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Aggregation behavior and chromonic liquid crystal properties of an anionic monoazo dye

Viva R. Horowitz,1 Lauren A. Janowitz,1 Aaron L. Modic,1 Paul A. Heiney,2 and Peter J. Collingsl’2

1Deparl‘ment of Physics & Astronomy, Swarthmore College, Swarthmore, Pennsylvania 19081, USA
2Departmem‘ of Physics & Astronomy, University of Pennsylvania, Philadelphia, Pennsylvania 19104, USA
(Received 17 March 2005; published 25 October 2005)

X-ray scattering and various optical techniques are utilized to study the aggregation process and chromonic
liquid crystal phase of the anionic monoazo dye Sunset Yellow FCF. The x-ray results demonstrate that
aggregation involves 7r-m stacking of the molecules into columns, with the columns undergoing a phase
transition to an orientationally ordered chromonic liquid crystal phase at high dye concentration. Optical
absorption measurements on dilute solutions reveal that the aggregation takes place at all concentrations, with
the average aggregation number increasing with concentration. A simple theory based on the law of mass
action and an isodesmic aggregation process is in excellent agreement with the experimental data and yields a
value for the “bond” energy between molecules in an aggregate. Measurements of the birefringence and order
parameter are also performed as a function of temperature in the chromonic liquid crystal phase. The agree-
ment between these results and a more complicated theory of aggregation is quite reasonable. Overall, these
results both confirm that the aggregation process for some dyes is isodesmic and provide a second example of

a well-characterized chromonic system.

DOI: 10.1103/PhysRevE.72.041710

I. INTRODUCTION

Chromonic liquid crystals represent an intersection of two
very active fields of research, supramolecular assembly and
ordered complex fluids. On the one hand, the spontaneous
aggregation of some molecules due to a combination of weak
attractive forces and solvent effects is a rich field of current
scientific inquiry, with possible applications ranging from the
generation of new materials to the treatment of disease. On
the other hand, liquid crystals represent a class of complex
fluids that has revealed a great deal about molecular interac-
tions, phase transitions, and the science of soft condensed
matter in general. In the chromonic liquid crystal phase, an
aqueous solution of a dye, drug, or nucleic acid assembles to
form aggregates which are anisotropic in shape (rodlike or
disklike). If the concentration of these aggregates is high
enough and the shape of these aggregates is anisotropic
enough, a nematic liquid crystal phase forms (the chromonic
N phase) in which the aggregate axes possess a preferred
direction as the aggregates diffuse, break up, and reform. At
even higher concentration and/or lower temperature, a sec-
ond liquid crystal phase sometimes forms in which the ag-
gregates are also positionally ordered in a hexagonal array
(the chromonic M phase). Chromonic liquid crystals are lyo-
tropic liquid crystals, but in general they do not possess a
critical micelle concentration as is normally the case for the
lyotropic liquid crystals formed by amphiphilic molecules.
Rather, the process of aggregation in chromonic systems has
been described as isodesmic, meaning that the “bond” energy
between molecules in an aggregate is independent of aggre-
gate size.

The existence of chromonic liquid crystals has been
known for some time. Many of the studies have focused on
disodium cromoglycate, a drug developed for the treatment
of asthma, which forms a liquid crystal phase at room tem-
perature for concentrations higher than about 10 wt % [1-3].
X-ray measurements reveal the existence of both chromonic
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N and M phases with a repeat distance of 0.34 nm between
the aromatic rings of neighboring molecules in the aggregate
and a spacing between the centers of 2-3 nm diameter col-
umns of about 4 nm [4,5]. Nuclear magnetic resonance stud-
ies show a very high value for the order parameter in these
phases [5]. Polarized infrared spectroscopy experiments
yield lower values of the order parameter for various bonds
in the molecule, which is not surprising because the bonds
are not aligned with respect to the aggregate axis [6]. Very
recently, a light scattering and viscosity study concluded that
the diameter of the columns is about 2 nm (about the size of
a single molecule) and the average length of the columns at
the isotropic - nematic phase transition is about 20 nm [7].
The structure of the aggregates is still not known with cer-
tainty, with some measurements suggesting a column of
single molecules [4], and with some results favoring a struc-
ture with four molecules in the cross section of a hollow
column [6,8,9]. The birefringence of the nematic phase is
negative and small, which is consistent with the formation of
columnar aggregates in which the molecular axis with the
largest index of refraction is perpendicular to the long axis of
the column [4,10,11].

