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NEMATIC ORDERING IN LYOTROPIC LIQUID CRYSTALS

B. D. LARSON AND J. D. LITSTER

Department of Physics and Center for Materials Science
and Engineering, Massachusetts Institute of Technology,
Cambridge, MA, 02139, USA

Abstract We report birefringence measurements of the
nematic order parameter of the lyotropic liquid crystal
formed by aqueous solution of cesium perfluoro—octanocate
(CsPFO0). For a mole fraction x = 0.035 of CsPFO the
first order jump at the nematic-isotropic transition is
about twice that in a sample with x = 0.025. The results
are analyzed using a Landau-de Gennes model.

Lyotropic nematic liquid crystals occur at high enough
concentration of some surfactant solutions that micelles in-
teract strongly enough with each other to cause long range
order. Several examples of these systems have been found and
studied, and appear to behave in many respects like their
thermotropic counterparts., On a microscopic scale, however,
these two types of liquid crystals are quite different. 1In
the thermotropic case, the interaction forces of counsequence
are for the most part between molecules, whereas in the lyo-
tropic solutions, the interacting units can consist of hundreds
of surfactant molecules each., The interactions are mediated
by a solvent, often ionic, and the micelles are not likely
rigid or of uniform size or shape.

The ideas of statistical mechanics postulate that col-
lective behavior should be a function of the underlying sym-
metry, and not strongly dependent upon microscopic details.
These lyotropic systems thus give us a very suitable envir-
omment in which to test these ideas, by comparing their be-

havior with thermotropic liquid crystals., To the extent they
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are the same as thermotropic nematics, they also permit con-
trol of new variables, such as concentration of surfactant
or electrolyte, which affect the basic interactions and pos-—
sibly the symmetry.

In this paper, the nematic (N) to isotropic (I) phase
transition in a binary mixture of cesium perfluoro-octancate
(CsPFO), CgF17C00Cs, and water has been studied via optical
birefringence techniques. CsPFO in water forms disklike mic-
elles which tend to line up with their symmetry axes along
an applied magnetic fieldl, Liquid crystalline me sophases are
formed over quite a wide concentration range, without the nec-
essity of adding other ingredients., The phase immediately
below the nematic phase in temperature is the lamellar, or
neat soap (NS) phase, which is analogous to a thermotropic
Smectic A phase. The CsPFO was prepared as described by
Rosenblatt et al.2 and mixed with water by molar concentration
x of CsPFO. The surface effect of flat parallel glass plates
with O.1lmm spacing was sufficient to induce reliably homeo-
tropic alignment, in which the director is perpendicular to
the plates, when the sample was annealed in the nematic or
neat socap phase. The samples were heated slowly from the
neat soap phase through the nematic and into the isotropic
phase, where the optical birefringence went to zero. The scans
were repeated to rule out error from possible drifting of the
transition temperatures due to water loss from the sample.

The tendency of the lyotropic to align homeotropically
along a flat glass surface enables one to measure both indices
of refraction directly 3 using an Abbe Refractometer. Our
results are given in Figure 1 . We see that the average
index of refraction is very close to that of pure water, and

that the total birefringence well below the order-disorder
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transition is less than 0.004, almost two orders of magni-

tude smaller than typical thermotropic optical birefringences.
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FIGURE 1. Refractive indices for an aqueous solution
of CsPFO, x = 0.036, as measured on an
Abbe Refractometer.

