of the rst
and second kinds, respectively, evaluated at A, the amplitude of
optical phase modulation.

Recalling that 4 ¼ 2pdDn/l, we make the following substi-
tutions into eqn (15): 4LB ¼ 2pdDnLB/l and 4CB ¼ 2pdDnCB/l,
where DnLB ¼ ne � no is the refractive index difference between
the extraordinary and ordinary linearly-polarized waves, and
DnCB¼ nL� nR is the refractive index difference between the le
circularly-polarized and right circularly-polarized waves. Note
that, when 4CB ¼ 0, we obtain the usual result for when there is
only eld-induced linear birefringence. We also note that eld-
induced linear birefringence is simply the Cotton–Mouton
effect described by eqn (1), and so C z CLB.

Finally, we use eqn (1) to insert the expected B2 dependence,
and arrive at the expression for the total phase shi:

tan 4 ¼ CLBffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
CLB

2 þ CCB
2

p tan

�
2pB2d

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
CLB

2 þ CCB
2

q �
(16)

where CLB and CCB are the CM coefficients due to induced DnLB
and DnCB, respectively, and d is the path length through the
sample. In eqn (16), the T dependence ofCLB andCCB is not written
explicitly. We used this functional form to t the data in Fig. 4(b)
and (d), using only two adjustable parameters: CLB and CCB. The
ts are presented in Fig. 10 and the temperature dependence of the
t parameters is shown in Fig. 11. Since it was not possible to
induce a sufficiently large phase difference in Blue 27, due to
absorption, we could not detect any effect of CCB. Additionally,
since the 1mmpath length DSCG sample also did not have a large
phase difference, we also tested a 10 mm thick sample of DSCG.
The two coefficients CLB and CCB for DSCG were determined using
the thicker sample and appear in Fig. 11. Measurements on a
sufficiently thick sample of Blue 27 could not be made due to the
high absorption of this dye at the optical wavelength used. Note
that for small B2 and 4, eqn (16) reduces to 4¼ 2pdCLBB

2, or from
the relation 4 ¼ 2pdDn/l, Dn ¼ CLBlB

2, which is identical to eqn
(1). Thus, the linear in B2 analysis of the measured Dn at low B2

should yield CLB, the quantity discussed in Section 3.1 above.
This analysis, including our correction procedure for

instrumental effects, validated in Fig. 9 for phase shis
exceeding the largest measured in Fig. 10, indicates that non-
zero values of both 4LB and 4CB are induced by the applied eld.
Since there is no broken chiral symmetry on a molecular level,
and the geometry of the magnetic eld is not correct to induce
net non-zero circular birefringence (i.e. our magnetic eld is
perpendicular rather than parallel to the light propagation
direction), this result is surprising. Interestingly, since in this
case 4LB s 0, the relevant quantity in eqn (14) is 4CB

2 rather
than 4CB. Even though by symmetry 4CB, integrated over the
optical path length, must be zero, we have an intriguing
possibility; this zero average can be the result of a distribution
of domains having both negative and positive CB.

However, what might be the origin of such regions? One
obvious candidate is chirally stacked aggregates having a
twisted distribution of their optic axis along the light path,

Fig. 9 (Color online) 4 versus B2 for 5CB, with a linear fit super-imposed. The
residual non-linearity is attributable to the resolution of the PEM.37
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although with both handedness occurring with equal proba-
bility. Such aggregates, or perhaps groups of such aggregates,
would necessarily be of size at least comparable to l in order to
produce the effects discussed above. Chirality in the aggregates
could be induced due to a shi in the charge density on each
molecule in the aggregate, thus forcing a helical offset of the
molecular planes as they stack. Then, 4CB is the difference
between the azimuths of the long axes of the light polarization

ellipses at the exit and entrance interfaces of the sample. The
contributions to the rotation of the light polarization plane due
to a random spatial distribution of the le- and right-handed
species along the light path average to zero, leading to 4CB

averaging to zero. Indeed, small scale chirality has been
conrmed in tactoidal nuclei of the nematic phase of DSCG
coexisting with its isotropic melt.38

The observed nonzero 4CB
2 suggests that the system demon-

strates macroscopic chirality over spatial scales comparable at
least to l. Such a macroscopic effect may arise from chromonic
aggregates interacting with each other. One of themechanisms of
long-range interactions is through the counterions surrounding
the chromonic aggregates. We recall that the chromonic aggre-
gates are essentially polyions, with the surface groups becoming
ionized in water. The positive surface charges are screened by the
clouds of negatively charged counterions. The presence of surface
charges and equal number of counterions (the overall charge is
zero) greatly modies the interactions of particles in colloidal
systems, as was recognized already by Onsager in hismodel of the
excluded volume-induced nematic phase.39

In particular, a rod-like, non-chiral polyion exerts long-range
orientational torques on its similarly charged rod-like polyions.
Interestingly, the sign of this effect depends on how the inter-
actions are treated. In the mean-eld theory, the interactions
are predicted to lead to a perpendicular arrangement of charged
rods;40 in the Debye–Hückel plasma approach, the theory
predicts parallel orientation of the rods.41 It is reasonable to
assume that the counterion clouds around the chiral aggregates
would facilitate long-range correlations, “transferring” chirality
from individual aggregates to their assemblies. The existence of
chiral torques has been demonstrated in counterion-mediated
electrostatic interactions between helical DNA molecules sepa-
rated by distances of a few lD;42 electrostatically, the LCLC
aggregates are similar to DNA, carrying 6 ionizable sites per 1
nm of the aggregate length.

