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Chromonic liquid crystals form when certain molecules are dissolved in a solvent, usually water, and the molecules spon-
taneously assemble into anisotropic structures. If the density of these structures is high enough and the temperature is low
enough, they organize into a liquid crystal phase with orientational and sometimes with positional order also. Chromonic
liquid crystals have been studied for more than half a century, yet theoretical, computational, and experimental investiga-
tions in the last decade have revealed many more details about them. The molecular structures that form chromonic liquid
crystals are quite varied, and as a result the assemblies that these molecules form vary significantly also. Recent research has
begun to shed light on these assembly processes, revealing that these too can be quite di!erent from one system to another.
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1. Introduction
The story of chromonic liquid crystals normally starts with
the work of Sandquist in 1915 on solutions of phenan-
threne sulfonic acid, in which he describes optical textures
under a polarizing microscope that reveal the existence
of a liquid crystal phase.[1] Reports of other scientists
continue in the years after, but independent work by Jel-
ley [2,3] and Schiebe [4] on pseudoisocyanine chloride
(PIC) brought significantly more attention to the idea of
molecular assembly. Researchers working to understand
the e"cacy of a new asthma drug initiated the more recent
work on chromonics when they published X-ray and opti-
cal data on disodium cromoglycate (DSCG).[5] It did
not take long before people realized that the two liquid
crystal phases identified in this work were composed of
columns of stacked molecules.[6] During this period, other
chromonic systems were discovered, including some azo
dyes,[7] xanthone derivatives,[8,9] and cyanine dyes.[10]
Soon thereafter it was realized that work on some nucleic
acids revealed similar behavior. An extensive review of
all of this work was written by Lydon in 1998.[11] More
recent reviews describe what has been learned since that
time and together do an excellent job of covering the entire
field.[12–17]

It was realized fairly early that the assembly pro-
cess that formed the columns of stacked molecules is
close to isodesmic, meaning that the change in free
energy for a molecule joining the stack is nearly inde-
pendent of the number of molecules in the stack.[11]
This means molecules begin to associate at extremely low
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concentrations, with the numbers and average size ofthe
assemblies increasing as the concentration increases. In
particular, there is no threshold at which assembly forma-
tion begins as is the case with the formation of micelles in
amphiphilic systems. The onset of liquid crystallinity crit-
ically depends on the size and density of assemblies, so it
appears as a phase transition, although a wide coexistence
region, on the order of 10 K, is usually present. The for-
mation of a liquid crystal phase at room temperature for
systems undergoing isodesmic assembly occurs when the
concentration is typically between 10 and 30 wt%. How-
ever, there are numerous reports in the literature that some
systems behave di!erently, forming a liquid crystal phase
at much lower concentrations (typically below 1 wt%),
with indications that a threshold for assembly might be
present. These include PIC,[18] cyanine dyes,[10,19] an
azo dye,[10] benzopurpurin 4B,[20,21] and more recently
pinacyanol acetate [22] and IR-806.[23] The working
hypothesis is that the assembly structure is more com-
plex and contains water, allowing these larger assemblies
to interact and form a liquid crystal phase at significantly
lower concentrations.

This review focuses on the assembly process in systems
that form chromonic liquid crystals. Molecular assembly is
common in nature and is responsible for a wide range of
phenomena in fields such as material science and biology,
just to name two. While significant scientific research has
shed light on the assembly process in many systems, such
is not the case for the compounds that form liquid crystal
phases. Most of the work on chromonic liquid crystals has
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2 P.J. Collings et al.

been devoted to understanding either the structure of the
assemblies or the properties of the liquid crystal phases.
It is the research that has revealed information about the
assembly process that is described here. Most of this work
is quite recent and includes theoretical, computational,
and experimental investigations. It has also been aided by
e!orts to image the assemblies using cryo-transmission
electron microscopy.[24,25]

2. Simple models of assembly
It is worthwhile to begin a discussion of the models of the
assembly process with the most simple ones. There are two
reasons for this. First, more complex assembly models are
in some senses extensions of the simple models. Second,
in the case of chromonic liquid crystals, the simple models
correspond to what is observed in some cases. Typically,
models of assembly are described either through a series
of reactions or by determining the partition function of
the system. The former is used in this review, but general
references that describe each of them are available.[26,27]

2.1. Isodesmic assembly
In the isodesmic assembly model, the change in the free
energy for the addition or subtraction of a molecule from
an assembly is independent of the size of the assembly.
This can be described by a series of chemical reactions, all
of which involve one molecule and an assembly, but with
the equilibrium constant the same for all reactions.

A1 + A1 ! A2, K = [A2]
[A1]2 ,

A2 + A1 ! A3, K = [A3]
[A2][A1]

,

...
...

Ai"1 + A1 ! Ai, K = [Ai]
[Ai"1][A1]

.

(1)

Here A1 represents a single molecule, Ai represents an
assembly of i molecules, K is the equilibrium constant
for all of the reactions, and the brackets denote concen-
trations. The system is constrained because the number of
single molecules in solution plus the number of molecules
in assemblies of any size must add up to the total number
of molecules in the system. If CT is the total concentration
of molecules in the system and if Ci = [Ai] is the concen-
tration of assemblies of size i, then the following equation
describes the constraint.

CT = C1 +
#!

i=2

iCi = C1 +
#!

i=2

iKCi"1C1

= 1
K

#!

i=1

i(KC1)
i. (2)

After performing the summation with KC1 < 1, this yields

KCT = KC1

(1 " KC1)2 , (3)

which results in a quadratic equation with the following
solution for C1 and !1, the fraction of single molecules in
solution.

C1 = 2KCT + 1 "
$

4KCT + 1
2K2CT

and

!1 = C1

CT
= 2KCT + 1 "

$
4KCT + 1

2(KCT)2 . (4)

The concentration of the assemblies of di!erent sizes and
the fraction of molecules in each size of assembly, !i, are
then

Ci = Ki"1Ci1 and !i =
iCi
CT

= i(KC1)
i

KCT
= i(KCT)i"1!i1.

(5)
Notice how convenient it is to work with the fractions of
molecules in each size of assembly, since they depend only
on the product of K and CT because KC1 depends only on
product of K and CT. How some of the fractions depend
on CT is shown in Figure 1, where several !i are plotted
against KCT. Note also that the concentration of assemblies
of di!erent size Ci is an exponential function of i with a
characteristic size of "1/ ln (KC1).

As is evident from Figure 1(a), the formation of assem-
blies is a continuous process. A small number of small
assemblies form at extremely low concentration, and the
number and average size of the assemblies increase as the
concentration increases. There is no threshold concentra-
tion for assembly formation.

2.2. Cooperative assembly
In isodesmic assembly, molecules are added or subtracted
from an assembly one at a time. There are no interactions
between molecules not already in the assembly during the
addition process, and no interactions between molecules
in the assembly during the subtraction process. This con-
trasts to cases in which more than one molecule is involved
in creating or destroying an assembly, the simplest being
when a specific number of molecules is necessary to
form an assembly. Such a process is called “cooperative”,
because interactions between the molecules play a neces-
sary role. Perhaps the best example of such a process is
the formation of micelles in amphiphilic systems. Only
full, spherical micelles form, meaning that all assemblies
contain a specific number of molecules.

The case in which all assemblies have N molecules
is particularly easy to model. There are only two species
present, a molecule A1 and an assembly AN , only one
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(a) (b)

Figure 1. (a) Fraction of molecules in di!erent sizes of assemblies !i versus the equilibrium constant times the total concentration of
molecules, KCT, for isodesmic assembly. The size of the assembly is given by the number of molecules in it, i. Since K is a constant, the
KCT axis can be thought of as the CT axis. (b) Fraction of molecules in di!erent sizes of assemblies !i versus the size of the assembly i
for two values of KCT.

reaction, and one constraint.

NA1 ! AN , KN = KN"1
E = [AN ]

[A1]N
,

CT = C1 + NCN , (6)

where CN = [AN ] is the concentration of assemblies of size
N. Combining the two equations results in a N th order
equation that needs to be solved, which can be simplified
by multiplying each term by KE .

KECT = KEC1 + N (KEC1)
N . (7)

Rather than solving the N th order equation, one can spec-
ify values for N and KEC1, use them to calculate KECT,
and then find !1 and !N from the following relations.

!1 = KEC1

KECT
and !N = KECT " KEC1

KECT
. (8)

The results of such calculations are shown in Figure 2,
where both !1 and !N are plotted as a function of KECT.
Notice how the assembly process gets more and more
abrupt as N increases, approaching a discontinuity in the
slope at KECT = 1 as N % #. Since all of the processes
shown in Figure 2 involve N > 2, they are all cooper-
ative; the ones with large values of N represent highly
cooperative assembly processes.

3. More complicated models of assembly
The typical way assembly models become more com-
plicated is by combining simple models. If an assembly
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Figure 2. Fraction of single molecules, !1 (solid lines), and
fraction of molecules in assemblies of size N, !N (dashed lines),
versus KECT for various values of N in a simple model of cooper-
ative assembly. Notice how the threshold in the assembly process
gets more and more abrupt as N increases.

process consists of two steps in which the first step must
occur before the second step happens, then it usually can be
modeled by having a simple model describing each step.
Three examples of such two-step models are described in
this section.
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4 P.J. Collings et al.

3.1. Quasi-isodesmic assembly
The experimental evidence for some systems is that the for-
mation of an assembly of two molecules is governed by
one equilibrium constant, while adding a molecule to an
assembly of two or more molecules is described by a dif-
ferent equilibrium constant. This results in the following
reactions and equations, where K2 = "K is the equilib-
rium constant for two molecules forming an assembly and
K is the equilibrium constant for adding a molecule to
assemblies of two or more molecules.

A1 + A1 ! A2, K2 = [A2]
[A1]2 ,

A2 + A1 ! A3, K = [A3]
[A2][A1]

,

...
...

Ai"1 + A1 ! Ai, K = [Ai]
[Ai"1][A1]

.

