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Using a magnetic Frederiks transition technique, we measured the temperature and concentration
dependences of splay Ki, twist K2, and bend K3 elastic constants for the lyotropic chromonic
liquid crystal (LCLC) Sunset Yellow, formed through non-covalent reversible aggregation of organic
molecules in water. K; and K3 are comparable to each other and are an order of magnitude higher
than K»>. At higher concentrations and lower temperatures, K1 and the ratios K1/Ks, Ki/K>
increase, which is attributed to elongation of self-assembled LCLC aggregates, a feature not found
in conventional thermotropic and lyotropic liquid crystals formed by covalently bound units of a

fixed length.

PACS numbers:

Soft non-covalent attraction of organic molecules in so-
lutions often results in elongated aggregates [1-4]. Ex-
amples include "living polymers”, wormlike micelles of
amphiphiles, stacks of disk-like dye and drug molecules
[1, 2], nucleic acids [4] and proteins. In a broad range
of concentrations and temperatures, the self-assembled
polydisperse aggregates of relatively rigid flat organic
molecules form nematic and columnar liquid crystal (LC)
phases, generally classified as lyotropic chromonic LCs
(LCLCs) [1, 2]. Since the aggregates are bound by
weak van der Waals forces, their length varies strongly
with concentration, temperature, ionic content, making
the LCLCs very different from thermotropic LCs with
molecules of covalently fixed shape and from lyotropic
LCs formed by objects such as tobacco mosaic viruses
[5] or polymers of fixed molecular weight [6]. An intrigu-
ing question is how this fundamental structural feature
of LCLCs reflects on their elastic properties.

Despite the growing interest in LCLCs, very little is
known about their elasticity. Theory and numerical sim-
ulations have reached the level at which one can describe
phase diagrams of LCLCs [7-9], but not their elastic
moduli. The main challenge is in accounting for length
distribution and flexibility of aggregates. The average
length of aggregates L in the nematic LCLC can be es-
timated [10], following the work of van der Schoot and
Cates [11] on wormlike surfactant micelles, as a function
of stacking energy E, volume fraction ¢ of the chromonic
molecules, persistence length A, of the LCLC aggregates
of diameter D, and absolute temperature 7":
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where Ly = 2n~2/3\/a,D is a length characterizing the
size of a monomer, a, is the period of molecular stacking
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along the aggregate, k is a constant describing the en-
hancement of aggregation by the excluded volume effects;
in the second virial approximation, x &~ 4kgT [11]. Ex-
perimental characterization of elastic parameters is also
challenging as it requires two types of uniformly aligned
samples, with the director n (average orientation of ag-
gregates) being in plane of the cell (planar alignment)
and perpendicular to it (homeotropic alignment). The
elastic properties can then be determined by applying a
magnetic field B to realign n (Frederiks effect). Only pla-
nar cells were used so far. In these cells, B causes twist
or mixed twist-bend of n, depending on the rate of field
increase [12, 13]. Golovanov et al. [14, 15] used this effect
to extract the twist constant K5 = 0.36pN and the bend-
twist ratio K3/Ko = 12.2 for disulphoindantrone-water
LCLC.

In this letter, we take advantage of the new techniques
to align the same LCLC in both planar and homeotropic
fashion, and determine all three bulk elastic constants, in
geometries where the field-induced director gradients are
small and correspond to equilibrium states. We study
aqueous solutions of disodium salt of 6-hydroxy-5-[(4-
sulfophenyl)azo]-2-naphthalenesulfonic acid, also known
as Sunset Yellow (SSY). In this LCLC, the disk-like
molecules reversibly aggregate face-to-face and form elon-
gated stacks with one molecule per cross section [16-18].
We find that dependences of K;, K5, K3 on concentra-
tion ¢ and temperature (¢, in °C') are highly unusual as
compared to other classes of LCs and explain the results
by the varying contour length and persistence length of
self-assembled flexible polydisperse aggregates.

