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High-precision heat-capacity study of phase transitions in a lyotropic liquid crystal
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The nematic to neat-soap (N-NS) and nematic to isotropic (N-I) phase transitions in binary solutions
of cesium per-fluoro-octanoate (CsPFO) and water have been studied by high-precision calorimetry at
39.3, 43.6, 48.3, 49.0, 50.7, 52.0, and 55.3 wt. % CsPFO concentrations. The ratio of the heat-capacity
amplitudes, above and below the N-NS transition, and the critical exponent a remain near 1 and 0, re-

spectively, suggesting three-dimensional XY-type behavior. The coexistence range and the latent heat at
the erst-order N-I transition decrease with decreasing concentration. Extrapolation of the N-I coex-
istence width suggests existence of a Landau point at -28 wt. %%uoconcentration . Th ecoefficient sof ex-

pansion in the Landau —de Gennes free energy at the N-I transition and their concentration dependence
have been determined. Coefficients of the cubic and the biquadratic terms become vanishingly small at
low concentrations underscoring the need to use higher-order terms in the free energy.

PACS number(s): 64.70.Md, 64.60.Fr, 82.60.Fa

INTRODUCTION

The cesium per-fluoro-octanoate (CsPFO) molecules,
like a typical surfactant, have hydrophobic and hydro-
philic ends. They aggregate to form dislike micelles [1]of
positive diamagnetic anisotropy when dissolved in water
at concentrations higher than the critical micellar con-
centration. At high concentrations ( & 20 wt. % CsPFO),
the disk-shaped micelles develop orientational and one-
dimensional translational order to form the nematic (N)
and the neat-soap (NS) phases [1], respectively. At a
fixed concentration, such systems undergo phase transi-
tions with decreasing temperature from the completely
disordered isotropic (I) phase to the N phase, and from
the N phase to the NS phase.

On the basis of their structure and symmetry, the N
and NS phases exhibited by lyotropic systems can be con-
sidered similar to the thermotropic N and smectic-A
phases. The N-I and N-NS phase transitions of such sys-
tems have frequently been compared with the corre-
sponding thermotropic liquid-crystal transitions. Many
experimental studies have been undertaken to
comprehend the microscopic structure of these phases
and the nature of the N-NS and N-I transitions. Previous
optical [2], quasielastic light-scattering [2,3], magnetic-
birefringence [4,5], magnetic-deformation [6], conven-
tional [7] and synchrotron [5] x-ray diffraction, small-
angle neutron-scattering [8], and electral-conductivity [9]
studies have provided evidence in favor of the lyotropic
liquid crystals being analogous to the thermotropic ma-
terials. There is now substantial quantitative evidence
which can be used to argue against the conventional bi-
layer structure of the neat-soap phase (at least in some
cases), and in favor of arrangement of the micelles to
form a layered structure. The lyotropic systems di6'er

from the thermotropics in one regard. The microscopic
entity that undergoes ordering in lyotropic liquid crystals
is an aggregate (micelle) of 50—100 molecules while in
thermotropic materials it is the individual molecules that
form liquid-crystalline phases. The neat-soap (or
smectic-A) fluctuations in the nematic phase diverge [2]
anisotropically with critical exponents v~~

=0.72+0.1, and
v~=0.58+0.1, for the CsPFO plus water system. At the
N-I transition, P=0.5+0.1 and y =1 is obtained [2,5], in
agreement with mean-field theory. These results are simi-
lar to those obtained for many thermotropic liquid crys-
tals.

The phase diagram for the CsPFO plus water system
has been determined with high precision by Boden et al.
[1]. In their NMR experiments, they found that the N-
NS transition changed from second order at low concen-
trations to first order at high concentrations. The tricriti-
cal point, at which the N-NS transition changes from
second order to first order, was determined to be near 57
wt. lo. In a later study [10],with better temperature pre-
cision, this concentration was revised to a significantly
lower value, -43 wt. %. Their experiments also support-
ed the possibility of a Landau point at the N-I transition
at low concentrations in accordance with earlier reports
based on light-scattering [2] and magnetic-birefringence
experiments [4,5]. Unfortunately, most of the measure-
ments made to this date (for example, light and x-ray
diffraction, optical, magnetic deformation, etc. ) depend
on the ability to align and/or to reorient the micelles,
which is inherently difficult due to slow relaxation pro-
cesses in these materials. Furthermore, almost all of their
physical properties (dielectric and diamagnetic anisotro-
py, optical birefringence, etc.) are more than two orders
of magnitude smaller than in thermotropic liquid crys-
tals, making it even harder to conduct high-precision
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measurements.
We decided to use the heat-capacity (C ) technique to

conduct a comprehensive study of phase transitions in
the CsPFO plus water system. The heat-capacity mea-
surements are independent of the macroscopic alignment
and reorientational times of the micelles and offer an op-
portunity to obtain more reliable results than possible
with other techniques. Previous heat-capacity studies
[11,12] have provided very useful qualitative information
about the behavior of the heat capacity of this system.
The changes in heat capacity in these materials were
nearly 300—500 times smaller than those found in ther-
motropic liquid crystals, e.g. , 4-(n-octyloxy)-4'-
cyanobiphenyl (8OCB) [13]. In these experiments, the
solutions remained homogeneous for a long time and did
not require stirring during the scans. Heating and cool-
ing scans were found to be essentially the same.