(9)

The constraint equation can be written as follows :

CT = C1 + "

#!

i=2

iKi"1Ci1,

KCT = "

#!

i=1

i(KC1)
i + (1 " ")KC1

= "KC1

(1 " KC1)2 + (1 " ")KC1. (10)

Again, instead of solving a cubic equation for CT, one can
start with values for " and KC1, generate a value for KCT,
and determine the value of !1 = KC1/KCT. Knowing !1,
the values for !i can be found using Equation (9), that
is, KCi = "(KC1)

i or !i = iKCi/KCT = i"(KC1)
i/KCT.

One can see how this assembly process works by look-
ing at Figure 3. If " < 1, the formation of assemblies of
two molecules is the rate-limiting step and threshold-like
behavior can be present (the smaller " is, the sharper the
threshold). The fractions of molecules in di!erent sizes of
assemblies are not shown in Figure 3 because they are quite
small, that is, the distribution of assembly sizes is very
broad.

3.2. Activation and growth assembly
Another model with the potential for a rate-limiting initial
reaction is the activation and growth model. Here the first
step of the assembly process is the change of a molecule
to an activated state before it can join, one molecule at a
time, with other activated molecules or assemblies. One
example of such activation is a conformational change that
is necessary for molecules to form weak bonds with each
other. Normally, the addition of activated molecules to
already formed assemblies is assumed to be isodesmic. The

Figure 3. Fraction of single molecules, !1 versus KCT for var-
ious values of " in a quasi-isodesmic assembly process. Notice
how the threshold-like behavior in the assembly process gets
sharper as " decreases.

reactions involved are therefore as follows, with activated
molecules denoted with an asterisk and KA the equilibrium
constant for the activation reaction.

A1 ! A!
1, KA = [A!

1]
[A1]

,

A!
1 + A!

1 ! A!
2, K = [A!

2]
[A!

1]2 ,

A!
2 + A!

1 ! A!
3, K =

[A!
3]

[A!
2][A!

1]
,

...
...

A!
i"1 + A!

1 ! A!
i , K = [A!

i ]
[A!

i"1][A!
1]

.

(11)

As before, the concentrations of the assemblies can be
expressed in terms of the concentration of unactivated
molecules and the two equilibrium constants, yielding a
slightly di!erent constraint equation.

CT = C1 +
#!

i=1

iKi
AK

i"1Ci1,

KAKCT = KAKC1 + KA(KAKC1)

(1 " KAKC1)2 . (12)

For computational ease, values for KA and KAKC1 are first
specified, then KAKCT is calculated from Equation (12),
after which the fractions of unactivated, activated, and
assemblies of activated molecules (!1, !!

1 , and !!
i , respec-

tively) can be determined as before. Figure 4 shows a plot
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Liquid Crystals Reviews 5

Figure 4. Fraction of single molecules (unactivated !1 and acti-
vated !!

1 ) versus KAKCT for various values of KA in an activation
and growth assembly process. Notice how the threshold-like
behavior in the assembly process gets sharper as KA decreases.

of the fraction of single molecules (unactivated and acti-
vated) as a function of KAKCT. It is interesting to note
that a small equilibrium constant for the activation reac-
tion produces the same type of e!ect as a small equilibrium
constant for the first reaction in an otherwise isodesmic
assembly process, that is, compare Figures 3 and 4. In fact,
these two models have been shown to be nearly equiva-
lent in general and exactly equivalent when the equilibrium
constant for the initial reaction is much, much less than the
growth equilibrium constant.[28]

3.3. Nucleation and growth assembly
In the nucleation and growth assembly process, the first
reaction is N molecules coming together to form an assem-
bly with an equilibrium constant KN . Single molecules can
join an assembly of N or more molecules in a reaction
governed by an equilibrium constant K. As with the acti-
vation and growth model, the addition of single molecules
to assemblies is usually assumed to be isodesmic. With
these assumptions, the equilibrium reactions take slightly
di!erent forms.

NA1 ! AN , CN = KNCN1 ,

AN + A1 ! AN+1, CN+1 = KCNC1 = KKNCN+1
1 ,

AN+1 + A1 ! AN+2, CN+2 = KCN+1C1 = K2KNCN+2
1 ,

AN+2 + A1 ! AN+3, CN+3 = KCN+2C1 = K3KNCN+3
1 ,

...
... (13)

AN+i"1 + A1 ! AN+i, CN+i = KCN+i"1C1 = KiKNCN+i
1 .

The constraint equation is di!erent also.

CT = C1 +
#!

i=0

(N + i)CN+i = C1KNCN1
#!

i=0

(N + i)KiCN1 .

(14)
After performing the summation and letting # be defined
by KN = #KN"1, this yields

CT = C1 + #
(KC1)

N

K
N " (N " 1)KC1

(1 " KC1)2 . (15)

Given values for the parameters CT, N, K, and # , the
concentration of molecules C1 can be calculated. The
concentrations of assemblies of all the other sizes can
then be calculated using Equation (13). Again, solving
Equation (15) involves an equation of N th order. A more
simple way to perform the calculation is to multiply both
sides of Equation (15) by K,

KCT = KC1 + # (KC1)
N N " (N " 1)KC1

(1 " KC1)2 . (16)

First a value for KC1 is chosen. Then, Equation (16) is used
to calculate KCT. Finally, the fraction of single molecules
!1 = KC1/KCT and the fraction of molecules in all of the
assemblies !N = 1 " !1 = (KCT " KC1)/KCT are deter-
mined. Instead of graphing !1, the fraction of molecules in
assemblies, !N , is plotted versusKCT in Figure 5 for a fixed
value of # and a wide range of nucleus sizes N. Notice that
as the nucleus size increases, the onset of assembly forma-
tion gets more abrupt. In the limit of infinite nucleus size,
the plot would have a discontinuous slope at KCT = 1. It

Figure 5. Fraction of molecules in assemblies versus KCT for
various values of N in a nucleation and growth assembly pro-
cess with # = 0.01. The threshold-like behavior in the assembly
process gets sharper as N increases.
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6 P.J. Collings et al.

Figure 6. Fraction of molecules in assemblies versus tempera-
ture for various values of N in a nucleation and growth assembly
process with # = 0.01 and CT = 0.2 wt% as explained in the text.
The abruptness of the threshold-like behavior in the assembly
process increases as N increases. The sharp threshold limit plot
is more general and is discussed in the text.

should be pointed out that the same progression toward a
more abrupt threshold results if N remains constant and #

is decreased.
So far the discussion of all the models has been for

constant temperature. It is important to understand how
temperature enters into a model, and the nucleation and
growth model can be used to illustrate this. If one assumes
that the growth equilibrium constant K depends on the
absolute temperature T as follows:

K = K0 e"$G/RT, (17)

where $G is a Gibbs free energy change, R is the gas
constant, and K0 is the proportionality constant, then plots
showing how the fraction of molecules in assemblies
depends on temperature can be generated for a specified
total concentration CT. An easy way to do this is to specify
KC1, determine KCT using Equation (16), then calculate
!N , and finally pair these values with a temperature T =
("$G/R)/ln(K/K0). Such plots are shown in Figure 6,
where the various parameters have been chosen so the
process occurs over a suitable range of temperatures near
room temperature (CT = 0.2 wt%, $G/R = "8600 K, and
K0 = 2.5 x 10"11 wt%"1). Notice again that the assembly
process begins more and more abruptly with decreasing
temperature as the size of the nucleus increases.

3.4. Sharp threshold limit
Instead of plotting the fractions of molecules that are either
single !1 or in assemblies !N , it is instructive to look at

Figure 7. KC1 versus KCT for various values of the nucleus size
N in the nucleation and growth assembly model with # = 0.01.
The sharp threshold limit is for N % #, for which KC1 = 1 if
KCT > 1.

how KC1 depends on KCT as N is varied in the nucleation
and growth model. This is shown in Figure 7, where it
is clear that in the limit of an extremely sharp threshold,
KC1 = 1 for values of KCT above the threshold value of
KCT = 1.

Thus, Equation (17) indicates that there is a threshold
temperature T!, with K0 e"$G/(RT!)CT = 1, above which
there are no assemblies. If T < T!, then !N = 1 " !1 =
1 " (1/KCT). Substituting K from Equation (17) into
this expression and using the definition of T! yield an
expression for the fraction of molecules in assemblies
as a function of T, originally formulated by van der
Schoot.[29]

!N = 1 " !1 = 1 " exp
"#"$G

R

$ #
1
T! " 1

T

$%

T < T ! . (18)

This sharp threshold limit is shown in Figures 6 and 7.

4. Kinetics of the assembly models
The easiest kinetics experiment to perform on chromonic
liquid crystal systems is to start with a solution in which
there are assemblies in equilibrium and quickly cause a
decrease in concentration by diluting with water. Since
the system is no longer in equilibrium, the concentrations
of single molecules and the di!erent sizes of assemblies
will change, eventually reaching an equilibrium condi-
tion appropriate to the new concentration. Another similar
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(a) (b)

Figure 8. Kinetics of a dilution for the isodesmic assembly model. (a) Distribution of assembly sizes both before (CT = 0.300 wt%)
and after (CT = 0.300 wt%/11 = 0.027 wt%) a 10:1 dilution (K = 10 wt%"1). (b) The time dependence of the distribution of assembly
sizes immediately after dilution for the five smallest assembly sizes (k+ = 10 (wt% s)"1, k" = 1 s"1). The number of molecules in an
assembly is given by i.

experiment is to subject a solution in equilibrium to a
sudden increase in temperature. This changes the equilib-
rium constants and therefore forces the solution to adopt
the molecular and assembly concentrations dictated by the
new equilibrium constants. Finally, kinetics experiments
can be done by rapidly changing the solvent conditions,
which is another way to alter the equilibrium constants. A
good example for chromonic liquid crystal systems is to
add salt to the solution, which causes the equilibrium con-
stants to change much as a change in temperature does.
Since the dilution experiments are the easiest, a few exam-
ples of what theory predicts are discussed for this type of
experiment.

