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Abstract 

We investigate influence of different ionic additives on the phase behaviour and 
scalar order parameter of lyotropic chromonic nematic liquid crystals formed by 
the molecules representing derivatives of indanthrone. KI, (NH4)2SO4 and NaCl 
salts increase biphasic nematic region on the temperature-concentration phase 
diagram, whereas the scalar orientational order parameter is hardly sensitive to 
their presence. We suggest that these changes are attributed to increase in the ag-
gregate length and polydispersity of the latter, while the interaction between ag-
gregates remains unaffected. The Na2SO4 salt lowers anomalously the measured 
value of the scalar order parameter to 0.42, for which the nematic phase should 
not exist. We address this anomaly to modification of the shape of chromonic 
aggregates due to growing of side chains within the rod-like aggregates. The 
NH4Cl salt does not affect the phase diagram and the scalar order parameter of 
Blue 250 chromonematic. 
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Introduction 

Liquid crystal (LC) materials being a key element of liquid crystal displays (LCDs) are 
present in LC panels in a form of thermotropic nematic of a low molecular weight, whose 
optical properties are controlled by external electric field. However, functional role of 
LCs in the LCDs has recently been expanded to solve different problems related to the 
quality of displayed images, using a new type of LCs, Lyotropic Chromonic Liquid Crys-
tals (LCLC). Due to their high orientational ordering, negative optical birefringence and 
dichroism, LCLCs have been proposed as potential materials for internal retardation 
films, including viewing angle compensators and temperature compensating retardation 
films, optical rotators, polarizers and alignment layers incorporated into LC panels [1–6]. 
In water LCLC molecules associate into nano-sized aggregates, which then self-assemble 
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into structures with long-range orientational order, i.e. into LCs [7–16]. Moreover, it has 
been shown that the long-range orientational order is preserved in dried chromonic films, 
when those films are deposited onto solid substrates from their LC-nematic state uni-
formly aligned by shear. Application of isotropic or unaligned LCLC solutions does not 
result in a homogeneously aligned optically anisotropic solidified film. Therefore, charac-
terization of chromonic lyotropic nematic LCs and optimization of their physical proper-
ties are greatly demanded for reliable, high-performance dried films. Recent experiments 
[17] have demonstrated that the structure and physical properties of LCLCs are highly 
sensitive to the presence of doped ions in the solution. In this paper, we study systemati-
cally the phase behaviour and the order parameter for nematic LCLC solution as func-
tions of ionic dopants added into the solution.  

Materials 

We studied a water-soluble LCLC formed by the material, which is a derivative of indan-
throne called as Blue 250. The individual molecules have a plank-like shape and assem-
ble into rod-like aggregates that form a nematic phase at room temperature once the con-
centration exceeds 4.5 wt %. In water solution the molecules are in dissociated state. On 
the whole there are three cations per molecule on average, i.e. the average charge per 
molecule is –3 in the solution. The molecular structure of Blue 250 is the same as that of 
Blue 27 [12]; the only difference is a larger number of NH4

+ cations and the correspond-
ing SO3

- groups at the periphery of the molecule. Fig. 1 shows the chemical structure 
mentioned above in the dissociated state (the ammonium cations NH4 and the correspond-
ing SO3

- groups are omitted in Fig. 1).  
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Fig. 1. Chemical structure of Blue 250 
in the dissociated state.  

 
We used the ionic solutes of KI, LiI, NaI, NaCl, CaCl2, NH4Cl, (NH4)2SO4, Na2SO4 

and (C4H9)4NI, all of which are purchased from Sigma. The salts were added into the so-
lution of Blue 250 dissolved in deionized water. Then the test-tubes with the solutions 
were stirred and held in ultrasonic water bath for 1 h at the temperature of about 10oC 
higher than the clearing point for complete dissolving of the salts. For all the solutions 
with the salt additives we used the concentration c = 5.2 wt % of Blue 250, which is equal 
to 0.074 M. 
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In approximately 24 h after preparation, the solutions were filled into glass cells and 
sealed with epoxy glue. The cells were observed in polarizing microscope on heating (the 
rate 0.2oC/min) in order to identify the phase state of the solutions. 