Samples and experimental set-up. SSY was pur-
chased from Sigma Aldrich and purified as described in
Ref. [16]. The study is performed for the nematic phase
at c= 29.0, 30.0, and 31.5 wt % (¢=0.18, 0.19 and 0.20,
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respectively [10]) . The diamagnetic susceptibility mea-
sured parallel to n is smaller than its orthogonal coun-
terpart, Ax = x| — xL < 0. We used a magnetometer
with a superconducting quantum interference device and
determined Ay following Ref.[19] as Ax = 3(Xav — X1 )s
where xq, = %(XH +2x ) is the average volumetric mag-
netic susceptibility. The LC sample, flame-sealed in a
glass tube and placed in the superconducting solenoid,
was heated well above the nematic-to-isotropic transition
and slowly cooled down to 25°C in presence of 5T field.
Xav(t) was measured in the isotropic phase and linearly
extrapolated to the nematic phase region, following Ref
[19]. At 25°C, the magnetization was monitored for over
10 hours until its value saturated, indicating an equi-
librium homogeneous nematic state with n 1 B, which
allowed to determine y . An independent measurement
of Ay at 1T shows little (~ 1%) difference from the 5T
data, indicating that the field-induced order is negligi-
ble, which is consistent with the data on Cotton-Mouton
constant [20]. Mass densities were measured with a den-
sitometer DE 45 (Mettler Toledo). At 25 °C and ¢=29.0
%, we find Ay = (=7.24+0.7) x 1077.

To determine the elastic parameters, we used flat glass
cells of thickness d=20-25 um. A relatively large d and
smallness of director gradients in the Frederiks effect help
to avoid possible changes of scalar order parameter in a
strongly distorted LCLC [21]. For planar alignment, the
substrates were rubbed with a superfine abrasive paper
(001K Crystal Bay?™ Crocus Cloth, 3M), washed, dried,
and treated with UV ozone for 5 min to improve wetta-
bility. Homeotropic alignment of SSY was achieved with
unrubbed polyimide SE-7511L (Nissan).

The cell is placed in the magnetic field and probed
with two orthogonal polarized laser beams. One beam
is parallel to B. The normal to the cell, z, makes an
angle o with B, y is the axis of rotation, and the x axis
is parallel to n in the planar cell, FIG.1. The angle « is
controlled with a precision better than 0.1 °.

FIG. 1: (color online)Schematic of experiment setup. Sample
is held in a hot stage for temperature control (not shown
here). Both laser 1 and 2 are He-Ne lasers (A = 633 nm).
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Homeotropic cells, bend constant K3. Kj is de-
termined by setting o = 0 and detecting the optical phase
retardation for the laser beam 1, transmitted through the
cell and two pairs of crossed circular polarizers (each com-
prised of a linear polarizer and a A\/4 plate). The light
transmission increases at the threshold

T | poKs

B3 - d _Axv (2)
at which n starts to tilt from the z-axis (o is the mag-
netic permeability constant). The circular polarizers al-
lowed us to detect the tilt regardless of its direction. To
avoid the possible effect of umbilics [22], we used beams
of expanded cross section (~ 2 mm?); moving the sample
in the zy plane did not change the values of Bj.

In principle, Eq.(2) might need a correction, d — d+1,
where [ is the so-called surface anchoring extrapolation
length [23]. We verified the validity of Eq.(2) by measur-
ing B3 = 3.5 T in ultrathin cells (d =4 pm), using a 31
T solenoid at the National High Magnetic Field Labora-
tory (Tallahassee, FL). The result leads to {=0.15 pm,
much smaller than d in the measurements of K3, which
validates Eq. (2).

We extracted B3 from the hysteresis-free field depen-
dences of transmitted light intensity obtained for a very
low rate of field increments, 0.002 T /min [10]. Repeat-
ing measurements at different points of the cell and on
different cells, we established that the results were repro-
ducible within 5%. The temperature and concentration
dependences of K3/(—Ay) determined from the thresh-
old field Bs are plotted in FIG 2(a).

Planar cells, splay constant K;. The splay Fred-
eriks transition for Ay < 0 requires a planar cell placed
at « = 90°, i.e., B || tp, FIG. 1. However, as K is about
an order of magnitude smaller than K;, FIG. 2, twist
will develop before splay. To impose splay, we aligned
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FIG. 2: (color online)Temperature and concentration depen-
dences of (a) Ki,3/(—Ax) and (b) K2/(—Ax). The vertical
dash lines mark the nematic-biphasic transition temperature
upon heating (same for other plots)
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the cell at a=25°. As B increases from 0 to 0.33 T,
the director experiences threshold-less mixed splay-bend
deformation. We measured the field dependence of opti-
cal retardation of the cell R(B) by Senarmont technique
[24]. The theoretical dependence R(B) was determined
by numerically calculating the profile of director tilt 0(z)
(with resppect to the z-axis) from the bulk equilibrium
equation [10]
lﬂB2 cos?(a — 6).
2 po

3)
is already known, we fit the experimental

F= %(Kl sin? @ + K3 cos® 0)0% —

. K
Since — A

R(B) to extract
2(a).