In the case of isodesmic assembly, the starting point is
an equilibrium distribution of assemblies, with each assem-
bly of size i having an initial concentration Ci(0). Then, a
set of di!erential equations is written to reflect how a con-
centration Ci(t) can increase and decrease. In general, there
are four terms in each equation, representing two addi-
tion reactions with rate constant k+ and two subtraction
reactions with rate constant k". The two forward reactions
either increase or decrease Ci(t), as is also true for the two
reverse reactions. If an assembly of size M is the largest
to be considered in the calculation, then CM (t) can only
change due to the addition of a molecule to an assem-
bly of M " 1 molecules or the subtraction of a molecule
from an assembly of size M. In addition to these di!eren-
tial equations, there is the constraint relationship regarding
the total concentration of molecules in the system. These
equations are sometimes referred to as the master equa-
tions, which usually must be solved numerically given the

initial concentrations Ci(0).[30–32]

dCi
dt

= k+C1Ci"1 " k+C1Ci + k"Ci+1 " k"Ci

2 & i & M " 1,
dCM

dt
= k+C1CM"1 " k"CM ,

dC1

dt
= "

M!

i=2

i
dCi
dt

.

(19)

As an illustration of such a calculation, consider a sys-
tem at equilibrium with the distribution of assembly sizes
given in Figure 8(a) (the average assembly size is 2.3).
Imagine the system is then diluted with 10 times as much
water, meaning that the concentrations Ci(t) are 11 times
less. Solving the master equations shows how the Ci(t)
change to a new equilibrium with the distribution of assem-
bly sizes given in Figure 8(a) (the average assembly size is
1.2). The kinetics of the change for the five smallest assem-
bly sizes are shown in Figure 8(b), where the large increase
in single molecules and the decrease in larger assembly
sizes are evident.

To illustrate the reverse kinetics, that is, assembly
formation, the calculation starts with the equilibrium distri-
bution of assembly sizes for the final state of the previous
calculation. Then, the master equations are solved for
the condition in which the forward rate constant is 11
times larger, which results in an equilibrium distribution
of assembly sizes equal to the starting state of the previous
calculation. This is shown in Figure 9.
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8 P.J. Collings et al.

Figure 9. Kinetics of assembly for the isodesmic assembly
model. The initial distribution of assembly sizes corresponds to
CT = 0.300 wt%/11 = 0.027 wt% and K = k+/k" = 10 wt%"1.
The master equations are then solved with k+, and therefore
K, increased by a factor of 11. The final distribution of assem-
bly sizes is the same as the initial assembly size distribution of
Figure 8.

An illustration of the kinetics for a more complex
model is also enlightening. The set of master equations is
more complicated, but still entails a number of di!erential
equations plus the constraint relationship. For the nucle-
ation and growth assembly model with N molecules in the
nucleus, the master equations take the following form.

dCi
dt

= 0 2 & i & N " 1,

dCN
dt

= kN+CN1 " kN"CN " k+C1CN + k"CN+1,

dCi
dt

= k+C1Ci"1 " k+C1Ci + k"Ci+1 " k"Ci

N + 1 & i & M " 1,

dCM
dt

= k+C1CM"1 " k"CM ,

dC1

dt
= "

M!

i=N
i
dCi
dt

.

(20)

Here forward and reverse rate constants, kN+ and kN",
have been introduced for the first reaction given in
Equation (13).

As two examples of kinetics calculations for the nucle-
ation and growth assembly process, consider a 10:1 dilu-
tion of a system with a distribution of assembly sizes. Of
course, the initial concentration and all the rate constants
must be specified, but as before, the initial distribution of
assembly sizes is first determined, with these being used as

the initial concentrations after being divided by the dilution
factor. Figure 10(a) shows the result of such a calculation
for di!erent beginning total concentrations. In all cases,
the system initially starts with some of the molecules in
assemblies and the 10:1 dilution is enough to ensure that
at the end, there are no molecules in assemblies. Notice
that for the rate constants chosen, the kinetics speed up as
the total concentration decreases. This makes sense since
the average size of the initial assemblies decreases as the
total concentration decreases. Also shown in Figure 10(b)
is what happens when the two forward rate constants, kN+
and k+, are increased by a factor of 2.5. For the three
concentrations in the figure, the initial condition has no
molecules in assemblies, but after the rate constants are
increased, assemblies start to form, ending up with both
single molecules and assemblies. The kinetics are faster,
the higher the concentration.

The kinetics for the nucleation and growth model are
extremely interesting because the reaction rates for the
nucleation reaction and the growth reactions need not be
similar. This means that the assembly and disassembly pro-
cesses occur via two steps, with one being the rate-limiting
reaction. The following example assumes that the nucle-
ation reaction is the rate-limiting step since that turns out
to be the case in one of the experiments on a chromonic
liquid crystal. Figure 11 shows the time evolution of the
fraction of molecules in assemblies of size N or larger,
namely !N = 1 " !1, due to a 10:1 dilution. Since the
growth reactions are fast, the initial, rapid drop in the frac-
tion of molecules in assemblies is due to the fast buildup of
assemblies of size N, thus “speeding up” the normally slow
reverse nucleation reaction. Once this buildup is over, all
that is left is the slow breakup of the remaining assemblies
of size N.

5. Computational investigations of the assembly
process

There is a rich history of computational calculations
involving the spontaneous assembly of molecules. Some
of it is detailed in review articles that are referenced
earlier.[11,12,17,26,27,29] Since an exhaustive discussion
is beyond the scope of this review, examples are chosen
from computations that are formulated with chromonic liq-
uid crystals in mind. These usually discuss both the assem-
bly process and the formation of liquid crystal phases,
although only the former is included in what follows.

5.1. Non-atomistic models
One of the first theoretical attempts to include a descrip-
tion of both the assembly process and the liquid-crystalline
ordering properties is the work of Taylor and Herzfeld.[33–
35] They introduce a single temperature-dependent param-
eter as the average free energy of association per monomer
for each local assembly geometry (spherical, cylindrical,
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Liquid Crystals Reviews 9

(a) (b)

Figure 10. Kinetics of the nucleation and growth model. (a) Results of a 10:1 dilution of systems with varying initial total concentrations
in equilibrium with di!erent fractions of molecules in assemblies. (b) The results of increasing both kN+ and k+ by a factor of 2.5 for
various total concentrations initially at equilibrium with very few molecules in assemblies.

Figure 11. Results of a 10:1 dilution for the nucleation and
growth model in which the breakup of the nucleus is the rate-lim-
iting step. The assemblies quickly break up into assemblies
close to the size of the nucleus and then more slowly the
remaining nuclei break up.

and planar). The system free energy has terms representing
ideal mixing, association, and inter-assembly interactions.
In the case of rod-like assemblies and no inter-assembly
interactions, this results in the same predictions as the
isodesmic model based on chemical reactions. That is,
if "$fkBT is the association free energy change per
monomer, then the equilibrium constant times the total
concentration KCT in the chemical reaction isodesmic

model is equal to % e$f , where % is the volume fraction
(volume of all of the molecules divided by the volume of
the solution).1 So for example, the average assembly size
'i( can be written in two ways.

'i( = 1
2 (1 +

&
1 + 4KCT) = 1

2 (1 +
&

1 + 4% e$f ). (21)

If KCT = % e$f >> 1, then Equation (21) reduces to the
well-known result 'i( )

$
KCT =

&
% e$f .[36]

Also considered is the case of cylindrical assemblies
with spherical end caps. It is assumed that N molecules are
needed to form two end caps, meaning there are no assem-
blies made up of less than N molecules. Molecules can be
added to the cylindrical part of the assemblies one-by-one,
meaning that each assembly is made up of N molecules in
the end caps and any number of molecules in the cylindri-
cal portion. If free energies of association are defined by
"$f0kBT and "$f1kBT for the spherical and cylindrical
regions, respectively, the calculation follows the nucle-
ation and growth assembly model discussed previously.
For example, for the nucleation and growth model when #

andN are large, the concentration for the onset of assembly
formation (the critical micelle concentration) is approxi-
mately given by 1/( N"1

$
#K) = 1/ N"1

$
KN = 1/KE , which

translates to another well-known relation, namely that the
critical volume fraction in this case is approximately e"$f0 .

A quite di!erent method utilizes a Monte Carlo sim-
ulation of a mixture of chromonic disks and solvent
spheres.[37] The chromonic disks are made from seven
hard spheres of the same diameter bonded together in a
plane. The center sphere is solvent-phobic with a hard-
core exclusion distance of twice its diameter, but has an
attractive disk–disk square-well potential extending out to
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10 P.J. Collings et al.

twice its diameter. The six outer spheres interact with the
solvent spheres just as the solvent spheres interact with
each other, namely through a square-well potential with a
hard core equal to the sphere diameter and an attractive
region extending out to three-halves of a sphere diameter.
Parameters for the simulations are set for the purpose of
investigating the formation of both linear assemblies and
lyotropic liquid crystal phases.

Although the results of the simulation follow the
isodesmic assembly model, one of the most interesting
findings stems from using the simulation to determine the
average equilibrium constant for adding a disk to assem-
blies of various sizes (still in the isotropic phase). The
expectation is that the equilibrium constant should depend
on temperature according to Equation (17) and not be con-
centration dependent. This is borne out by the simulation,
but only at intermediate volume fractions (0.3 < % < 0.6).
For lower and higher volume fractions, especially at low
temperatures, the equilibrium constant does not follow
Equation (17) and varies with concentration. The conclu-
sion is that at high enough temperatures, this model system
acts as one would expect from an isodesmic assembly
model. But such is not the case for lower temperatures and
the reason may be associated with the nearness of the limit
of complete assembly in which the distribution of assembly
sizes is flat.

A continuation of this work is a Monte Carlo simulation
that utilizes a nine hard sphere, bonded diamond-shaped
structure along with the seven-hard sphere disk structure
just discussed.[38] The six outer spheres of the seven
sphere disk-shaped structure are hydrophilic and the cen-
tral sphere is hydrophobic. For the nine sphere diamond-
shaped structure, the seven spheres that form a disk are
hydrophobic and the two spheres on opposite sides of
this disk are hydrophilic. The attractive interaction among
hydrophilic spheres and spheres representing water are
modeled with a Lennard–Jones potential. Hydrophobic–
hydrophilic interactions are modeled by a truncated and
shifted Lennard–Jones potential. The simulations reveal
the formation of assemblies for the diamond-shaped struc-
tures but not for the disk-shaped ones. Two results from
the simulations with the diamond-shaped structures have
direct bearing on how well this simulated system follows
the isodesmic assembly model. First, a plot of the average
size versus volume fraction follows a power law with an
exponent of around 0.6 for average sizes below 10, but the
exponent seems to increase significantly when the assem-
blies are larger than this. Equation (21) predicts that for
average assembly sizes less than 10, the exponent should
be slightly less than 0.5, with the exponent approaching 0.5
for larger average sizes. Second, the free energy between a
disk and a single disk, two disks, and three disks varies
somewhat. Both of these findings question whether the
assumption of isodesmic assembly is always an appropriate
one.