Phase Behaviour 

The phase diagram of aqueous solutions of Blue 250 without additives is shown in Fig.2. 
The accuracy for determination of transition temperature was ±0.5°C and the concentra-
tion was controlled with the accuracy better than ±0.1%. At the room temperature (23°C) 
the aqueous solution of Blue 250 is in the isotropic (I) phase for the weight concentrations 
of Blue 250 less than 4.5 wt %. The results presented below are obtained for the concen-
tration c = 5.2 wt % (0.074 M), which demonstrates stable nematic phase on heating up to 
35oC. The phase diagram has relatively wide (5oC) biphasic regions of coexisting N and I 
phases, which is typical for the other types of LCLC. 

In agreement with Refs. [7–10, 18–23], samples with higher LCLC concentrations 
display higher temperatures for the nematic-to-isotropic transition. Physical properties  
of LCLCs and the phase transition temperatures are expected to be dependent on ionic 
content of the solution. Ionic additives might modify both the intra- (interactions between 
the molecules belonging to the same aggregate) and inter-columnar interactions, thus  
altering electrostatic forces between the charged groups at the lateral surfaces of  
aggregates [10, 24–26]. 
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Fig. 2. Phase diagram for 
Blue 250/water composition. 

 

For the concentrations under study (between 10–6 M and 10–1 M) all the salts listed 
above are well soluble in Blue 250 water solution, except for CaCl2, though it remains 
soluble in water (74g of CaCl2 per 100 g of water). The phase diagrams of the salt doped 
with aqueous solutions of Blue 250 are shown in Fig. 3. 

We conclude that the salt additives studied by us can be divided into three groups. 
The first is represented by the salts KI, (NH4)2SO4 and NaCl, for which the biphasic tem-
perature region ∆TNI of the coexistence of nematic and isotropic phases increases with 
increasing salt concentration. The temperature range of the biphasic region is defined as  
∆TNI=TI –TN, where TN and TI are the temperatures at which the first droplet of the iso-
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tropic phase appears and, correspondingly, the last nematic droplet disappears on heating. 
For these salts ∆TNI can be as large as 25oC. ∆ TNI increases due to increasing TI, accom-
panied by a decrease of TN. Taking into account that for the salt-free Blue 250 solutions 
the parameter ∆TNI remains constant (approximately 5oC for a wide range of dye 
concentrations), we can relate the salt-induced broadening of the biphasic temperature 
region to enhancement of polydispersity of the aggregates [27, 28].  

We did not observe broadening of the biphasic region for the additives of the second 
group represented by (C4H9)4NI and Na2SO4. In a wide concentration region both TN and 
TI increase when the salt concentrations do. Finally, NH4Cl belongs to the third group for 
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Fig. 3. Phase diagram of Blue 250 5.2% wt with the ionic additives: 
(a) (CH3)4NI,  (b) KI,   (c) LiI,   (d) NaCl,   (e) Na2SO4 and   (f) (NH4)2SO4. 
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which addition of the salt does not induce any noticeable changes in the phase diagram of 
the solution of Blue 250. 

When the molar fractions of the salt and LCLC become comparable (around 
0.07 M), all the solutions transform into isotropic state for the temperatures above 20oC. 
Visual observations indicate that viscosity of the solutions increases with increasing salt 
concentration and the solutions become quite viscous even in the isotropic phase at high 
enough salt concentrations. 

Spectroscopic measurements 

To shed light on the nature of the salt-induced modifications observed on the phase dia-

gram of the dye Blue 250, we have measured optical absorption spectra of the solutions 

under test. The idea of our experiments is to verify whether the spectra and, thus, the 

structure of the chromonic aggregates of the salt-doped solution are sensitive to presence 

of the salt. In addition, one can directly deduce scalar orientation order parameter from 

the absorption spectral data for the aligned LCLC samples. 