Investigations of other chromonic liquid crystal systems
are not nearly as extensive as those on disodium cromogly-
cate. There have been many studies of pseudoisocyanine
chloride solutions, but few of the results are for concentrated
samples where the liquid crystal phase appears [12-14].
Other work has investigated a number of dyes including xan-
thone derivatives [15], benzopurpurin 4B [16], acid red 266
[17], phthalocyanine and porphyrin derivatives [18], Levafix
Goldgelb [19], Violet 20 [11,20], direct blue 67 [21,22], and
Blue 27 [11]. These studies suggest a number of general
conclusions for dye systems. First, a liquid crystal phase nor-
mally appears at room temperature for concentrations in the
5-15 wt % range. Second, evidence points to both chromonic
N and M phases in most of these systems. Third, an x-ray
scattering peak corresponding to a 0.34 nm repeat distance is
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usually present. Fourth, there is evidence that aggregation
takes place even at low concentrations of the dye, with the
aggregates increasing in size as the concentration increases.
Fifth, while suggestions exist as to the structure of the ag-
gregates in these systems, the evidence favoring one particu-
lar structure is even more limited than for disodium cro-
moglycate.

In order to understand the behavior of chromonic liquid
crystals, it is important to study both the aggregation process
and the properties of the liquid crystal phases. To comple-
ment the extensive work on disodium cromoglycate, a differ-
ent system was selected, one with a simpler molecular struc-
ture which is representative of the many dyes known to
aggregate and form liquid crystals. The anionic monoazo
food dye Sunset Yellow FCF (C. I. Food Yellow 3 or
FD & C Yellow 6), the disodium salt of 6-hydroxy-5-
[(4-sulfophenyl)azo]-2-naphthalenesulfonic acid, has been
reported to form a liquid crystal phase in one unpublished
report [23] and was investigated using optical, magnetic, and
x-ray techniques in another unpublished report by Luoma
[24]. Because Sunset Yellow FCF is a food coloring, it is
available in a purer form than many textile dyes (as is also
the case for the drug disodium cromoglycate). From this pre-
vious work, it is clear that Sunset Yellow FCF forms a liquid
crystal phase at room temperature for concentrations greater
than about 25 wt % and that the repeat distance is again 0.34
nm. Luoma also provides evidence that (1) the aggregation
starts at low concentrations with the formation of small ag-
gregates and continues with the formation of larger aggre-
gates as the concentration gets higher, (2) in the liquid crystal
phase aggregates contain on the order of ten molecules, (3)
the length of the aggregate varies with the square root of the
volume fraction, (4) the diameter of the aggregates is about
1.4 nm, and (5) the order parameter of the aggregates varies
between 0.75 and 0.9. In an effort to investigate the aggre-
gation process and liquid crystal properties of this promising
system further, uv-visible absorption spectra and x-ray scat-
tering profiles were obtained on solutions too dilute for the
liquid crystal phase to form. Following Luoma’s investiga-
tion [24], the diffuse x-ray peak due to aggregate-aggregate
distances was analyzed, but this time over a much wider
concentration range. In addition, fundamental measurements
on the nematic phase of Sunset Yellow FCF were performed,
revealing how the birefringence depends on temperature and
concentration and what the order parameter variation with
temperature is for a typical concentration. Finally, a very
simple theory of aggregation was tested against the absorp-
tion data and the agreement is excellent. A more complicated
theory of aggregation, which should be valid in the liquid
crystal phase, is in reasonable agreement with the experi-
mental results for more concentrated solutions. Thus the
work reported here represents a comprehensive study of a
chromonic liquid crystal other than disodium cromoglycate.
By performing different measurements over a concentration
range that includes both the isotropic and liquid crystal
phase, this investigation is in some senses more complete
than most previous studies. But most interesting, perhaps, are
the large number of similarities between the two systems.
Undoubtedly, some systems behave quite differently, but at
this point the basic behavior of a class of chromonic liquid
crystals is becoming clear.
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II. THEORETICAL CONSIDERATIONS

There has not been a great deal of theoretical work on
chromonic liquid crystals. If the aggregates are considered to
be uniform rods or spherocylinders that interact through the
excluded volume effect, then the calculations of Onsager
[25] and Lee [26], respectively, can be applied. The former is
only applicable in the limit of very long rods. The latter
predicts a volume fraction change of about 8% and an orien-
tational order parameter of about 0.7 at the nematic-isotropic
transition for a volume fraction of about 0.28 and a length to
diameter ratio of 9. Taylor and Herzfeld consider self-
assembling systems of linear aggregates, including in the cal-
culation hard-core potentials, short-range repulsions, and an
energy contribution for each pair of molecules [27,28]. The
distribution of aggregate sizes depends on the parameters
controlling the interactions, but a typical system with a vol-
ume fraction of about 0.28 has about six molecules in an
aggregate on average and an orientational order parameter of
0.7 at the transition. Recently a Monte Carlo simulation of a
mixture of model chromonic and water molecules has been
performed [29]. Two different models for the chromonic
molecules are employed and both attractive and repulsive
interactions are introduced among the units comprising the
model of the chromonic molecule and the model of the water
molecule. The simulation shows a gradual increase in the
average number of molecules per aggregate, reaching about
ten at a volume fraction of about 0.1. Using one model for
the chromonic molecule yields columnar aggregates while
using another model for the chromonic molecule does not. At
high concentrations, the columnar aggregates become more
chainlike.