Figure 12. Comparison of the theoretical prediction and sim-
ulation results in the isotropic phase according to of Ref. [39,
Table I] Five association constantsKa and two persistence lengths
&p(100d for open circles and 1000d for filled circles) are shown.
The curves use a modified version of Equation (21), namely with
the total concentration " taking the place of %, $f given as lnKa,
and '" added to $f (' = 1.45 d3).

In a slightly di!erent simulation, the Monte Carlo
method is used for hard spheres which can bond together
with a bond energy (in units of kBT) specified as ln(Ka),
where Ka is the association constant, independent of
assembly size.[39] In addition, the bending potential for
the angle between any three consecutive bound spheres is
an infinite square well between (min and (max and no junc-
tions or branch points are permitted. The values of (min
and (max determine the persistence length of the assem-
bly &p, given in units of an hypothetical distance d. The
average assembly size varies with total sphere concentra-
tion as predicted by Equation (21), at least at low sphere
concentration. The simulation results at higher sphere con-
centration correspond to an isodesmic assembly model that
takes into account end e!ects, since the excluded volume
of a sphere at the end of the assembly is greater than that
for an interior sphere. This amounts to adding a term '% to
$f in Equation (21). As can be seen from Figure 12, this
produces excellent agreement with the simulation results.
Notice also that assembly size does not depend on &p,
because assembly is governed by Ka alone. The distribu-
tion of assembly sizes in the isotropic phase is a decreasing
exponential function of assembly size as in the isodesmic
assembly model, but this breaks down in the nematic phase
where the data approximate a sum of two exponential
functions.

In another simulation, hard cylinders of length L and
diameter D experience short-range attractive interactions
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Liquid Crystals Reviews 11

(a) (b)

Figure 13. Molecular structure of (a) NMI and (b) Sunset Yellow FCF.

between cylinder ends.[40] The shape of the attractive
potential is tuned slightly to promote the formation of
linear as opposed to branched assemblies. Aspect ratios
L/D of 0.5, 1, and 2, along with binding energies rang-
ing from 0 to 12 kBT are examined. The average number
of cylinders in assemblies grows slowly with volume frac-
tion in the isotropic phase, after which it increases much
more rapidly with volume fraction in the nematic phase. In
the isotropic phase, the concentration of di!erent assem-
bly sizes decreases exponentially with increasing size up
to a size of about 60, in accordance with the isodesmic
assembly model.

5.2. Atomistic models
Recently, researchers have been able to simulate the behav-
ior of large numbers of actual chromonic liquid crystal-
forming molecules in solution. One of the first molecules
investigated in this way was 3-[6-(3-carboxyanilino)-4-(3-
methyl-1H-imidazol-s-ium-1-yl)-1,3,5-triazin-1-ium-2-yl]
aminobenzoate (NMI).[41] The structure of the NMI
molecule is shown in Figure 13(a). A semi-empirical quan-
tum mechanics code is used to determine the conformation
and electronic structure of NMI in water. Then, a molecu-
lar dynamics algorithm is utilized to follow the behavior of
multiple molecules in water. Starting with a random distri-
bution of molecules, stacks of molecules form during the
simulation. The calculated X-ray di!raction pattern using
the results of the molecular dynamics simulation displays a
peak corresponding to a stacking distance of 0.33 nm. The
stacks are not always of single molecules; often stacks of
three- and four-member rings are observed. The calculated
stacking free energy changes per molecule are about 2 kBT
for single stacks and approximately 6 kBT for four-member
rings, with roughly 40% of the free energy change due to
the ) – ) interactions between neighboring molecules in a
stack.

A more detailed simulation concerns the disodium
salt of 6-hydroxy-5-[(4-sulfophenul)azo]-2-naphthalene
sulfonic acid or Sunset Yellow FCF (SSY) shown in
Figure 13(b).[42] Quantum chemical calculations using
density functional theory determine the structure of

the molecule. Molecular dynamics then simulates the
dynamics of SSY for both dilute and concentrated
solutions. Starting from a random arrangement of 8
molecules, less than 1 ns of simulation time is su"cient to
see initial formation of dimers in solutions. Two tetramers
appear after about 20 ns and a single stack of 8 molecules is
present after 200 ns. Two views of the stack of 8 molecules
are given in Figure 14. The stacking distance fluctuates,
especially around rearrangement locations, but is about
0.34 nm away from these locations. The average distance
between the stacks in the nematic phase is approximately
2.3 nm. The free energy of binding can be computed by
calculating the work done in “pulling” a molecule from a
stack. The results indicate a nearly isodesmic process, with
the free energy of binding being 7.4, 6.5, and 6.5 kBT for
removing a molecule from a dimer, trimer, and stack of 8
molecules, respectively.

More recent work addresses assembly in a non-
ionic system, namely 2,3,6,7,10,11-hexa-(1,4,7-trioxa-
octyl)-triphenylene (TP6EO2M), the molecular structure
of which is in Figure 15.[43] Again molecular calculations
are first carried out, followed by molecular dynamics sim-
ulations of a collection of molecules in water. Two force
fields are used; one produces results di!ering significantly
from experimental observations but the other results in
simulations in accord with experiment. Assembly occurs
quickly in the simulations, with dimers and trimers show-
ing up within 10 ns, 2 stacks of 2 and 6 molecules appear-
ing within 50 ns, and a stack of 8 molecules resulting after
90 ns. Two stacking distances are examined in the stack
of 8 molecules: an inter-molecular distance between the
center of mass of 2 neighboring molecules and an inter-
layer distance defined perpendicularly from the molecular
planes of 2 neighboring molecules. The former distance
averages about 0.46 nm and the latter distance is 0.37 nm
on average. This di!erence indicates that the molecules are
o!set from one another in the stack. The free energies of
association are a bit larger for these molecules, 17.5, 14.5,
and 14.4 kBT for binding a molecule to another molecule,
a dimer, and a trimer, respectively. Again, the quasi-
isodesmic character of the assembly process is revealed
by the slightly larger free energy for dimer formation
over the addition of a molecule to a stack of molecules

D
ow

nl
oa

de
d 

by
 [S

w
ar

th
m

or
e 

C
ol

le
ge

], 
[P

et
er

 J.
 C

ol
lin

gs
] a

t 0
8:

04
 0

2 
M

ay
 2

01
5 



12 P.J. Collings et al.

Figure 14. Snapshots of the stack of 8 SSY molecules. The left-hand view is down the stack and the right-hand view is from the side of
the stack. Notice the alternation of the orientation of the molecules in the stack. Reprinted with permission from Journal of the American
Chemical Society. Copyright 2010 American Chemical Society.[42]

Figure 15. Molecular structure of TP6EO2M.

(see Figure 16). The simulation also demonstrates that the
average number of water molecules around the oxygen
atoms in the chains decreases when a single molecule joins
a stack of molecules.

A thermodynamic analysis is also useful in the sim-
ulations. Determining the free energy of association of
a molecule to a stack of three molecules for di!erent
temperatures allows the free energy to be decomposed
into enthalpy and entropy contributions. Over a temper-
ature range of 280–320 K, the enthalpy is relatively con-
stant at roughly "12 kBT while the temperature times
the entropy increases from around 16 kBT to about 19
kBT. In general, although both contributions favor forming

assemblies, the entropy contribution is greater than the
enthalpy contribution.

Atomistic simulations are extremely intensive com-
putationally, encouraging e!orts to find faster methods.
One such “course graining” technique also deals with the
assembly of TP6EO2M. Instead of starting with the actual
molecule, a simpler structure for a dissipative particle
dynamics simulation is employed.[44] The triphenylene
core is represented by a hexagon with 12 particles on its
perimeter and 7 internal particles. Each ethylene oxide
chain is represented by 3 particles. The particles making
up the core are di!erent from the particles in the chains.
The dissipative particle dynamics parameters are chosen
to encourage micro phase segregation, allowing the ethy-
lene oxide arms and water to freely mix, but keeping the
triphenylene core separate. The reduced number of parti-
cles allows the simulated system to contain many more
“molecules”. One result of the simulation is that the prefer-
ence for dimers over monomers is greater than expected for
an isodesmic assembly process. This preference is quanti-
fied by constructing Van’t Ho! plots of ln K versus 1/T,
from which it is found that the association enthalpy for
dimer formation and assembly growth are very similar
at "15.2 kBT, but the entropy for dimer formation and
assembly growth are "9.0 kB and "10.6 kB, respectively.
While these values di!er from the atomistic simulations,
it is noted that the parameters of the dissipative particle
dynamics simulation can be tuned to give the association
enthalpy that results from atomistic simulations in dilute
solutions.
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Liquid Crystals Reviews 13

(a) (b)

Figure 16. Free energy of association for two force fields, general Amber force field and optimized potentials for liquid simulations
(OPLS). (A) Free energies as a function of separation for two single molecules using the two force fields. (B) Free energy as a function of
separation for two single molecules, for a dimer and a single molecule, and for a trimer and single molecule using the OPLS force field.
Reproduced from Ref. [43] with permission from The Royal Society of Chemistry.