The second mechanism of macroscopic chirality in chro-
monic systems, already conrmed experimentally for the eld-
free biphasic region in which the nematic and isotropic phases

Fig. 10 (Color online) Fits for 4 versus B2. (a) Blue 27, (b) Bordeaux dye, (c) DSCG,
and (d) Sunset Yellow, assuming that both linear birefringence and circular
birefringence are induced by the field.

Fig. 11 (Color online) CLB and CCB (where applicable) versus T for all four systems.
The data for Blue 27 are plotted against the scale on the right axis and the lines
shown are used to connect the points.
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coexist,38 is rooted in the strong elastic anisotropy of the
nematic ordering of LCLCs. As measured for Sunset Yellow, the
elastic constant K22 of twist is about one order of magnitude
smaller than the elastic constants of splay K11 and bend K33.43

This elastic anisotropy controls the director eld inside the
nuclei (tactoids) of the nematic phase appearing in the isotropic
uid. The director is necessarily distorted because of the closed
shape of the tactoids and because of the surface anchoring that
requires the director to be tangential to the nematic-isotropic
interface.38 The smallness of K22 leads to macroscopic twist
deformations that relieve splay and bend distortions.38 Within
each tactoid, the sense of the twist is either le- or right-handed,
but it alternates from one tactoid to the next.

In these systems, the typical screening length (Debye length lD)
ranges from about 0.3 nm for Sunset Yellow44 to 0.5 nm for
DSCG.45 These values of lD are comparable to the diameter of
the aggregates (1.2 nm for Sunset Yellow) and to the distances
between the surfaces of neighboring aggregates. Assuming
that each Sunset Yellow aggregate has a radius of 0.6 nm and a
length of 1 nm, with a volume fraction of about 0.2, the center-
to-center distance between the aggregates is about 1.8 nm;
therefore, the surface-to-surface distance is only about 0.6 nm,
comparable to the above estimates of lD. The orientational
torques between the charged chromonic aggregates might lead
to macroscopic amplication of a single-aggregate chirality. To
verify this hypothesis, it would be extremely interesting to
explore the behavior of LCLCs doped with different amount of
salts; large concentrations of salts might reduce lD andmitigate
the effect of the eld induced 4CB.

As was previously noted, the induced optic axis tends to align
parallel to the plane Pt~B. There is no long range correlation in
the orientations of the aggregates when moving along any
direction perpendicular to ~B, including that along the light
path. The azimuthal orientation of the optic axes within the
plane P is assumed to be random at long distances, with respect
to the inter-aggregate distances, but there are short range
orientation uctuations forming clusters with nematic-like
ordering inside them and without any correlation between
them. The light will be scattered by these clusters and partially
depolarized. Partial depolarization of the light implies that the
azimuth of the light wave at the exit sample interface will be
randomly rotated across the light beam cross-section with
respect to the entrance polarization direction. Therefore, the
value and sign of the light polarization rotation will be a func-
tion 4CB(x,z) of the coordinates (x,z) across the light beam (see
Fig. 2 for the denition of the coordinate system). Nonzero
4CB(x,z) contributes as nonzero circular birefringence to the
total phase retardation in eqn (15).

Since the applied magnetic eld only xes the polar angle
between the optic axis and ~B, but has no impact on the
azimuthal angle of the optic axis orientation along the light
beam because the light propagation direction is perpendicular
to~B, the light scattering, and thus the light depolarization along
the light path, should not depend on B, but should increase on
cooling. Therefore, the light depolarization due to scattering
might be the origin of nonzero circular birefringence 4CB in eqn
(15) and therefore nonzero CCB in eqn (16), explaining the

observed deviation from the Cotton–Mouton law. The fact that
the deviation from the Cotton–Mouton law is well pronounced
for Sunset Yellow and Bordeaux dye and is much less for DSCG
can be due to the stronger light depolarization in the light
absorbing materials.