This relatively small birefringence in lyotropic liquid
crystal mixtures allows us to make the convenient approxima-
tion that the birefringence is linear in the nematic order

parameter S.

n” - nl ~ S (1)

where § = 1/2 <3cos2(8) - (2)



Downloaded by [Tomsk State University of Control Systems and Radio] at 13:14 20 February 2013

16 B. D. LARSON AND J. D. LITSTER

As is evident from this data, a more sensitive technique
is required if one wants to do detailed studies of the crit-
ical behavior via the birefringence. This is accomplished by
placing an aligned sample and a photoelastic modulator between
crossed polaroids and using a phase sensitive detector to ex-
tract a passed laser signal at the modulator driving frequency.
The amplitude of that frequency component is proportional to
the sine of the phase shift, With homeotropic alignment, it
was necessary to tilt the sample cell, so that both the ord-
inary and extraordinary axes were probed. For these measure-
ments, the sample was loaded into a commercial spectrophotometer
cell with O.lmm path length and flat quartz windows, sealed
to prevent water loss, and placed in a temperature controlled
oven with resolution and stability of 1 mK., Since the maxi-
mum phase shift for these measurments was less than n/2 rad-
ians, a compensator was needed to normalize the output signal
to + 1 before taking the arc sine to convert it into an opt-—
ical phase shift. This phase shift is linear with the bire-
fringence and hence, with the order parameter S as well.

Our high resolution results of birefringence vs. temperature
for two different mixtures are shown in Figure 2. The lower
curve is from a sample having x = 0.025 and Tx ~ 31.266°C,
with the upper one being more concentrated with x = 0.035 and
Tk = 44.925°C. The birefringence is calculated from the
measured phase shift, the sample tilt angle, thickness and
average refractive index. The absolute value 1s quite sen—
sitive to the tilt angle. At an external tilt angle of 45°,
it changes by 13% per degree of tilt, thus, error in measur-
ing this angle can easily account for any discrepancy between
Figure 1 and Figure 2, as well as affect the relative amp-

litudes in Figure 2. Key features include what appears to
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be power law behavior throughout most of the nematic phase,
as well as a linear decrease at the N-I transition and a small

bump (but no discontinuity) at the nematic to neat soap tran-

sition.
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FIGURE 2. High resolution birefringence data for CsPFO,.
The molar concentrations and transition tem—
peratures are x = 0.035, Ty »~ 44,925 for the
upper curve, and x = 0.025, Tx =~ 31.266 for
the lower curve. The inset shows an expanded
view near Ty for the x = 0.025 sample.

The inset in Figure 2 shows an expanded view of the N-I
transition for the x = 0.025 curve. Here we can see more
clearly the features. The phase diagram of CsPFO has been
mapped out by Boden et al.l using microscopy and deuterium NMR
spectroscopy. The nematic-isotropic transition is found to
be first order everywhere and displays a finite width coexis-
tence region, much like an impurity induced coexistence region

in thermotropic compounds. This can be understood as follows:
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a well annealed nematic system of uniform concentration should,
as it is heated, remain intact until it reaches that temper-
ature Ty at which isotropic phase first appears. The isotrop-
ic phase which is in equilibrium with the nematic will contain
a higher fraction of water; water thus leaves the nematic
phase, raising the transition temperature for the remaining
nematic to become isotropic. This process will continue if
the temperature is raised slowly enough to allow mass trans-
port, until finally a completely homogeneous isotropic phase
forms. The parameter Tc*, defined in Equation (3), is thus
different by the coexistence range, as seen from the isotropic
and the nematic phases. The relative differences, TC*—Tk and
Tc*—TT, should be approximately equal, however. We note from
the data that the coexistence range changes with concentra-—
tion of CsPFO, being about 900 mK for x = ,035, and 150 mK
for x = .025., We take the noticeable kink in the birefrin-
gence curve to be the N-I1 transition temperature Tp. For the
purposes of analyzing data in the nematic phase, we may ignore
any data in the coexistence region beyond that.