6. Experimental investigations of the assembly
process

The main experimental techniques that are used to study
chromonic liquid crystals are X-ray di!raction and opti-
cal investigations such as polarized optical microscopy
and optical spectroscopy. Also of use are nuclear magnetic
resonance (NMR) experiments and light scattering inves-
tigations. Some of these experiments reveal information
on the assembly process, and it is these that are addressed
in what follows. It is beyond the scope of this review to
include all of the work; recent reviews, however, provide a
much more comprehensive summary.[11–17]

6.1. X-ray measurements
X-ray di!raction provides critical information on the
assembly process in chromonic liquid crystals. The first
report on DSCG (see Figure 17(a) for its chemical struc-
ture) includes X-ray measurements done in two liquid
crystal phases.[5] Two results from this and later work
point to a rod-like assembly structure made from stacks of
molecules. The first piece of evidence is a reflection indi-
cating a repeat distance of 0.34 nm that is independent of
concentration and temperature. This distance is typical of
the separation between aromatic structures, including the
atomic planes in graphite and the separation of base pairs
in DNA. The conclusion is therefore that the assemblies
involve molecular stacking. The second result is the obser-
vation of a reflection that represents a much larger distance
and varies with concentration. This is noteworthy due to
some very simple geometrical ideas on how structures of
di!erent shape respond to changes in concentration. The
best way to see this connection is to consider volume frac-
tion % instead of concentration. If the assemblies are very
large parallel sheets of thickness a and separation d, then
% is simply a/d. If the assemblies are very long parallel
rods with a square cross-section of side a and separated
by d on a square lattice, then % equals (a/d)2. Finally, if
the assemblies are cubes of side a separated by d in a cubic

lattice, then % equals (a/d)3. Considering circles instead of
squares and spheres instead of cubes introduces a constant
in the equation for %, but the dependence on a/d remains
the same. So if an X-ray experiment measuring d is per-
formed at di!erent volume fractions, how d depends on %

points to a particular shape for the assemblies. Many of the
results of such X-ray experiments have been collected in
recent articles, where the dependence of d on % is con-
sistent or very nearly consistent with an exponent of 1

2 ,
as expected for long rods.[45,46] Thus, models for linear
assemblies are the ones appropriate for these systems.

The results of a much more recent X-ray experiment on
DSCG are shown in Figure 18.[47] The refections from
both the molecular stacking distance (0.34 nm) and the
inter-assembly distance (4.5 nm) are clearly shown, along
with some concentration-independent reflections probably
associated with the molecular structure of DSCG. The
chromonic liquid crystal is oriented by a magnetic field,
showing that the direction of stacking is perpendicular to
the inter-assembly distance. This is consistent with a stack
of molecular planes perpendicular to the long axis of the
linear assemblies.

X-ray experiments can be done with the goal of investi-
gating the length of the assemblies. The correlation length
corresponding to the stacking of the molecules can be
determined from the half-width of the X-ray reflection due
to molecular stacking.[48] If this correlation length is taken
to be the length of the assembly, then the free energy
change due to stacking can be determined if the volume
fraction is known. For the chromonic liquid crystal Sun-
set Yellow FCF, a value of about 5.7 kBT is found. The
importance of recognizing that most molecules that form
chromonic liquid crystals are charged, should be taken into
account. The most simple way to do this is to realize that
the free energy change measured in an experiment may
be lower by about 2 kBT from the uncharged case due to
this repulsive interaction. In later work, the temperature
dependence of the correlation length for SSY is used and
a value of (4.3 ± 0.3) kBT is obtained.[49] This work also
reveals that the free energy change is slightly concentration
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14 P.J. Collings et al.

(a) (b)

Figure 17. Molecular structures of (a) DSCG and (b) pinacyanol acetate.

(a)

(b)

Figure 18. X-ray di!raction of the nematic phase (a) and the columnar–isotropic biphasic region (b) of a 15 wt% sample of DSCG.
The reflection from the stacking separation is denoted d5 and the reflection from the inter-assembly distance is labeled d1 (in (a) equal
to 44.5Å). The right-hand figure is the integrated intensity profile of the left-hand figure. The reflections shown in the inset of (b) are
from lengths r1 = 32.8Å, r2 = 18.9Å, and r3 = 16.4Å, corresponding to the 1 :

$
3 : 2 ratios expected for the hexagonal packing of the

columnar phase. Reproduced from Ref. [47] with permission from the American Physical Society.

dependent. These results indicate that the assumption of
isodesmic assembly is warranted, but it should be viewed
as a first step and not exact.

X-ray measurements also show that the assemblies in
some liquid crystals are more complicated than a stack
of molecules or even a stack of molecules with a cross-
section of two or more molecules. For the chromonic liquid
crystal pinacyanol acetate, shown in Figure 17(b), the inter-
assembly distance is as large as 20 nm in the liquid crystal
phase, significantly larger than found in such systems as

DSCG and SSY.[22] In addition, the concentration of pina-
cyanol acetate is much lower. Since the dependence of the
inter-assembly distance still depends on the volume frac-
tion to the half power, the assembly must elongate in one
dimension. These data along with additional data from a
point-collimated small angle X-ray di!raction experiment
are consistent with a hollow cylinder structure, in which
the pinacyanol acetate molecules are in a thin shell around
the outside of an inner core of water. The diameter of the
assembly is about 4.6 nm, much more than a molecular
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(a) (b)

Figure 19. Molecular structure of (a) IR-806 and (b) Acid Red 266.

(a) (b)

Figure 20. Variation of the peaks due to single molecules and molecules in assemblies with temperature and concentration for pinacyanol
acetate (from Ref. [50]). (a) The concentration is fixed at 0.0075 wt% in a 1 mm cell and the temperature is varied. The spectra can
be decomposed into six Gaussian peaks with constant center wavelengths and widths but changing magnitude as the concentration or
temperature is changed. (b) The result of the decomposition for room temperature spectra of di!erent concentrations with plots of the
magnitude of two peaks, one representing single molecules and one representing molecules in assemblies. These peak magnitude data are
fit to the isodesmic assembly model simultaneously, yielding a value for the stacking free energy of 10.3 kBT.

dimension. A similar case is the chromonic liquid crystal
IR-806 (chemical structure shown in Figure 19(a)), in
which X-ray di!raction measurements indicate that the
inter-assembly distance is about 15 nm.[23]

6.2. Absorption measurements
For many chromonic liquid crystal systems, the absorption
coe"cient spectrum depends on the distribution of assem-
bly sizes. In some cases, the change is not dramatic. In
other cases, the absorption coe"cient spectrum possesses
multiple peaks that increase and decrease during the assem-
bly process. In the former case, theories for both the assem-
bly process and how the absorption coe"cient spectrum
depends on assembly size must be combined to interpret
the data. This can be done for a number of chromonic liq-

uid crystals using the isodesmic assembly model and the
exciton model for the electronic structure, yielding val-
ues for the stacking free energy change in the 7–12 kBT
range.[21,45] In the latter case, a peak in the absorption
coe"cient spectrum can often be assigned to either single
molecules or molecules in assemblies. Thus, the magnitude
of these peaks can be used to track the fraction of sin-
gle molecules and the fraction of molecules in assemblies.
An example of such a measurement is shown in Figure 20
for pinacyanol acetate.[50] The absorption measurements
can be taken at constant temperature or constant concentra-
tion. The latter are usually more consistent with each other,
so the absorption coe"cient spectra at a very low con-
centration and varying temperature for pinacyanol acetate
are shown in Figure 20(a). All of the spectra, even spec-
tra at higher concentrations, can be decomposed into six
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16 P.J. Collings et al.

Gaussian peaks. The center wavelength and full-width at
half-maximum (FWHM) of each peak do not change with
concentration; only the magnitude of the peak changes.
Shown in Figure 20(b) is how the peak at 600 nm due to
single molecules and the peak at 512 nm due to molecules
in assemblies change with concentration at room temper-
ature, along with a fit to the isodesmic assembly model,
Equation (4), for both single molecules and molecules in
assemblies simultaneously. The best fit value for K is
204 wt%"1, which can be converted to a stacking free
energy change through KCT = % e$f , because % is propor-
tional to CT at these low concentrations. The result is a
stacking free energy change of 10.3 kBT. Similar measure-
ments on IR-806 yield a stacking free energy change of 9.0
kBT.[23] It is interesting to check whether these data are
consistent with a simple dimerization reaction instead of
isodesmic assembly. When the data of Figure 20(b) are fit
to a reaction in which two molecules form a dimer, the fit
is not as good, with a *2 value 32% higher. When the same
check is applied to the IR-806 data, the *2 value increases
by a factor of over 4 for the fit to dimerization.[23]

An example that in some ways falls between the two
cases outlined above are the UV/VIS measurements on
Acid Red 266 (see Figure 19(b)).[51] Although there is
little structure in the absorption spectrum, the spectrum
can be decomposed into the split bands due to assembly.
Although it is not possible to distinguish dimerization from
isodesmic assembly, the enthalpy driving the reaction is
found to be ("8.9 ± 0.2) kBT with a positive entropy times
temperature of about 0.8 kBT. From determinations of the
single molecule concentration as a function of total con-
centration, a stacking free energy change of about 12 kBT
can be calculated.[45]

Absorption measurements have also been done in the
isotropic phase near the transition to the liquid crystal
phase to see if the assembly process continues to be contin-
uous at higher concentrations. These experiments involve
measurements of the absorption coe"cient at one wave-
length as the temperature is varied. The absorption coef-
ficient varies linearly over a wide range of temperature in
SSY, but in DSCG there is a sharp change in slope roughly
10 K above the nematic–isotropic coexistence region.[46]

There seem to be two classes of chromonic liquid crys-
tals. One forms a liquid crystal phase at room temperature
for concentrations somewhere in the vicinity of 10 wt%
(the range is actually quite wide, from less than 10 wt% to
over 30 wt%). The other class forms a liquid crystal phase
at room temperature for much lower concentrations, typi-
cally less than 1 wt%. When the assembly process is probed
at extremely low concentrations, both classes more or less
act the same, with something close to isodesmic assembly
and a stacking free energy in the 10 kBT range. Actually,
the systems that form a liquid crystal phase at the low
concentrations tend to have a higher stacking free energy
change. Whereas this nearly isodesmic assembly process

seems to continue right to the formation of the liquid crys-
tal phase for the first class of materials, such is not the
case for the second class. For at least some of the com-
pounds that form a liquid crystal phase at concentrations
below 1 wt%, there is a second step in the assembly pro-
cess at higher concentration but before the liquid crystal
phase forms. Initial investigations of this second step are
producing evidence that it is not continuous, but closer to
a process with a sharp threshold.