Spectroscopic measurements were performed on the aligned samples of each solu-

tion of Blue 250 and with the corresponding additives. In this work, we used spin-coated 

and buffed films of polyimide SE-7511 (Nissan Chemical Industries, Ltd., Japan) to align 

the N phase of LCLCs in a planar fashion, along a single direction in the plane of bound-

ing substrate determined by the direction of buffing. Glass substrates were washed in an 

ultrasonic bath of Alconox detergent and water for 10 min at 60°C and then removed and 

dried. The polyimide SE-7511 Sunever (grade 7511L) and the solvent Sunever (both from 

Nissan Chemical Industries, Ltd., Japan) were mixed in the proportion 1:1. The solution 

was coated onto the glass substrates by a spin-coater at 1500 rpm. The polymer layer was 

dried at 100°C for 2 min and then baked at 180°C for 1 h. The polyimide-coated sub-

strates were rubbed using an aluminium block covered with felt. The cells were assem-

bled from pairs of substrates, with the rubbing directions being anti-parallel to each other.  

The thickness of the gap between the glass plates was measured with interference 

technique for the empty cells. The cells were filled at the temperature about 10°C higher 

than the clearing point by a capillary flow assisted by negative pressure, and then 

promptly sealed. The flow direction and the pressure gradient were parallel to the buffing 

direction of the polyimide layers. The samples were also heated to about 10°C above the 

isotropic transition prior to each measurement, in order to mitigate prehistory effects 

mentioned in the work [10]. The measurements were performed 24 h after cooling down 

to the N phase. 

The absorption spectra were measured on the aligned samples of LCLCs, using 

Perkin Elmer Lambda 35 UV-VIS-IR spectrophotometer. The sample was placed be-

tween a pair of parallel polarizers. To exclude the effects of reflection at the cell inter-

faces, the transmission was measured with respect to the light transmitted through the 

identical cell filled with water, instead of LCLC.  
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All of the measured spectra of Blue 250 for the studied solution with the ionic addi-
tives exhibit the same form and position of the absorption band. The changes (shifting or 
reshaping of the absorption band) if any are very small. The main spectral changes reflect 
the changes associated with the orientational distribution of the absorption dipoles, which 
can be characterized in terms of orientation scalar order parameter. Fig. 4 represents the 

absorption spectra for the polarizations parallel ( || ) and perpendicular (⊥ ) to the director 

orientation, which are normalized to the corresponding absorption maximum of the pure 
Blue 250 dye and those with the ionic additives KI, NaI and (C4H9)4NI. The concentration 
for all the additives is 10-2 M. 
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Fig. 4. Absorption spectra 
obtained for the light po-
larized along (||) and per-
pendicular (⊥ ) to the di-
rector orientation for 
Blue 250 5.2 wt %  with 
the corresponding ionic 
additives: (1) pure 
Blue 250, (2) (C4H9)4NI, 
(3) KI and (4) NaI.  

 

 

The increase in the salt concentration results in slight decrease of N=k|| / k⊥  , when 
compare to the pure Blue 250 solution. The only exception is Na2SO4. Sodium sulfate 
shows significant decrease in the absorption anisotropy of LCLC, which is clearly seen 
from Fig. 5.  
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Fig. 5. The values k||/k⊥  

for Blue 250 5.2 wt % with 
the ionic additives: (1) 
Blue 250, (2) (C4H9)4NI, 
(3) KI, (4) NaI and (5) 
Na2SO4. 
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Fig.6. Schematic structure of 
LCLC aggregate 

Scalar order parameter deduced from the dichroism 

Using the experimental values of k||/k⊥ , we have calculated the scalar order parameters of 

the LCLC Blue 250 with the ionic additives. Consider a nematic phase formed by orienta-
tionally ordered rod-like aggregates built of plank-like molecules. The 3D nematic scalar 
order parameter is the coefficient of the second-order Legendre polynomial in the poly-
nomial expansion of orientational distribution function having the form 

( )2
3

1
3 cos 1 ,

2DS θ= −      (1) 

where θ  is the angle between the actual direction of the long axis A
�

 of a given aggregate 

and the director n
�

 and 2cos θ  denotes a 3D thermodynamic average. The maximum 

possible value of DS3  is unity. For a light-absorbing nematic the value of  2cos θ  can 

be deduced from the dichroic ratio ⊥= kkN /|| . The light absorption coefficients meas-

ured for the light polarized parallel and perpendicular to the director can be expressed 
respectively as 