To analyze the data, it is natural to try a Landau—
de Gennes model#. Detailed discussions are available in the
literature 5‘6, so only the key points will be covered here.
It is particularly reasonable, since mean field theory has
been shown to work for the pretransitional behavior in the iso—
tropic phase 2, There are potential difficulties with the
Landau expansion. Since the order parameter takes on a finite
and increasing value, one might expect that higher order terms
in a free energy expansion would be necessary to describe the
behavior on the nematic side of the transition. Also, since
the N-I transition is necessarily first order, there is a
limit on how close to the extrapolated second order transition

temperature one can probe.
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We expand the free energy near the transition as a Landau-
type power series in the order parameter S. The cubic term
is required by symmetry, and at least one higher order term

is required for stability.

3.2 .1.3 .9 4 9 D 5.9 ES6 3
o(8) =8, + 7 AS +7 BS +3,C8 +55 DS +gp (3)

where A = a(T-T.*), T.” being the virtual second order transi-
tion temperature for pretransitional fluctuations in the iso-
tropic.

In the simplest case, we take up through the quartic
term. The result of this approximation is to give us a nem-
atic phase order parameter which is a constant plus a para-

bola
s - st =(rt -1).5 (4)

Note that the presence of the cubic term gives us a background
order parameter term, st. TT, with its corresponding ST, is,
in the context of mean field theory, the point beyond which
the nematic phase cannot be superheated. The actual first
order transition temperature is labeled Ty, and falls between
T.* and 1T,

If, however, one drops the 4th order term and uses the
6th order term, one finds a similar form with an exponent of
.25 (when the coefficient of the cubic term is small). This
is the standard tricritical point value of the exponent. 1In
general, one might expect that the behavior could be approx—

imated by a simple power law of the form:

s -st = (1t -1)B (5)
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Poggi et al, 7 report consistency with mean field theory
and 8 = 0.5 for the thermotropic compounds MBBA and HBN,
whereas Keyes 8 has shown the same data to be consistent with
a power law of 0.25. The data are inconclusive, although other
experiments on other compounds 9-10 tend to rule out the
critical value B = 0.5 result for thermotropics in favor of
the trieritical value.

The CsPFO system is a novel one in the sense that the N-1
transition is even more nearly second order than in other liq-
uid crystals, as determined from light scattering 11 and mag-
netic birefringence measurements 2 in the isotropic phase, as
well as the data presented here. (Ty - Tc*) has been shown
to be as low as 20mK for the pretransitional nematic fluctua-
tions in the isotropic phase 2, since a large part of the in-
herent difficulty in measuring g is due to the inability to
probe the region close to TT, this is a very important fea-
ture. Also, by changing the concentration, we are able to
vary the free energy coefficients.,

While we are unable to state an absolute value of the
order parameter from our measurements, since our samples never
reach S=1, we can make reasonable estimates. From lower tem-
perature measurements on the x = 0.035 sample, the extrapolated
birefringence appears to saturate in the vicinity of 0.0032
on the scale of the figure. The N-NS value is about 0.0023,
giving Sy-Ns » 0.7, which is in the same range as expected
for many thermotropics. At the kink of the N-NI transitionm,
there is a birefringence of about 0.00095, thus Si < 0.3,
which is slightly less than in most thermotropics.

For the other sample, x = 0.025, limits on cooling the
sample prevent extrapolating to a saturation value. However,
if we also take the value of Sy_yg ~ 0.7, we find that

Sx = 0.17, which is even closer to a second order transition.
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We analyze our data in the context of the above discuss-
ion by fitting them to a simple power law plus a background
term. The method is a non-linear least-squares algorithm.

We must decide what temperature range of data to fit. A
wider range to be fit puts a more stringent test upon the
model, provided the model is valid far from the transition.
The highest temperature points of value are those just before
the Ty kink. Poggi et al. / used a range of about 1 degree
for their fits. Others have used ranges from about 1 degree
up to most or all of the nematic range. In our case, we used
a range less than 3 or 4 degrees, since coupling to the Smec-
tic order becomes important near the N-NS transitionm, which
for our samples is about 5 or 6 degrees below Ty. We have fit
both sets of data to the power law form, over both the 1 and
3 degree ranges, and with the critical exponent § fixed at
0.5, 0.25 and allowed to vary. Note that these are 3 and 4
parameter fits to a modest curvature, so that we must care-
fully assess the meaningfulness of any such results, espec-
ially since unnormalized chi-square values are the basis of
comparison.