The system from this second class that has received
the most attention is IR-806. In order to perform a thor-
ough thermodynamic analysis, measurements are taken
with both concentration and temperature being varied.[52]
Varying the temperature at constant concentration turns
out to be a much more precise technique, since precise
control of the concentration is more di"cult than control-
ling the temperature. For IR-806, this second step occurs
over about a 25*C range that varies with concentration.
As can been seen from Figure 21, for a 0.4 wt% sam-
ple the range is from 10*C to 35*C.[53] At temperatures
above this range, the spectrum is dominated by a peak
at 660 nm. At temperatures below this range, a peak at
830 nm dominates the spectrum. Notice the well-defined
isosbestic point at 723 nm, indicating that there are only
two absorbing species involved. One must be the inter-
mediate assemblies that result from the quasi-isodesmic
assembly process and the other must be the large assem-
blies that form as a result of this second step in the overall
assembly process. By performing similar experiments at
concentrations below and above 0.4 wt%, pairs of points
in the temperature–concentration plane with the same
absorption coe"cient spectrum can be identified. If these

Figure 21. Absorption coe"cient spectrum of a 0.4 wt% sample
of IR-806 at di!erent temperatures (from Ref. [53]).
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Liquid Crystals Reviews 17

Figure 22. Absorption coe"cient of the 830 nm peak versus
temperature for a 0.3 wt% solution of IR-806. The solid line
is the theoretical prediction for the limit of a sharp threshold,
Equation (18), and yields a value for the enthalpy during growth
of ("65.4 ± 0.9) kJ/mol. Reprinted with permission from Jour-
nal of Physical Chemistry B. Copyright 2014 American Chemical
Society.[52]

are assumed to represent the same assembly condition, a
modified form of the van’t Ho! equation can be used to
estimate the enthalpy of this reaction, which turns out to be
" 50 kJ/mol.[52]

A more precise analysis can be performed by decom-
posing the absorption coe"cient spectra at a fixed con-
centration and determine the magnitude of the 830 peak
(representing the large assemblies) as a function of tem-
perature. If the magnitude of this peak is assumed to be
proportional to the number of intermediate assemblies in
the large assembly, then it can be compared to theoretical
predictions. As shown in Figure 22, the data are consistent
with the theory in the sharp threshold limit, Equation (18),
and yield a value for the enthalpy of ("65.4 ± 0.9) kJ/mol.
In short, the second step of the assembly process in IR-806
is very di!erent from the first step; the former has a sharp
threshold while the latter is continuous.

A two-step assembly process is also present in pina-
cyanol acetate. As assembly takes place at the lowest con-
centrations, a peak in the absorption coe"cient spectrum
around 600 nm gives way to a peak around 520 nm in a pro-
cess that appears to be isodesmic (see Figure 20(a)). But at
higher concentrations starting around 0.5 wt%, two peaks
in the vicinity of 620 nm begin to grow at the expense of
the 520 nm peak.[54] This is shown in Figure 23. As will be
explained later in the section on kinetics, there is evidence
that this step also has a sharp threshold.

This is not the first time a two-step process is observed
in a system in which self-assembly occurs. For exam-
ple, oligo(p-phenylenevinylene) derivatives with chiral

Figure 23. Absorption coe"cient of pinacyanol acetate solu-
tions at various concentrations (from Ref. [54]). The second step
of the assembly process is evident when the two peaks around
600 and 640 nm appear.

side chains form disordered stacks via an isodesmic
assembly process at high temperatures, but upon lower-
ing the temperature nucleation of ordered chiral stacks
occurs with a sharp threshold, followed by elongation of
the assemblies. Measurements of the circular dichroism
reveal data that closely resemble the absorption data in
Figure 22.[55]

6.3. Light scattering measurements
Light scattering experiments are useful in probing assem-
bly processes because they are sensitive to the concen-
tration, size, and shape of the assemblies. For example,
while the change in the absorption coe"cient spectrum
might be attributable to either isodesmic assembly or dimer
formation, light scattering can tell the di!erence. This is
illustrated quite nicely when experiments are done on PIC
(shown in Figure 24(a)) at concentrations below and above
the concentration at which a sharp, red-shifted absorption
band appears. Analysis of the data indicates that just below
the appearance of the assembly absorption band, the aver-
age number of molecules in an assembly is about 60, and
increases to over 1000 as the concentration increases.[56]
Likewise, static light scattering measurements on Acid Red
266 at concentrations below 0.05 wt% indicate assemblies
with between 200 and 2000 molecules that have a Gaussian
coil or worm-like structure.[51]

More recent light scattering investigations of chromonic
liquid crystals have concentrated on either the isotropic
phase near the nematic–isotropic coexistence region or in
the liquid crystal phases themselves. As the coexistence
region is approached by decreasing the temperature, there
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18 P.J. Collings et al.

(a) (b) 

Figure 24. Molecular structure of PIC (a) and Bordeaux dye (b).

is an increase in light scattering for two reasons: (1) the
size and concentration of the assemblies is increasing, and
(2) pretransitional fluctuations of orientational order are
increasing. In an experiment using DSCG, the fact that
both of these contribute to light scattering can be verified.
In addition, dynamic light scattering results indicate that
there are two fluctuating modes: one rapidly slows down
as the temperature approaches the coexistence region, but
the other remains fairly constant. The first is associated
with the relaxation of orientational fluctuations and the sec-
ond is a di!usion mode of concentration fluctuations.[57]
In later work utilizing improved techniques, a change
in the assembly process is observed about 12 K above
the nematic–isotropic coexistence region. The temperature
dependence of the scattering intensity suddenly changes
and the intensity autocorrelation function changes shape as
shown in Figure 25.[58] These findings are a clear indi-
cation that in DSCG, the nature of the assembly process
changes as orientational order begins to set in. This fea-
ture is not universal, as similar light scattering experiments
on the chromonic liquid crystal Bordeaux dye (chemical
structure shown in Figure 24(b)) do not show this sudden
change.[46]

6.4. NMR measurements
NMR spectroscopy is a useful tool to probe the assembly
process in chromonic liquid crystal systems. When DSCG
is dissolved in D2O, for example, the deuteron quadrupole
splitting is sensitive to DSCG concentration, temperature,
and NaCl concentration.[59] Some of the D2O molecules
are associated with DSCG molecules, and if the DSCG
molecules are partially ordered by the magnetic field, then
there is a splitting of the deuteron quadrupole resonance.
It must be kept in mind that the assemblies align with their
axes perpendicular to the magnetic field due to the diamag-
netic anisotropy of the individual DSCG molecules. The
transition from the isotropic to the nematic phase is quite
evident, as is the increase in the nematic order parameter
with decreasing temperature and increasing NaCl con-
centration. Only one splitting is observed, indicating that
either there is only one type of water associated with the
assemblies (e.g. no inside versus outside water) or that
the exchange rate between two such types of associated

Figure 25. Polarized scattering intensity correlation functions
for 10 wt% DSCG (vertical–vertical alignment and a scatter-
ing angle of 30*). Notice how the correlation function changes
between 43.6 *C and 41.7*C, roughly 10*C above the coex-
istence region. The solid curves are fits to a single exponential
mode below the dashed line and for a combination of single expo-
nential and stretched exponential modes above the dashed curve.
The dashed curve is a fit to a single exponential mode for the
41.7*C data. Reproduced from Ref. [58] with permission from
the American Physical Society.

water is fast enough to average out the di!erence in
splittings.

Na-23 NMR spectroscopy is useful for studying sys-
tems that contain sodium atoms or systems without sodium
atoms but added NaCl.[60] In the liquid crystal phases, the
quadrupole splittings increase as the DSCG concentration
increases, but eventually start to decrease at higher DSCG
concentrations. The e!ect of added NaCl is monotonic,
with the splitting decreasing as the NaCl concentration
increases. This may reflect two solvation sites for the
sodium ions, each with a di!erent sign of the quadrupole
interaction. More interesting for the assembly process is
the observation that the FWHM of the single NMR peak in
the isotropic phase suddenly starts to increase with decreas-
ing temperature about 10–15*C above the transition from
the isotropic phase to the coexistence (N and I) region. This
is interpreted as an abrupt onset of assembly formation
(non-isodesmic) and, as has been already noted, is clearly
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(a) (b) 

Figure 26. Molecular structure of 7,7 + -DSCG (a) and Benzopurpurin 4B (b).

evident in absorption and light scattering measurements on
DSCG.

Chromonic liquid crystals with a fluorine atom can
be investigated by F-19 NMR spectroscopy.[61] These
include some of the azo sulphonic dyes, where a triflu-
oromethyl group is present. The chemical shift of the
fluorine atoms is sensitive to the assembly structure, and
in the case of two compounds di!ering only in the num-
ber of sulphate groups, the change of the chemical shift is
in opposite directions. As with absorption measurements,
it is possible to determine the growth equilibrium con-
stant from the NMR data. Closer examination of the data
indicates that for one compound only dimers are formed,
but for the other compound larger assemblies are formed.
Similar results occur if the compound contains one sul-
phate group but the trifluoromethyl group is moved to
di!erent positions on the aromatic ring. In all cases, the
chemical shift decreases with concentration, with some
compounds forming only dimers and others forming larger
assemblies.[62] Acid Red 266 has a similar structure to
these azo sulphonic dyes with a trifluoromethyl group, and
F-19 NMR studies reveal a decrease in the chemical shift
that is consistent with an isodesmic assembly process. The
equilibrium constants determined for Acid Red 266 by
NMR and absorption measurements di!er by a factor of
about 2.5.[51]

NMR can be used to study 7,7 + -DSCG, a compound
similar to DSCG but with the attachment to each chromone
group occurring at the 7 position instead of the 5 position
(see Figure 26(a)). As with DSCG, there seems to be an
onset of assembly in the isotropic phase 20*C or so above
the transition to the nematic phase. What is di!erent from
the similar finding with DSCG is that some birefringence
is seen with polarizing microscopy between this onset and
the nematic phase transition. Deuterium, O-17, and Na-23
NMR are all useful in such studies.[63] NMR relaxation
times are also a!ected by the assembly process. In Ben-
zopurpurin 4B (molecular structure given in Figure 26(b)),
the spin-lattice relaxation time increased with temperature
smoothly across the transition to the liquid crystal phase.
On the other hand, the temperature dependence of the spin–
spin relaxation time increases at the point where the liquid
crystal phase begins to form.[20]