On the other hand, very simple theoretical ideas have
been used with some success on systems that spontaneously
self-assemble. For example, Israclachvili examines the be-
havior of a system of aggregates by invoking the law of mass
action to describe the equilibrium between N individual mol-
ecules and an aggregate of N molecules [30]. If X, is the
volume fraction of molecules in aggregates of size N, and if
,u?, is the mean interaction free energy per molecule in an
aggregate of N molecules, then X can be written in terms of
the volume fraction of the individual molecules X;:

Xy = N(X, e sDksT)Y. (1)

kg and T are the Boltzmann constant and absolute tempera-
ture, respectively. The case of isodesmic aggregation for one-
dimensional aggregates (rods) is worked out specifically by
assigning a molecule-molecule “bond” energy of akgT for
each of the (N-1) “bonds” in an aggregate of N molecules,

N-1
0
ul=— akgT. 2
NN TR ?

The volume fraction of molecules in aggregates of N mol-
ecules is then
Xy=N(Xe®)Ne™@. (3)

If the total volume fraction of molecules in solution is ¢,
then
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FIG. 1. Aggregate size distributions and volume fractions for
two concentrations according to the simple theory using parameters
appropriate to Sunset Yellow FCF at room temperature. The 0.04M
solution is far below the transition to the liquid crystal phase while
the 1.10M solution represents a point on the phase diagram in the
liquid crystal phase near the coexistence region. The numbers in
angular brackets are the average number of molecules in an aggre-
gate for each of the two distributions.

2 Xy=2 [NXeYWe|=———5=¢. (4
N=1 N i=1 : (1 —X1€0‘)2
This equation can be solved for X,
_
(1+2¢e®) =1 +4pe”
X, = ; (5)

2¢62a

where it is clear that the distribution of aggregate sizes de-
pends on the volume fraction ¢, the “bond” energy «, and
the temperature 7.

These simple theoretical ideas for noninteracting aggre-
gates should be most applicable in dilute systems and can
easily be compared to experimental results if the density of
the aggregated molecules p (or the volume of a molecule in
an aggregate) is known. The relationship between volume
fraction and molar concentration Cy; is

pd

M= -

(6)
where p is the density in grams per 1000 cm® and M is the
molar mass of the chromonic compound in grams per mole.
As explained later, absorption and x-ray measurements allow
the value of « to be determined for Sunset Yellow FCF. If
this value is used, then the distribution of aggregate size can
be calculated. Figure 1 contains the results of such a calcu-
lation for two concentrations, 0.04M and 1.1M, at room tem-
perature with p=1.4 g/cm? [24] and a=7.25. Quantities pro-
portional to both Xy/N and X, are plotted in Fig. 1. The
former is proportional to the number of aggregates of each
size, while the latter is the volume fraction of molecules in
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aggregates containing N molecules. Notice that the X dis-
tribution peaks while the Xy /N distribution does not. Xy/N
becomes an exponential distribution in the limit of large ¢e®
[30]. The average aggregation number (N) is given for each
concentration and is simply the average value of N weighted
according to the Xy/N distribtuion. The more dilute of these
two concentrations corresponds to a volume fraction of
roughly 0.01 and is far below the transition to the liquid
crystal phase. Notice that according to the theory there are on
average only 4.8 molecules in an aggregate and there are few
aggregates with over 10 molecules. The more concentrated
solution has a volume fraction of approximately 0.26 which
is just above the transition to the liquid crystal phase at room
temperature in Sunset Yellow FCF. According to the theory,
the average number of molecules in an aggregate is 19.7 and
there is a significant number of aggregates containing more
than 25 molecules. Assuming a repeat distance of 0.34 nm
between the molecules and a molecular diameter of 1.2 nm
(representative values for Sunset Yellow FCF), this implies a
length-to-diameter ratio for the average aggregate of about 6.

In comparing theory and experiment, a decision must be
made concerning the two sodium atoms of Sunset Yellow
FCF. In water, the sodium ions dissociate leaving the rest of
the Sunset Yellow FCF molecule as a anion. The question
then arises as to whether the sodium ions should be consid-
ered part of the aggregating molecule or part of the solution.
The situation is made more complicated by the fact that a
small association of the two oppositely charged ions is
present, plus there is some association of water molecules
with each Sunset Yellow FCF anion. Both of these effects
make the chromonic molecule slightly larger than the Sunset
Yellow FCF anion. In light of this, in all calculations the
sodium atoms are considered to be part of the chromonic
molecules that aggregate. This assumption has no qualitative
effect on the results, because assuming the chromonic mol-
ecule is the Sunset Yellow FCF anion merely shifts the the-
oretical calculations along the concentration axis by 10%.