2 2
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2 2 2

cos ,

sin sin ,

d

d
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θ
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=
     (2) 

where a is a material constant, P
�

 the transition dipole moment, dθ  the angle between P
�

 

and n
�

, ϕ  the azimuth of P
�

 with respect to the director and 

2
2 2

0

1 1
sin sin

2 2
d

π

ϕ ϕ ϕ
π

= =∫ .    (3) 

The dipole moment P
�

 of the constituent 
plank-like molecule makes a fixed angle ϕ  with 

the aggregate axis A
�

. Now the average orienta-

tion of the aggregate axis 2cos θ  has to be 

expressed in terms of the average orientation 
2cos dθ  of the transition dipole entering 

Eq. (2). To this end we choose the reference 

frame associated with the aggregate axis A
�

, in 
which this axis is fixed while the director and 
the dipole moment vector spin around. Let the Z 

axis be along n
�

 and the XZ plane be spanned 

over the vectors A
�

 and n
�

 (see Fig. 6). 
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In this reference frame the dipole moment P
�

 of the constituent molecule has the 

azimuth γ  with respect to the X axis. The relation between θ  and dθ  is now seen to be 

of the form 

cos cos cos sin sin cosdθ θ β θ β γ= + .   (4) 

Upon averaging the square of Eq. (4) over θ  and γ  one obtains 

2 2 2 2 21
cos cos cos sin sin

2dθ θ β θ β= + ,  (5) 

where  2sin 1/ 2γ = (averaging over the rotation of X axis about Z axis is trivial, since 

Eq. (5) does not depend on γ ). From this equation one has  

2 2

2

2

1
cos sin

2cos
3

1 sin
2

dθ β
θ

β

−
=

−
.    (6) 

From Eqs. (1)–(3) and (6) the 3D scalar order parameter finally obtains the following 
form: 

( )
3

2

1
3

2 1 sin
2

D

N
S

N β

−=
 + − 
 

.    (7) 

In particular, for the case of  
2

πβ = we have 

( )3

1
/ 2

1 / 2D

N
S

N
β π −= =

+
.    (8) 

Fig. 7 demonstrates the scalar order parameter obtained for the pure Blue 250 and 
the Blue 250 with salt additives. The data are sorted in order of increasing scalar order 
parameter of the solution. It follows from the absorption anisotropy data that the addition 
of salts shows a tendency to increasing nematic scalar order parameter, though quantita-
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Fig. 7. Scalar order parameter 
for Blue 250 5.2 wt % with the 
corresponding ionic additives 
measured at λ = 650 nm.  
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tively these changes are not large and range between S3D = 0.57 for the pure Blue 250 and 
S3D = 0.64 for the solution with (C4H9)4NI added. However, the addition of Na2SO4 re-
sults in decreasing S3D value down to 0.42. This value is definitely lower than it can be 
expected for a stable nematic phase. We have verified carefully that this low S3D value is 
not a result of experimental errors or a poor alignment uniformity of the sample. We have 
thus suggested that it is rooted in the structural organization of the chromonic aggregates. 

We believe that cosθ  is significantly lowered due to growing side chains and branch-

ing the aggregates (i.e. transforming the aggregates from the rod shape to a Y-shaped 
construction), when the Na2SO4 salt is added. 

The fact that the S parameter for the other salts hardly depends on their presence can 
be interpreted as an evidence that the inter-columnar interaction is not affected by the 
added ions, whereas the changes observed on the phase diagram allude to the above sug-
gestion that the length of the aggregates and polydispersity of their lengths increase when 
the salts belonging to the first group are present. A slight increase in the order parameter 
supports these points. 

Conclusion 

We have demonstrated that the phase state and the structure of the aggregates in the water 
solution of Blue 250 change upon adding KI, (NH4)2SO4, NaCl and (C4H9)4NI salts, 
whereas the orientation scalar order parameter is not sensitive to their presence. These 
changes point to increase in the aggregate length and/or their polydispersity, with the in-
tercolumnar interactions being unaffected. The Na2SO4 salt differs from all the other salts 
by lowering of the scalar order parameter, which can be explained by modification of the 
shape of the chromonic aggregates. These changes may be attributed to growing of side 
chains within the rod-like aggregates. Finally, the NH4Cl salt does not affect the phase 
diagram and the scalar order parameter of the Blue 250.  
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