More recent multinuclear NMR experiments on Sun-
set Yellow FCF are successful in showing that the

hydrazine structure is present in aqueous solution and
not the azo structure (the hydrazine structure is shown in
Figure 13(b)). In addition, the proton and C-13 chemical
shifts decrease with increasing concentration, indicating
that the assembly process causes adjacent aromatic groups
to shield these nuclei. A stacked structure with the orien-
tation of the molecule alternating along the assembly is
proposed.[64] Even more recent work using high resolu-
tion proton NMR allowed the chemical shifts of individual
protons to be measured.[65] Seven NMR resonances are
followed, and all depend on concentration in extremely
similar ways. By following these chemical shifts over a
large range of SSY concentration, it is shown that the
isodesmic model of assembly is too simple to describe
the process from very low concentrations where there are
mostly single molecules present to concentrations near the
nematic phase where mostly assemblies are present. This
is demonstrated in Figure 27 for three resonances, where
fits to the isodesmic model using all of the concentra-
tion data are shown in Figure 27(a), and fits to the four
lowest and highest concentration data points are shown in
Figure 27(b). It is clear from the figure that the low concen-
tration data are consistent with a much higher equilibrium
constant than the high concentration data. The results for
the three resonances are consistent, with the low concen-
tration data yielding an average equilibrium constant of
1.78 wt%"1, and the high concentration data yielding an
equilibrium constant of 0.56 wt%"1. The former indicates
a stacking free energy change of 5.5 kBT, which is in
good agreement with the X-ray data.[48,49] In addition,
these NMR results are consistent with both theoretical and
experimental evidence pointing to the fact that the stacking
free energy change in SSY decreases as the concentra-
tion is increased.[42,49] Analysis of the proton chemical
shifts can also be done when adding NaCl to low SSY
concentrations. At first, this alters the size and shape of
the assemblies but not the fraction of assemblies, whereas
at higher NaCl concentrations, the fraction of assemblies
increases.[65]

Di!usion NMR measurements are also useful in exam-
ining the assembly process. By performing pulsed echo
experiments in a magnetic field gradient, the di!usion
constant can be determined. The measurements can be
compared to predictions for the di!usion of an isodesmic
distribution of ellipsoids. When this is done, it points to a
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20 P.J. Collings et al.

(a) (b)

Figure 27. Proton chemical shifts for Sunset Yellow FCF versus a wide range of concentration (data and proton numbering taken from
Ref. [65, Table 1]). The isodesmic assembly model, Equation (4) is used to fit the data, with the chemical shift of the molecule fixed at
the value given in Table 1. Fits to all of the data are shown in (a). Fits to the lowest and highest four data points with the chemical shifts
of the assembly fixed at the best fit values found in (a) are shown in (b).

larger stacking free energy change for SSY, namely about
11 kBT.[66] This finding has become more interesting
as a result of crystal structure determination of a guani-
dinium salt of SSY and theoretical simulations using
molecular dynamics, metadynamics, and quantum chem-
ical computations.[67] The pairwise interactions in the
disordered crystal structure correspond quite well to the
stereochemistry of SSY molecules in solution and the
simulations yield a value for the stacking free energy
change of a little over 11 kBT . Perhaps more impor-
tant, the calculations reveal that lateral shifts of molecules
in the assembly form quite readily, a proposal made
earlier to explain why measurements of the assembly
length might give results lower than the actual value.[48]
The simulation also demonstrated that another possi-
ble stacking defect, a Y-junction, does not occur much
at all.

6.5. Other measurements
Other experimental methods have been used for the study
of the assembly process in chromonic liquid crystals,
but much more sparingly. Magnetic birefringence stud-
ies done on DSCG shortly after its unusual assembly
properties were discovered are revealing. Such a measure-
ment involves measuring the birefringence in the isotropic
phase as a function of applied magnetic field. The slope
of the birefringence versus magnetic field squared plot
gives the Cotton–Mouton constant. For DSCG solutions
in the 0.3 to 1.3 wt% range, the Cotton–Mouton constant
appears to be roughly linear, with an intercept consistent

with zero.[68] A more recent magnetic birefringence mea-
surement involves several compounds, higher magnetic
fields, and varying temperature. By varying the tempera-
ture in the isotropic phase just above the isotropic–nematic
coexistence region, the assembly process and nematic cor-
relations can be investigated through measurements of
the Cotton–Mouton constant. For three of the compounds
investigated, the data follow what one would expect from
basic theoretical ideas, but this is not true for DSCG, again
pointing out the result of many di!erent experiments that
the assembly process in DSCG at concentrations approach-
ing that necessary for formation of the liquid crystal phase
is unique.[69]

Rheology is also useful in investigating the assem-
bly process. The zero shear viscosity of PIC at 25*C
increases sharply by 5 orders of magnitude over the same
concentrations at which the narrow red-shifted absorption
band indicating assembly formation appears.[70] A rise
in the dynamical viscosity of SSY is observed at con-
centrations where NMR di!usion measurements indicate
that almost all of the molecules are in assemblies.[66] The
data for PIC and SSY are plotted in Figure 28. Clearly,
these two systems belong to the two di!erent classes of
chromonic liquid crystals. PIC forms complex assemblies
at low concentrations with no isotropic–liquid crystal two-
phase region observed.[70] SSY forms simple assemblies
of stacked molecules at high concentrations and a wide
two-phase region is present. Also the assembly process in
PIC has a threshold, whereas the assembly process in SSY
is isodesmic. These di!erences are apparent in the di!erent
rheological properties observed for these two systems.
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Figure 28. Viscosity measurements for two chromonic liquid
crystals. The PIC data are taken from Ref. [70] and the SSY data
are taken from Ref.[66]

6.6. Kinetics measurements
Kinetics experiments can be extremely useful in reveal-
ing the details of many assembly processes, for example,
protein aggregation, amyloid formation, actin polymeriza-
tion, and microtubule assembly. Surprisingly, there is very
little work on the kinetics of assembly in dye systems
that form liquid crystal phases. The assembly of neu-
tral tetrakis-4-sulfonatophenylporphine can be initiated at
very low concentration by conversion to the diacid form

(H4TPPS2"
4 ) following the addition of HCl. This system

precipitates at concentrations too low to form the liquid
crystal phase. The kinetics can be monitored by absorption
at the proper wavelength, revealing a sigmoidal-shaped
profile over thousands of seconds with a significant incu-
bation period. If the same solution is “seeded” by adding
a small amount of concentrated H4TPPS2"

4 solution, the
incubation period disappears and the profile follows a
simple exponential.[71] Merocyanine dyes assemble into
helical nanorods, a process that can be monitored by
absorption and circular dichroism measurements. Assem-
bly is initiated by the addition of methylcyclohexane and
the process takes many thousands of seconds.[72] Similar
experiments can be done with squarine dyes by addition
of a poor solvent such as acetonitrile. The profile obeys
second-order kinetics and takes thousands of seconds.[73]
The formation of fibers by a shape-persistent macrocycle
can be initiated by a change in temperature and moni-
tored by measuring the magnetic birefringence. This pro-
cess can take many hours to complete.[74] Finally, PIC
molecules can be induced to assemble at low concentration
if polyvinylsulfonate is present as a template. The pro-
cess is slow (thousands of seconds) and the non-sigmoidal
profile can be fit nicely by a model in which the rate con-
stant is time-dependent due to the self-similar nature of the
assemblies.[71]

The most simple type of assembly process for
chromonic liquid crystals is isodesmic assembly into sim-
ple stacks of molecules as occurs for SSY. However, the
assembly and disassembly processes in this case are much

(a) (b)

Figure 29. Kinetics of assembly and disassembly for Sunset Yellow FCF (from Ref. [75]). The absorption at 560 nm is monitored for a
1 mm path length cell as an SSY solution is diluted. (a) A 0.9 wt% SSY solution is diluted with 5 times as much water. The top trace is
the result of mixing two 0.9 wt% SSY solutions and multiplying by 1

6 . The bottom trace is the actual experimental kinetic result. (b) A
0.15 wt% SSY solution is diluted with 1

5 as much 1 M NaCl solution. The bottom trace is the result of mixing two 0.15 wt% SSY solutions
and multiplying by 5

6 . The top trace is the actual experimental kinetic result.
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(a) (b)

Figure 30. Kinetics of disassembly for (a) benzopurpurin 4B and (b) pinacyanol acetate (from Refs. [76] and [54]). No complex assem-
blies are present in the 0.19 and 0.25 wt% solutions of benzopurpurin 4B and the 0.2, 0.3, and 0.4 wt% solutions of pinacyanol acetate.
For higher concentrations, dilution to a low concentration causes these complex assemblies to disassemble.

faster than for the systems that form more complicated
assemblies. One of the most common ways to study kinet-
ics is a stopped-flow apparatus. When a sample of SSY
at a concentration well below the liquid crystal phase is
investigated using such an apparatus with a dead time of
1 ms, one finds that the process is complete within the
dead time. These data are shown in Figure 29, where a
0.9 wt% SSY solution is diluted with 5 times as much water
and a 0.15 wt% SSY solution is diluted with 1

5 as much
1 M NaCl solution.[75] Two kinetic traces are shown on
each of the graphs: one is the kinetic trace when mix-
ing two 0.9 or 0.15 wt% SSY solutions multiplied by 1

6
or 5

6 , respectively, to get the absorption after mixing but
before any assembly or disassembly occurs, and the other
is the kinetic trace after the actual dilution. If the kinetics
were slower, one would observe a trace starting from the
scaled undiluted trace and approaching the actual observed
trace. The fact that the actual trace is flat at the value
expected after the process is complete signifies that the
assembly process in SSY is complete in less than 1 ms.
Similar fast kinetics are observed for low concentrations
of DSCG.