More often than not, the absorption spectra of chro-
mophores change when aggregation occurs. In some cases
the change can be dramatic, as is the case for high concen-
trations of pseudoisocyanine chloride for which a strong,
redshifted peak appears at a wavelength outside of the ab-
sorption region of isolated molecules [12-14]. For many
chromophores at low concentrations, Blue 67 [22], disodium
cromoglycate [11], Blue 27 [11], and Sunset Yellow FCF
being examples, aggregation produces only modest changes
in the strength and shape of the absorption band. Theoretical
work in understanding these changes focuses on the elec-
tronic states of the molecule when coupling with nearby mol-
ecules in the aggregate is introduced. The general finding is
that the absorption spectrum changes most when two mol-
ecules aggregate, and the change with the addition of more
molecules gets less and less as the number of molecules in
the aggregate increases.

One simple example of such a theoretical approach mod-
els the absorption as due to excitons. Coupling with other
molecules is taken into account by introducing off-diagonal
elements in the Hamiltonian for the aggregate [31]. If a con-
stant amount of coupling is restricted to neighboring mol-
ecules, then the Hamiltonian for the system (dimension equal
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to the number of molecules in the aggregate) has the transi-
tion energy for the isolated molecule for each of the elements
along the diagonal and a coupling constant for each element
on either side of the diagonal. The energy eigenstates for
such an aggregate can be found analytically and are given by

= + COS ,
m 0 N+1

where m is the energy eigenstate index, E is the transition
energy of an isolated molecule, N is the number of molecules
in the aggregate, and B is the coupling constant. According
to this theory, the number of energy eigenstates increases
linearly with N, but the separation between the highest and
lowest energy eigenstates approaches an upper limit with in-
creasing N.

In order to apply this theoretical model to Sunset Yellow
FCF, in which the strength of the absorption decreases sig-
nificantly with only a small shift in absorption wavelength, it
is noted that the cosine function in Eq. (7) describes the
decreasing nature of the changes to the absorption spectrum
as molecules are added to larger and larger aggregates. It is
reasonable to assume, therefore, that the decrease in absorp-
tion at a typical wavelength in the absorption region roughly
follows such a functional form. If a, is the absorption coef-
ficient at a specific wavelength for isolated molecules, then
the absorption coefficient at that same wavelength for an
aggregate of N molecules ay can be expressed as follows:

T
+1>. ®

Using this functional form, the absorption coefficient
changes from a; for isolated molecules to a;+2f for infi-
nitely long aggregates.

ay=a, +2,Bcos(N

III. EXPERIMENTAL PROCEDURES AND RESULTS

Sunset Yellow FCF was purchased from Sigma-Aldrich
and purified by dissolving it in millipore water, adding etha-
nol to cause the Sunset Yellow FCF to precipitate, filtering to
isolate the precipitate, and then drying the powder in a
vacuum oven. This procedure was performed twice before
using the Sunset Yellow FCF in experiments. Solutions were
prepared by mixing known amounts of purified Sunset Yel-
low FCF and millipore water, quickly sealing the container,
and vortexing the mixture until the Sunset Yellow FCF dis-
solved completely. Solutions were pipetted into sample con-
tainers of various kinds, which were then sealed to prevent
evaporation. Some of the absorption experiments and all of
the liquid crystal experiments required thin samples, in
which case a drop of solution was placed at the opening
between two pieces of glass and the space between the two
pieces of glass filled due to capillary action. This filling pro-
cedure was done in a humidity chamber to prevent evapora-
tion during the 5-10 min it sometimes took for samples to
fill. The capillary tubes used in the x-ray experiments were
filled by placing a drop of solution in the reservoir end of the
capillary tube and shaking the tube to force the solution into
the thin portion of the capillary tube.

PHYSICAL REVIEW E 72, 041710 (2005)
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FIG. 2. Absorption coefficients in the uv-visible range for many
dilute solutions of Sunset Yellow FCF (molecular structure also
shown).

Absorption measurements were made using dilute solu-
tions with concentrations ranging from 0.04 mM or 20 mM.
Use of sample containers with path lengths ranging from
50 um to 1 cm were necessary in order to keep the absorp-
tion within a useful range for the Jasco uv-visible spectro-
photometer. The absorption spectra for all samples as well as
the structure of Sunset Yellow FCF are shown in Fig. 2.
Notice that while there is a significant change in the absorp-
tion coefficient as the concentration is increased, the shape of
the absorption spectrum only changes a little. To check
whether scattering might also be present, light scattering
measurements were performed on solutions with concentra-
tions up to the coexistence region. In all cases, the intensity
of the scattered light was extremely weak, an indication that
the size of the aggregates is significantly smaller than the
wavelength of light.