In the x = 0,035 sample, the mean field g value of 0.5
was found to fit quite well over both the 1 and the 3 degree
range fits. This is shown in Figure 3., The tricritical value
of B = 0.25 fit almost as well for the 1 degree range, much
the same as Keyes demonstrated 8 for the data of Poggi et al. 7,
This broad minimum in the chi~square can be attributed to the
high number of parameters for such a smooth curve, as well as
any randomness in the experimental data points. We found the
value of ST to be negative when 8 = 0.25, however, and we
reject the fit, since negative st is non-physical, When a 3
degree range was fitted using § = 0.25, the fit program did not

converge within a reasonable range of values, and st again
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tended to go negative. A best fit to the 3 degree range
actually gave 8 = 0.57 + .06, however upon examining the
data and fitted curves by eye, no improvement was evident,
suggesting that a properly normalized chi-square would be
less than 1, and thus the mean field value of 0.5 would again

be correct within the precision of our experiments.
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FIGURE 3. The nematic data for CsPFO., The upper
curve, x = 0,035, is shown with a fit
with B8 = 0.50. The lower curve, x = 0,025,
is plotted with its best fit of g = 0.40,

For the x = .025 sample, the mean field value of B = 0.5
is not quite as good, showing a small but distinct systematic
error. For both the 1 and 3 degree ranges, § = 0.25 gave a
lower chi-square than f§ = 0.5, but again gave physically
meaningless values of st (negative) which should be dis-
counted. The best fits for both ranges gave intermediate
values of B, with g = 0.40 (+.04, -.06), giving a chi-square
one~tenth that for B = 0.5 in the 3 degree fit. This is shown
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in Figure 3, This is an indication that higher order terms
in the free energy are important, but they do not fully dom—
inate the quartic term.
A further check on the above results is to compare fitted
values of S and T! to the values expected from the simple
Landau theories. These results are summarized by Gramsbergen

et al. © to be, in the B = 0.5 mean field approximation:

st = 3/4 s (6)

T = Ty + (T - T*)/8 (7

The ST values for B = 0.5 all agree quite well with Equation
(6) and the measured Sk. The temperature Ty is difficult to
determine accurately, but within the experimental accuracy (7),
predicts results consistent with magnetic birefringence meas-
urements 2.

What statements can be made regarding the relative impor-
tance of the coefficients in Equation (3)? The cubic coeff-
icient B is negative, since the nematic phase S is known to
be positive 1. one may deduce from the magnetic birefringence
data of Rosenblatt et al. 2 that the fourth order constant C
is positive and nonzero. For the x = 0.035 sample, there is
no need to consider higher terms to explain the data. When
x = 0.025, we see two effects. First, the first order discon-
tinuity has decreased. This suggests that B decreased with
respect to C and the higher order coefficients. The second
observation is the reduction of the effective exponent 3,
suggesting an increased importance of higher order terms rela-
tive to the quartic,

In conclusion, we have measured the optical birefringence
behavior in the lyotropic liquid crystal CsPFO and have rel~

ated it to the nematic order parameter. The first order dis-
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continuity can be altered somewhat by varying the water con-
tent, This allows us to obtain more significant estimates for
the effective exponent 8 close to the N-I tramsition than
has previously been possible in thermotropic materials, and
also allows us to watch the approach to a possible tricritical
point on the phase diagram. The values of 3 suggest agree-
ment with a Landau (mean field) model, with higher order
terms becoming more important as the transition becomes more
second order.
We would like to thank N. Boden for helpful discussions
on the coexistence behavior of CsPFO.
This work was supported by the Joint Services Electronics

Program under contract DAAG 29-83-K-0003.
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