Planar cells, twist constant K5. The magnetic field
applied parallel to n in the geometry a=90° often leads
to periodic distortions instead of the uniform twist [12—
14]. To avoid this regime, we use «=75°. The increasing
field first sets up a uniform splay, followed by a uniform
twist above the threshold [10]:

[ po K.
B2 ~ dsiﬂ—na ILLOA; ' (4)

We used the laser beam 2 polarized parallel to B, FIG 1.
In the absence of twist, the propagating mode is purely
extraordinary and is extinguished by the analyzer. When
the field reaches Bs, the transmittance increases. Mea-
suring By, we determine 52, FIG.2(b). The azimuthal
anchoring length was small, [,, ~ 0.15 um, as determined
by measuring B in thin cells with d &~ 7 ym. The optical
response was hysteresis- free for the rate 0.002T/min of
field change.

KAIX as the only fitting parameter, FIG

To determine the absolute values K23 we used Ay
presented above for t = 25 °C, and found K; = (4.3+0.4)
pN, K3 = (0.74+0.07) pN, K3 = (6.14+0.6) pN for ¢=29.0
%. Comparing these to 5CB values [23], K; = 6.6 pN,
K5 =3 pN, K3 =10 pN, one sees that K; and K3 are of
the same order but K5 is much lower than that in 5CB.
The SSY data are close to those for a lyotropic polymer
LC (LPLC) formed by monodisperse poly-y-benzyl glu-
tamate (PBG) in organic solvents, with ¢ = 0.20 and
lenth-to-diameter ratio L/D = 32 [6]: K; = 10 pN,
Ky =0.6 pN, K3 =10 pN.

The most dramatic and unusual (as compared to other
types of LCs, either thermotropic or lyotropic, see, e.g.,
review by Singh [25]) trend observed in LCLC SSY is that
the splay constant and its ratios such as %, % increase
when ¢ increases and ¢ decreases, Fig.3(b,c,d). As already
indicated, the detailed theoretical interpretation tools to
describe the elasticity of LCLCs are yet to come. We
first compare the observed trends to the predictions of
the phenomenological Landau-de Gennes (LdG) model

[27] and models developed for LPLCs.
Within the LdG model, the temperature dependences
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of Kip23, Ay, and An are determined by that of
the scalar order parameter S, namely, Kj23 oc S
Ax,An « S [27]. We measured An(t) and S(¢), us-
ing the technique described in [32], FIG.4. As seen
from FIG. 3(a), only K5 follows the LdG behavior, with

%;S being practically independent of ¢. In contrast,

K, Ky K i
—AS T and e decrease strongly when t increases,

FIG. 3(b,c,d). Such a behavior is at odds not only with
the LdG model, but also with the experiments for ther-
motropic LCs, which typically show % and % increas-
ing with ¢ [25].

In the models of LPLCs [28-31], the molecules of co-
valently fixed length L = const and diameter D < L are
considered either as rigid or semiflexible. If the rods are
rigid, the excluded volume theory [28] predicts K7 o (;5%,
Ki/K; = 3 and K3 x ¢3(%)>3, so that % x ¢73(£)2,
being much smaller than 1 and decreasing at high ¢. The
behavior of SSY is very different, with K; /K3 ~ 6 — 11
and K; = Kj3; importantly, K; /K3 increases with ¢ o ¢,
Fig.3(d). The disagreement remains when one considers
a bidisperse system [28] or takes into account electrostatic
effects [30]. The SSY aggregates are charged, as the ionic
groups at periphery dissociate in water. For the typical
volume fractions of SSY in the nematic phase, ¢ ~ 0.2,
the Debye length Ap is about 0.3 nm [18]. The electro-
static interactions lead to a ”twisting effect”, as two simi-
larly charged aggregates tend to align perpendicularly to
each other. The effect decreases Ko by a small factor [30]
~ (1 —0.1h), where h = A\g/(D + 2),) is only about 0.2
for the nematic phase of SSY [18]. In LPLCs, the elec-
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FIG. 3: (color online)Temperature and concentration depen-

dences of (a) %7 (b) f(Al;S and (c) K1,3/K2. (d)K1/K3
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trostatic effect might also increase K3 [30] (thus making
% even smaller than in the model of non-charged rods),
since the mutual repulsion of similar charges along the
polymer makes it stiffer. We conclude that the elasticity
of SSY cannot be described by the model of rigid rods
of fixed length, whether charged or not, and turn to the
models of semiflexible LPLCs [28-31].