The phase diagram for the Sunset Yellow FCF—water sys-
tem was determined by making solutions with concentrations
around 1 M, introducing these solutions into glass cells
(10 wm path length), sealing the cells with epoxy and Crito-
seal®, placing the cells in a temperature controlled heating
stage (0.01 °C precision), and observing the cells through a
polarizing microscope. With the polarizers of the microscope
crossed, the isotropic phase appeared dark and the liquid
crystal phase appeared bright yellow-orange. The tempera-
ture was increased and decreased at a rate of 0.4 °C/min for
each sample, recording the temperature at which one phase
first appeared and then the temperature at which the other
phase completely disappeared. The results of these measure-
ments are plotted in Fig. 3, where the error bars represent the
difference in temperatures recorded in heating and cooling.
Notice that there is a significant coexistence region, which is
not surprising given that there is a distribution of aggregate
lengths. The phase diagram shown in Fig. 3 is very similar to
the phase diagram contained in Ref. [24], with the location
of the coexistence region differing by less than 0.1 M and
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FIG. 3. Phase diagram for Sunset Yellow FCF. The solid circles
and squares represent measurements of the isotropic-coexistence
and nematic-coexistence boundaries, respectively. The error bars
denote the difference between measurements taken on cooling and
heating.

the slope of the coexistence region differing by a few per-
cent.

X-ray scattering experiments employed Cu Ko radiation
from a Bruker-Nonius FR591 generator with mirror-
monochromator optics and a multiwire detector. Samples
were loaded into thin-walled capillary tubes, and for samples
in the liquid crystal phase, there was evidence for some flow
alignment of the director. Similar to the results for disodium
cromoglycate [5] and in agreement with prior work on Sun-
set Yellow FCF [24], a broad concentration-dependent peak
was observed at low angles, a sharper concentration-
independent peak occurred at high angles, and in partially
aligned samples these peaks were separated by 90° in y
scans. These results indicate that Sunset Yellow FCF is simi-
lar to disodium cromoglycate in that the molecules are
stacked more or less normal to the columnar axis, giving a
repeat distance along the axis of 0.34 nm. In order to obtain
more direct evidence for a structure, attention was concen-
trated on the smaller angle peak over a large concentration
range. The results are displayed in Fig. 4, showing the shift
of the x-ray peak with concentration. The horizontal axis
denotes the scattering wave vector g,

4
q= Tﬂ-sin 0, 9)

where \ is the wavelength of the x rays and 6 is the Bragg
angle (half the scattering angle). The lines in the figure rep-
resent fits to the data of a Lorentzian line shape with a linear
background.

An experiment on the highest concentration solution was
also performed to investigate how the low angle peak de-
pended on temperature. Data were obtained in the liquid
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FIG. 4. X-ray scattering intensity as a function of scattering
wave vector for three concentrations in the isotropic phase and one
concentration in the nematic phase (1.08M). The lines are fits to the
data of a Lorentzian function with a linear background.

crystal phase, across the coexistence region, and into the iso-
tropic phase. As can be seen from Fig. 5, there is little
change of the peak scattering wave vector in the nematic
phase, with a small decrease inside the coexistence region.
This indicates that the average separation between aggre-
gates is approximately 2.5 nm and only weakly affected by
the phase transition. On the other hand, as expected the full
width at half maximum of the peak, which is inversely re-
lated to the distance over which motion of the aggregates is
correlated, increases at all temperatures, especially across the
nematic-isotropic transition. The correlation lengths obtained
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FIG. 5. Peak scattering wave vector and full width at half maxi-
mum of the x-ray scattering peak plotted against temperature for the
1.08M solution. The dotted lines indicate the location of the coex-
istence region between the nematic and isotropic phases.
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from the data range from about 8 nm at room temperature in
the nematic phase to roughly 5 nm in the isotropic phase near
the nematic-isotropic transition.

Measurements of the birefringence and order parameter of
the liquid crystal phase require that the director be aligned.
This can be difficult in a chromonic system, but it was
achieved by allowing Sunset Yellow FCF in the liquid crystal
phase to flow into the 10 wm space between two pieces of
glass. Rubbed glass and rubbed polyimide coated glass both
induced alignment. Sometimes a small amount of suction
was necessary to draw the liquid crystal into the opening.
Sometimes the cell would slowly fill on its own in a humid-
ity chamber. Because the alignment was never perfect, mea-
surements of the birefringence and order parameter were per-
formed using a microscope focused on a well aligned region
of the sample (about 0.8 mm in diameter) as described in the
following paragraphs.