The kinetics of the assembly and disassembly processes
are slower for the formation of more complex assem-
blies in systems that form a liquid crystal phase at low
concentrations. The most extensively studied material is
IR-806, in which both processes take place on the order
of a second.[52] In this case, stopped-flow experiments
show quite clearly that there is a threshold to the pro-
cess because disassembly experiments do not reveal any
change unless the starting concentration is high enough
and assembly experiments do not reveal any change

unless the concentration of the added salt solution is high
enough. Similar experiments on benzopurpurin 4B and
pinacyanol acetate reveal both slow kinetics and a thresh-
old. Figure 30(a) demonstrates that there is no change
if the starting concentration of Benzopurpurin 4B is less
than 0.29 wt%.[76] Likewise, Figure 30(b) shows that there
is no change if the starting concentration of pinacyanol
acetate is less than 0.5 wt%.[54]

In addition, the experiments on IR-806 show that if the
starting concentration is less than the threshold for the for-
mation of complex assemblies, dilution with a salt solution
causes complex assemblies to form, but only if the concen-
tration of the added salt solution is high enough.[52] The
same is true for pinacyanol acetate, as can be seen from
Figure 31.[54] The starting concentration is 0.11 wt%,
well below the threshold for complex assembly forma-
tion. Addition of one-tenth as much salt solution causes a
change in the absorbance only if the concentration of NaCl
is higher than 35 mM.

It is interesting to compare the results of kinetics exper-
iments with some of the assembly models. A close look at
the dilution experiments for IR-806 shows that the kinet-
ics profile at first changes quite rapidly and then changes
much more slowly. This can be seen in Figure 32, in which
the change during the first fraction of a second is much
more rapid that for later times.[53] This is exactly what
the nucleation and growth model predicts if the disassem-
bly of nuclei is much slower than the breakup of larger
assemblies into nucleus-size assemblies. The assemblies
are larger than a nucleus, so the first part of the disassem-
bly process is when the assemblies break down into sizes
close to the nucleus size causing the breakup of the nuclei
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Figure 31. Assembly kinetics for pinacyanol acetate using a
hand-mixing method with a dead time of a few minutes (from
Ref. [54]). The starting concentration is 0.11 wt% and addition of
one-tenth as much salt solution brings the final pinacyanol acetate
concentration down to 0.1 wt%. Only for added NaCl solutions
above 35 mM do complex assemblies form resulting in a change
in the absorbance. These can be fitted to an simple exponen-
tial curve (visible only for the 60 mM data below 15 minutes),
with rate constants that increase with the NaCl concentration.
All experiments with the 60 mM NaCl solution show an unusual
profile at the beginning.

to proceed faster. Then more slowly the nuclei break down
into individual entities, which in the case of IR-806 are the
assemblies that form due to the isodesmic process at lower
concentrations or higher temperatures.[52] Also shown in
Figure 32 is the prediction of the nucleation and growth
model using parameters chosen to qualitatively agree with
the experimental data and an exponential fit to the data for
reference purposes.

The nucleation and growth model also does a nice job
describing the kinetics of IR-806 when a small amount of
salt solution is added to induce formation of the complex
assemblies. This can be done with an IR-806 solution with
a concentration below the threshold for complex assem-
bly formation.[52] As can be seen from Figure 33, proper
selection of the parameters in the nucleation and growth
model yields a kinetics profile very similar to what is
obtained in an experiment.[53] It is interesting to look at
the model calculation that follows the data. Although the
threshold is experimentally and theoretically very sharp, a
small number of complex assemblies are present just below
the threshold. For example, for the model calculation that
follows the experimental data of Figure 33, the fraction of
intermediate assemblies in large assemblies is on the order
of 10"5 and this a!ects the slope of the kinetics profile at
the earliest times.

Figure 32. Kinetics due to a 10:1 water/IR-806 solution dilu-
tion for a 0.3 wt% IR-806 solution at 8.1*C using absorption at
870 nm (from Ref. [53]). The parameters used for the nucleation
and growth model are selected to give a curve similar to the
experimental data: CT = 1 wt%, N = 10,kN+ = 0.5 s"1 wt%"9,
kN" = 0.5 s"1, k+ = 120 s"1 wt%"1, and k" = 70 s"1. An
exponential fit to the data is also shown for reference.

Figure 33. Kinetics due to the addition of NaCl in a 1:10 ratio of
NaCl/IR-806 solution from absorption measurements at 560 nm
and a temperature of 29.7*C (from Ref. [53]). The concentration
or IR-806 is initially 0.3 wt% and the concentration of the added
NaCl solution is 0.3 M. The parameters used for the nucleation
and growth model are selected to give a curve similar to the exper-
imental data: CT = 0.5 wt%, N = 8, kN+ = 0.25 s"1 wt%"9,
kN" = 125 s"1, k+ = 14000 s"1 wt%"1, and k" = 14000 s"1,
initially, with kN+ and k+ jumping by a factor of 2.5 to simulate
salt addition.

6.7. Solvent dependence
The fact that chromonic liquid crystal molecules can be
induced to assemble by the addition of salt demonstrates
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that solvent conditions play a very strong role in deter-
mining the assembly behavior. There has been very little
research done on the e!ect of changing solvent conditions
on the nature of the assembly process, including quanti-
tative measurements of equilibrium and kinetic constants.
Much more attention has been paid to how di!erent sol-
vent conditions a!ect the stability of the various liquid
crystal phases. Ref. [16] summarizes the dependence on
solvent conditions by discussing three e!ects: (1) ionic
additives, (2) non-ionic additives, and (3) pH. Ref. [48]
goes into more detail on ionic additives, showing that at
lower concentrations NaCl, MgCl2, and MgSO4 (in order
of increasing strength) raise the isotropic–nematic transi-
tion temperature for SSY and attribute it to the screening
of the charged sulfonate groups, thus e!ectively increasing
the growth equilibrium constant and therefore the stacking
free energy change. The addition of the neutral polymer
polyethylene glycol (PEG) to SSY solutions also tends to
make the liquid crystal phases more stable due to the sep-
aration into SSY-rich regions and PEG-rich regions.[77]
At lower concentrations, it is likely that PEG acts as a
depletion agent, forcing the SSY molecules into a smaller
volume, e!ectively increasing the SSY volume fraction.
The e!ect is similar to increasing the stacking free energy
change. Similar e!ects are found for DSCG and some
water-soluble polymers, indicating that the depletion e!ect
due to the presence of these polymers is quite general.[78]
Increasing the pH of the solution has the opposite e!ect.
At high pH, the molecules carry more charge on aver-
age, increasing the electric repulsion between them. This
is seen as a decrease in the degree of SSY assembly as
the pH is increased,[79] demonstrating that high pH has
the e!ect of reducing the stacking free energy change. A
reduction in the stability of the liquid crystal phase also
results.[48,80]

It should be kept in mind that di!erent solvent condi-
tions can change the structure of the assemblies that are
formed. While adding modest amounts of NaCl to IR-806
solutions normally produces a spectral change identical to
an increase in the IR-806 concentration,[52] such is not
always the case. If the IR-806 concentration is low, adding
NaCl can lead to spectra that are not similar to the spec-
tra observed at any IR-806 concentration without added
NaCl.

6.8. Imaging the assemblies
Although a wealth of evidence is available for the for-
mation of both simple and complex assembly structures,
there is nothing better than to actually image them. The
amount of research in this area is not extensive, but results
in the past few years forecast important advances in the
near future.

The most common technique for imaging the assem-
blies is transmission electron microscopy after rapid freez-
ing of the solution (cryo-TEM). In such an experiment,
a drop of solution is put on an open grid, the excess
solution is blotted o!, and the grid is quickly plunged
into a cryogenic bath such as liquid ethane. The ultrafast
cooling achieves artifact-free thermal fixation of the aque-
ous solution, thus preventing crystallization of the water
and rearrangement of the assemblies. The grid is kept at
cryogenic temperatures as it is transferred to a transmis-
sion electron microscope and remains at that temperature
during exposure to a low-intensity X-ray beam. More
details on cryo-TEM, including variants on the procedure
just described, are contained in a recent paper reviewing
the experiments on both thermotropic and lyotropic liquid
crystals.[25]

When such an experiment is performed on PIC, one
can observe long, rod-like assemblies with a diameter
of 2.3 ± 0.2 nm with lengths averaging 300–400 nm.[81]
When NaCl is added to the PIC solution, a network super-
structure of isolated fibers and complex fiber bundles is
observed. Dilution of one of these samples reveals isolated
thread-like assemblies with a diameter of 2.3 nm.[82] The
situation appears to be quite di!erent for pinacyanol chlo-
ride. Cryo-TEM experiments on freshly prepared samples
show tubular assemblies with a single-layer wall thick-
ness of about 2.5 nm and an outer diameter of roughly
6.5 nm. These assemblies transform to a di!erent type of
assembly over many weeks. These new assemblies are
approximately 9 nm wide and consist of stacked pairs of
ribbons that eventually form tape-like ribbons.[24] Cryo-
TEM experiments performed on DSCG reveal parallel
assemblies in both the isotropic and nematic phases. The
distance between assemblies averages roughly 4.2 nm and
their lengths are in the 25–80 nm range. The separation
nicely matches the results of X-ray di!raction investiga-
tions, although the lengths are a bit longer. The higher

Figure 34. Molecular structure of Violet 20.
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viscosity of SSY solutions makes cryo-TEM more di"cult,
but it is still possible. Rod-like assemblies are visible with
separations between 2.0 and 2.4 nm, which is consistent
with the results of X-ray di!raction studies.[25]

Since chromonic liquid crystals can be spread on a
substrate and allowed to dry, imaging the assemblies in
the resulting thin film is also possible. An atomic force
microscopy study of Violet 20, the structure of which is
shown in Figure 34, demonstrates that oriented monolay-
ers are achieved through a shear deposition method in the
nematic phase. The images of the assemblies show they are
1–2 nm wide, 1–2 nm tall, and 1–2 nm apart.[83]

7. Conclusions
The study of chromonic liquid crystal systems is both chal-
lenging and unique. The basic components are molecular
assemblies, a property of widespread importance across
an array of matter. The basic components spontaneously
order both orientationally and positionally, a trait shared
with many other systems. Possessing both qualities simul-
taneously obviously makes for complicated behavior, but it
also allows for a huge array of phenomena. Other lyotropic
liquid crystal systems are in many ways quite similar, but
the combination of attractive interactions between the aro-
matic parts of molecules and the amphiphilic character
of the molecules is unique. There is a great deal to be
learned about chromonic liquid crystals, and the chances
are very good that one of their unique properties will be
the feature that allows for unique applications. One of the
many aspects of chromonic liquid crystals that must be
understood to make progress is the nature of the assembly
process. Much has already been learned, but much more
waits to be discovered.
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