The SSY aggregates should be flexible, as the attrac-
tion between monomers is weak, with the scission energy
E in the range (7-11) kpT [16, 18, 34]. In the theory of
semiflexible LPLCs, K> and K3 are determined by the
persistence length A, of the polymers rather than by L
[28, 29, 31]): K, = kBT¢1/3< £)1/3 [28]; Ky = 25T g%
(we use the standard deﬁnltlon [33] A, = B/k BT through
the bend modulus B, which makes K 3 twice as large as
in Ref. [31]). The last formula, with the experimental
K3 =6pNat¢=0.18,t =25°Cand D = 1.1nm [16, 18],
yields A, ~ 10 nm. We are not aware of any other esti-
mates of A, for LCLC, but the result appears reasonable
when compared to A, ~ 50 nm for DNA duplex [33], as
the latter is about twice wider than the SSY aggregate
and we expect A, to increase with D.

The splay modulus K; still grows with the contour
length L (as opposed to the persistence length \,) in
flexible LPLCs: as explained by Meyer [3], splay defor-
mations, under the condition of constant density, limit
the freedom of molecular ends, which increases the en-
tropy. Larger L implies a smaller number of molecu-
lar ends available to accommodate for splay and thus a
higher K1: K; ~ 1k8T gL 137,

The model of sem1ﬂex1b1e LCLC aggregates, supple-
mented by the idea that their average length L in LCLCs
is not fixed [1-3, 11], Eq.(1), explains the observed T and

. . K o E
¢ dependences of elastic ratios, expressed as X = bW
K1 _ 4,42/3 L Ks 4 12/3 2/3
Ky ¢ 1/?’DQ/?’ and K> ¢ ( ) The

dramatic decrease of L(¢,t) o exp(E/2kgT) at ele-
vated temperatures is expected to cause the strongest
T-dependence of the splay constant K; . The persistent
length is determined mainly by E and should be only
a weak function of 7' and ¢. Numerical simulations [§]
show that A\, o 5+ 2.14E/kgT for chromonic aggre-
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FIG. 4: (color online)Temperature and concentration depen-
dences of An (at 633nm) and scalar order parameter S.
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Using this empirical result and Eq.(1), we thus

estimate the trends as ? ¢5/GW, %

¢*/2 exp((E + k¢)/2kpT), and 52 o ¢*/3(E/kpT)*/>.
All three ratios increase when T decreases and ¢ in-
creases, as in the experiment, FIG.3(c,d). The ratio
K, /K> is the most sensitive to ¢ and T, in a good agree-
ment with FIG.3(c). The strong increase of K; with ¢
explains the effect of spontaneous chiral symmetry break-
ing in osmotically condensed LCLC tactoids [26]. The es-
timate K1/K3 = L/), combined with the experimental
fact that K;/Kz = 1.1 — 0.7, FIG. 3(d), implies that L
and ), are of the same order and that L/), decreases at
high temperatures, where the aggregates shorten while
SSY approaches the isotropic phase. From the tilt of
temperature dependencies, %% and %%,
we deduce E ~ 10kgT and 13kgT, respectively (for
k= 4kgT [11]).

To conclude, we measured the temperature and con-
centration dependences of Frank moduli of the self-
assembled nematic LCLC. K; and K3 are found to be
comparable to each other and to the corresponding values
in thermotropic LCs, while K5 is one order of magnitude
smaller. The splay constant K7 and the elastic ratios ? ,
% increase significantly when the concentration of SSY
increases or the temperature decreases. This unusual be-
havior is explained within a model of semiflexible SSY
aggregates, the average length of which increases with
concentration and decreases with temperature, a feature
that is absent in conventional thermotropic and lyotropic
LCs formed by units of fixed length.
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