Birefringence measurements were made by having lin-
early polarized light incident on the sample with its polariza-
tion at 45° to the director. The light then passed through a
quarter wave plate with its fast axis oriented parallel to the
direction of incident light polarization. This resulted in lin-
early polarized light, but at an angle to the initial polarization
direction equal to half the phase retardation introduced by
the sample. The birefringence An can then be found from the
phase retardation ¢ by the following relation,

_2mhgd

An ,
d

(10)
where A is the wavelength of light in a vacuum and d is the
sample thickness. Since the measurement angle is the same
for retardations that differ by m, the birefringence of a
sample in a cell of half the thickness was also measured.
Only one choice of the retardation angles for samples of both
thicknesses yielded consistent values for the birefringence.

The results of these measurements are displayed in Fig. 6.
Notice that the birefringence is negative in all cases, mean-
ing that the index of refraction for light polarized parallel to
the director is less than the index of refraction for light po-
larized perpendicular to the director. In a thermotropic liquid
crystal composed of molecules with an N=N bond and as-
sociated aromatic rings parallel to the long axis of the mol-
ecule, the birefringence is positive. If the N—=N bond in the
Sunset Yellow FCF molecules lies perpendicular to the long
axis of the aggregate, more N=N bonds are perpendicular
to the preferred direction of the aggregate long axis (director)
than parallel to it. If the N=N bond and associated aromatic
rings dominate the optical response of this molecule, then the
birefringence will be negative. Notice also that the magni-
tude of the birefringence increases as the concentration in-
creases.

If just about all of the absorption of a molecule occurs for
light parallel to one bond, the order parameter of that bond
can be easily measured [32]. This is true for the N=N bond
of Sunset Yellow FCF just as long as the wavelength of light
is in the absorption region. Order parameter measurements
were made using the microscope and the same method of
sample preparation. Parallel polarizers were placed on both
sides of the sample, and the transmitted intensity was mea-
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FIG. 6. The temperature dependence of birefringence for a num-
ber of concentrations. The wavelength of the light is 633 nm. Since
the nematic-isotropic temperature depends on concentration (see
Fig. 3), the coexistence region occurs at different temperatures for
each concentration.

sured with the director parallel and perpendicular to the po-
larizers. In order to obtain a reasonable amount of absorption
in a 10 um thick sample, 576 nm light was used. The
amount of absorption was calculated by comparing the trans-
mitted intensity of the sample cell and an identical cell filled
with water. In order to measure the order parameter, the in-
dices of refraction for light polarized parallel and perpen-
dicular to the director must be known. These were calculated
by first measuring the index of refraction of solutions of
Sunset Yellow FCF with different concentrations in the iso-
tropic phase with an Abbé refractometer. This isotropic or
average index of refraction was linear with concentration and
was extrapolated to a concentration of 1.25M, the concentra-
tion of the sample used for the order parameter measure-
ments. The next step was to measure the birefringence of the
sample as described previously. If the index of refraction in
the isotropic phase is denoted by n, and the indices parallel
and perpendicular to the director are denoted as n and n |,
respectively, then the following approximate relations can be
used to find the two indices,

2 1
nH%nO+§An, annO—gAn. (11)

Knowing both the absorptions and indices of refraction for
light parallel and perpendicular to the director, the order pa-
rameter S can be found from the relationship,

_mA—n AL

- ’ (12)
mA+2n A,

where A and A | are the absorptions for light polarized par-
allel and perpendicular to the director, respectively [32].
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FIG. 7. Orientational order parameters as a function of tempera-
ture for a 1.25M solution. The full plot shows the measured order
parameter of the N—N bond. The insert displays the order param-
eter for the long axis of the aggregates assuming the N=N bond
makes an angle of 90° with the long axis of the aggregate.

The results of these measurements on one solution of
Sunset Yellow FCF are shown in Fig. 7. Again, the order
parameter is negative indicating that the N—N bond is more
likely to be perpendicular to the director than parallel to the
director, just as was inferred from the birefringence measure-
ments.