4 Conclusions

The nature of eld induced birefringence at temperatures above
the (zero-eld) nematic-isotropic two-phase coexistence region
yields valuable insight into the nature of aggregation in LCLC
suspensions. Specically, the temperature dependence of the
Cotton–Mouton coefficient is not only substantially more
complicated than is predicted by simple Landau-deGennes
theory, it also differs markedly from one material to another.
We nd a distinct difference between the aggregation behavior
of disodium cromoglycate solutions compared to the other
three materials studied: DSCG cannot be adequately described
by models assuming an isodesmic aggregation process. In
addition, we have extended our measurements to very high
magnetic elds, and corresponding optical phase differences.
In these regimes, we observed some remarkable and unex-
pected behavior, specically a non-zero result for induced
circular birefringence in a non-chiral material. We have dis-
cussed possible origins of this effect, but further work is
required in order to denitively establish how this result arises.

Acknowledgements

The authors acknowledge invaluable assistance from S. McGill,
M. Omelchenko, and W. Aldhizer. This work was supported by
the NSF (DMR-0606160, DMR-0964765, and DMR-1121288), the
Ohio Board of Regents, and grant 0113U000468 from the
Ministry of Education and Science of Ukraine. Work performed
at NHMFL supported by NSF cooperative agreement DMR-
0084173, the State of Florida and the U.S. Department of
Energy.

References

1 J. Lydon, Curr. Opin. Colloid Interface Sci., 2004, 8, 480–490.
2 S.-W. Tam-Chang and L. Huang, Chem. Commun., 2008,
1957–1967.

3 Handbook of Liquid Crystals, ed. D. Demus, J. Goodby, G.
Gray, H.-W. Spiess and V. Vill, Wiley-VCH, 1998, vol. 2B.

4 J. Howell, J. Allergy Clin. Immunol., 2005, 115, 882.
5 V. Horowitz, L. Janowitz, A. Modic, P. Heiney and P. Collings,
Phys. Rev. E: Stat., Nonlinear, So Matter Phys., 2005, 72,
041710.

6 P. Collings, A. Dickinson and E. Smith, Liq. Cryst., 2010, 37,
701–710.

7 J. Lydon, Liq. Cryst., 2011, 38, 1663–1681.
8 H.-S. Park and O. Lavrentovich, Lyotropic Liquid Crystals:
Emerging Applications, in Liquid Crystals Beyond Displays,
Wiley-VCH, 2012, ch. 14.

9 P. Maiti, Y. Lansac, M. Glaser and N. Clark, Liq. Cryst., 2002,
29, 619–626.

This journal is ª The Royal Society of Chemistry 2013 Soft Matter, 2013, 9, 9487–9498 | 9497

Paper Soft Matter

Pu
bl

is
he

d 
on

 2
0 

A
ug

us
t 2

01
3.

 D
ow

nl
oa

de
d 

by
 S

w
ar

th
m

or
e 

C
ol

le
ge

 o
n 

24
/0

3/
20

16
 1

9:
22

:2
9.

 
View Article Online

http://dx.doi.org/10.1039/c3sm51819a


10 Y. A. Nastishin, H. Liu, S. Shiyanovskii, O. Lavrentovich,
A. Kostko and M. Anisimov, Phys. Rev. E: Stat., Nonlinear,
So Matter Phys., 2004, 70, 051706.

11 R. Guenther, Modern Optics, John Wiley and Sons, 1990.
12 J. Champion and G. Meeten, J. Pharm. Sci., 1973, 62, 1589.
13 R. Luoma, Ph.D. thesis, Brandeis University, 1995.
14 C. Bertrand, K. Linegar, A. Kostko and M. Anisimov, Phys.

Rev. E: Stat., Nonlinear, So Matter Phys., 2009, 79, 041704.
15 P. de Gennes and J. Prost, The Physics of Liquid Crystals,

Oxford University Press, 1993.
16 R. Vasyuta, O. Boiko, Y. Piryatinskiy, V. Nazarenko and

A. Kachkovsky, Mol. Cryst. Liq. Cryst., 2005, 426, 117–127.
17 D. Edwards, J. Jones, O. Lozman, A. Ormerod, M. Sintyureva

and G. Tiddy, J. Phys. Chem., 2008, 112, 14628–14636.
18 Y. A. Nastishin, H. Liu, T. Schneider, V. Nazarenko,

R. Vasyuta, S. Shiyanovskii and O. Lavrentovich, Phys. Rev.
E: Stat., Nonlinear, So Matter Phys., 2005, 72, 041711.

19 M. Tomasik and P. Collings, J. Phys. Chem. B, 2008, 112,
9883–9889.

20 J. Kemp, J. Opt. Soc. Am., 1969, 59, 950–954.
21 T. Ostapenko, Ph.D. thesis, Kent State University, 2011.
22 D. Wiant, Ph.D. thesis, Kent State University, 2007.
23 J. Tang and S. Fraden, Phys. Rev. Lett., 1993, 71, 3509–3512.
24 B. Lemaire, P. Davidson, J. Ferré, J. Jamet, P. Panine, I. Dozov
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