IV. DISCUSSION

To quantify the change in absorption during aggregation,
the absorption coefficient at 500 nm is plotted as a function
of concentration in Fig. 8, showing that the absorption coef-
ficient strongly depends on concentration at low concentra-
tions, with the effect increasing more slowly as the concen-
tration increases. Also shown in the figure is a fit of the
simple aggregation theory to the data. Since the density of
Sunset Yellow FCF has been measured [24], the only param-
eters in the fit are the “bond” energy and the absorption
coefficient for very large aggregates. The fit to the absorption
data is excellent and yields values for “bond” energy at room
temperature and absorption coefficient for large aggregates
of (7.25+0.01)kgT and (9570+10)M~' cm™!, respectively.
This value for the “bond” energy between molecules in an
aggregate of roughly seven times kg7 is an interesting result,
since it indicates a fairly strong driving mechanism toward
aggregation. But this must be the case since aggregation is
significant at very low concentrations. These absorption mea-
surements combined with the excellent theoretical fit are firm
evidence of how the aggregation proceeds in Sunset Yellow
FCF. Aggregation does not begin at some critical value of the
concentration. Nor is there an optimum aggregate size as in
the formation of micelles in amphiphilic systems. Rather, the
aggregation is isodesmic in that it occurs at all concentra-
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FIG. 8. Absorption coefficients for Sunset Yellow FCF at 500
nm as a function of concentration for dilute solutions. The line is a
fit of the simple theory to the data as explained in the text.

tions, with the equilibrium distribution of aggregate sizes
shifting to larger and larger aggregates as the concentration
increases because the “bond” energy is independent of ag-
gregate size. Thus at all concentrations there is a spread in
the size of the aggregates, which is why a fairly large coex-
istence region is present. This type of isodesmic aggregation
could very well describe chromonic liquid crystals in gen-
eral.

The nematic liquid crystal phase of Sunset Yellow FCF
forms at room temperature when the concentration reaches
about 29 wt %. This is a higher concentration than is typical
for chromonic liquid crystals, which could be due to the fact
that the cross section of the columns is one molecule. In
hollow columns formed when there are several molecules in
a cross-section, water is present in the center of the column,
effectively reducing the amount of water between columns.
In systems of water-filled columns, therefore, the nematic
liquid crystal phase could very well occur at lower concen-
trations.

There is roughly a 7% change in concentration from one
boundary of the coexistence region to the other when the
temperature is constant at 35 °C. This represents a change in
the volume fraction of about 6% at an average volume frac-
tion of 0.24. According to the theory of Lee [26], a system
with a length to diameter ratio of 11 has a similar volume
fraction at the transition, which changes by 10% in going
from one phase to another. With one set of parameters in the
theory of Taylor and Herzfeld [27,28], a system with on av-
erage about 5 molecules in an aggregate has a similar vol-
ume fraction at the transition, which changes by 12% in
crossing the coexistence region. On the other hand, this latter
theory predicts that the width of the coexistence region for a
fixed volume fraction of 0.24 is 13 °C if the transition takes
place at 35 °C. This compares favorably with the experimen-
tal value of about 12 °C. The slopes of the coexistence
boundaries in temperature-volume fraction space in this
same theory are 860 and 1040 °C for the nematic-
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FIG. 9. Dependence of x-ray peak scattering wave vector on
volume fraction. The inset is a log-log plot, while the full graph is
a plot of the square of the x-ray peak scattering wave vector vs
volume fraction. The lines are least square linear fits to the data.

coexistence and isotropic-coexistence boundaries, respec-
tively. Experiment yields 840 and 917 °C for the slopes of
these boundaries.

One way to ascertain the shape of the aggregates is to
investigate the dependence of the x-ray peak scattering wave
vector on the volume fraction of the aggregates. This depen-
dence is expected to be a power law, with the exponent re-
vealing the number of dimensions into which the aggregates
are packing. For example, if the x-ray peak scattering wave
vector depends on volume fraction to the 1/n power, n indi-
cates the number of packing dimensions. The inset in Fig. 9
shows a log-log plot of the x-ray peak scattering wavevector
vs. volume fraction for four solutions ranging from fairly
dilute to a concentration in the liquid crystal phase. The
slope of a linear fit to the data has a value of 0.53+0.06,
consistent with the packing of columns. The full plot in Fig.
9 displays a graph of the x-ray peak scattering wavelength
squared vs volume fraction, the slope of which reveals infor-
mation on the cross-sectional area of the columns. For ex-
ample, if hexagonal packing is assumed, the peak scattering
wave vector ¢ is related to the volume fraction by

g="""g, (13)

where a is the cross-sectional area of the columns [33]. The
linear fit shown in the figure yields a value for a of
1.21+0.12 nm?, which is a perfectly reasonable value for the
area of a single Sunset Yellow FCF molecule. If square pack-
ing of the columns is assumed, the value of a increases by
13%. Using a similar analysis but over a much narrower
concentration range, Luoma estimates the diameter of the
Sunset Yellow aggregates to be about 1.4 nm [24], a value
indicating a slightly higher cross-sectional area.
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The analysis of the x-ray measurements provides strong
evidence that the structure of the aggregates in Sunset Yel-
low FCF is a columnar one, with single molecules in the
stack. There is evidence that the aggregate structure in other
chromonic systems may be different, although in most of
these cases a firm conclusion is not yet possible.

The temperature dependence of the x-ray scattering peaks
is revealing. The average spacing between the aggregates
decreases by approximately 2% at the transition from the
isotropic to nematic phase. This represents a change in the
density of the aggregates of roughly 0.04%, which is an or-
der of magnitude smaller than typical density changes at the
nematic-isotropic transition in thermotropic liquid crystals
[34]. This indicates the hard-rod character of the aggregates
in this system, in which the density change at the transition
results from a slight change in the distribution of aggregate
sizes rather than a new balance between the intermolecular
forces and entropy effects in a thermotropic system. The loss
of orientational order at the transition is evident in the large
change in the correlation length, which decreases by nearly a
factor of 2.

The birefringence data reveal a temperature dependence
not unlike what is found in thermotropic liquid crystals. The
absolute value of the birefringence is roughly proportional to
the concentration and decreases slightly with a temperature
increase until it starts to drop quickly to zero in the coexist-
ence region. The fact that the birefringence is negative sup-
ports the model of the aggregates being columns with the
molecules stacked in the columns so the N=N bond is per-
pendicular to the long axis of the columns. Typical values for
the indices of refraction of azo thermotropic liquid crystals
with the N=N bond parallel to the long molecular axis are
m=1.8 and n, =1.6 [35]. However, the order parameter of
thermotropic nematic liquid crystals is about half the value
measured in Sunset Yellow FCF, and the concentration of a
thermotropic liquid crystal is 100% as opposed to roughly
25% for Sunset Yellow FCF. Using Eq. (11), one might
therefore estimate that the local indices of refraction parallel
and perpendicular to the N—N bond in Sunset Yellow FCF
might be closer to 1.73 and 1.63, respectively (n is assumed
to remain the same since the final birefringence estimate
does not depend on it). If 1.63 is used for the index of re-
fraction for light polarized parallel to the column axis (per-
pendicular to the N=N bond), and the average of 1.73 and
1.63 is used for the value of the index of refraction for light
polarized perpendicular to the column axis, then a birefrin-
gence of about —0.05 is expected. This estimate is represen-
tative of the measured birefringence for the least concen-
trated solution. The birefringence of disodium cromoglycate,
Blue 27, and Violet 20 has also been measured and falls
within the range of values plotted in Fig. 6 [11].

The behavior of the order parameter for the N—=N bond
shows a temperature dependence similar to what is typical in
thermotropic liquid crystals. If there is no correlation be-
tween the orientational fluctuations of an aggregate relative
to the director and the orientational fluctuations of the mol-
ecules within the aggregate relative to the aggregate axis,
then there is a simple relationship between the order param-
eter of the aggregate long axis S and the order parameter of
the N=N bond Sy_nx;,
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Sn—n = (Py(cos ¥))S, (14)

where P, is the second Legendre polynomial, the angular
brackets denote a thermal average, and vy is the angle be-
tween the N=N bond and the long axis of the aggregate
[36]. If y is assumed to be 90°, then the order parameter for
the long axis of the aggregate can be calculated and is shown
in the inset of Fig. 7. The order parameter of the long axes of
the columns is between 0.6 and 0.75, higher values than
those found in thermotropic nematic liquid crystals, but this
is expected for a system with some hard-rod character.
Luoma determined the order parameter to be between 0.75
and 0.9 for Sunset Yellow FCF using x-ray diffraction, a
method that may be more sensitive to larger aggregates [24].
Values found in disodium chromoglycate are around 0.75
[11]. Theoretically, the calculation for hard spherocylinders
predicts an order parameter of 0.7 for a volume fraction cor-
responding to the Sunset Yellow FCF solution [26], while the
result of the aggregation theory for this volume fraction
gives an order parameter of 0.7 at the transition, increasing
to 0.9 for the drop of temperature in Fig. 7 [27,28].

V. CONCLUSIONS

This comprehensive investigation into the aggregation
process and liquid crystal phase of a chromonic liquid crystal
adds important information about a second chomonic system

PHYSICAL REVIEW E 72, 041710 (2005)

and confirms a general picture for the behavior of such sys-
tems. Sunset Yellow FCF shares many of the same properties
as disodium cromoglycate, including an isodesmic aggrega-
tion process and the formation of columnar aggregates. The
evidence pointing to columnar aggregates with a cross sec-
tion of one molecule is strong in Sunset Yellow FCF. The
birefringence and order parameter measurements represent
some of the first measurements of this kind on these liquid
crystal phases. Numerous possibilities exist for applications
utilizing this aqueous liquid crystal phase with negative bi-
refringence and intense absorption. A simple theory can ex-
plain the initial aggregation process, and there is reasonable
agreement between the liquid crystalline data and a more
complicated theory of aggregation.
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