We performed heat-capacity measurements on seven
different concentrations. Our results, a summary of
which was published elsewhere [14], show that the N-NS
transition is in agreement with predictions of the three-
dimensional XY (3D-XY) model. We could not observe
the evolution of the heat-capacity exponent a toward the
tricritical value of —, because of transition broadening due
to impurities. The coexistence previously observed [1,10]
may have been due to the same reason, rather than the
presence of a tricritical point. We have also determined
the latent heat, the width of the coexistence region, and
the fluctuation heat capacity at the N-I transition. The
concentration dependence of these quantities shows that
the transition line should terminate at a Landau point at
—28 wt. %%uoconcentration . Acalculatio no f the
coefficients in the Landau —de Gennes free energy em-
phasizes the need to include higher than biquadratic
terms for a better description of this transition.

EXPERIMENTAL DETAILS

Cesium per-flouro-octanoate was synthesized by stir-
ring and heating equimolar amounts of pentadecaAuoro-
octanoic acid and cesium hydroxide (both from Aldrich
Chemical Co.) until all the material turned to foam. The
wet solid was dried in a vacuum oven, dissolved in isopro-
pyl alcohol, cooled, and filtered. Recrystallization was
repeated in this manner two more times to produce the
purified CsPFO. The samples were prepared by dissolv-
ing CsPFO in distilled and deionized water. The transi-
tion temperatures for the concentrations studied, and
shown in Fig. 1, are in good agreement with published
[1,10] values.

Heat-capacity measurements of lyotropic materials are
particularly difficult because of the small changes in-
volved and a number of other technical reasons. For in-
stance, it is crucial to seal the samples so that no solvent
evaporation and, hence, drift of transition temperatures
occurs. The cell has to be made from chemically inert
and corrosion-resistant materials with suitable thermal
properties.

We used a scanning microcalorimeter, model MC-2,
manufactured by Microcal, Inc. , to measure the changes
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FIG. 1. Partial phase diagram of the cesium per-Auoro-
octanoate plus water system. The open circles indicate the tran-
sition temperatures obtained for the concentrations used in this
study. The solid lines are drawn as a guide to the eye.

in the heat capacity as a function of temperature. The
sample and reference cells of this calorimeter (Fig. 2) are
made of tantalum metal with a 1.2-ml volume (1.6 to 1.8

g of CsPFO solutions). This calorimeter's sample and
reference cells are connected to sealed reservoirs by 10-
cm-long, 1.6-mm inner-diameter tubes. This prevents
sample evaporation and provides an escape path for air
bubbles formed during the filling process. The sample
and reference cells are enclosed in an adiabatic chamber
made of an evacuated jacket. A syringe with a long hy-
podermic needle was used to fill the cells. Enough ma-
terial was injected into these cells so that between a quar-
ter to a half of the reservoirs were also filled. The reser-
voirs were tightly sealed with 0-rings and a stainless-steel
disk. Power was supplied to the main heaters attached to
the two cells to raise their temperature at a predeter-
mined rate. The temperature of the adiabatic chamber
was also raised at the same rate with the help of main and
feedback heaters. The power to the feedback heater at-
tached to the jacket is determined by a 20-junction ther-
mopile which senses the temperature difference between
the cells and the jacket. A 100-junction thermopile was
used to detect the temperature difference between the
sample and the reference cells, and to provide a
differential power signal to the cell feedback heaters and
maintain them at the same temperature. The differential
power was a direct measure of C, and was recorded as a
function of temperature.

This calorimeter allows accurate measurements of
small changes in C because of the large sample mass and
background C compensation with a reference material
(water in our case). It has a maximum sensitivity of 15
peal/min and an operating temperature range from
—30'C to 120'C. The temperature resolution of the
calorimeter is better than 7 mK at the scan rates used in
our study. The scan rate can be set between 11 mK/min
and 1.5 K/min. Signal averaging over several seconds
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FIG. 2. Schematic diagram of the adiabatic chamber and
sample and reference cells of the scanning calorimeter. The
main (MN) and feedback (FB) heaters (HTR) are used to change
temperatures of the adiabatic chamber and the sample (SAM)
and reference (REF) cells at the same rate. The 100- and 20-
junction (JUNC) thermopiles are used to sense temperature
differences and to control the amount of heating power supplied
to the feedback heaters.

was performed to improve the signal-to-noise ratio. The
experimental error in C was taken to be —,

' of the scatter
in the data points in a straight section of the heat-
capacity curve.

At the time these measurements were made, we did not
have the capability to perform cooling scans to check for
any hysteresis, monotropic phases, or other time-
dependent effects, such as coalescence of rnicelles at low
temperatures. Very recently, the calorimeter has been
modified to perform cooling scans. We have now verified
that the heating and cooling scans on these mixtures yield
the same results, although the cooling scans tend to have
higher noise due to technical reasons. After an initial
period of a few days, the scans are reproducible to a high
degree. In one instance, two scans taken four months
apart were found to be identical within experimental
resolution, and without a measurable change in the tran-
sition temperatures, emphasizing the chemical and ther-
modynamic stability of these systems.

Thermal equilibration was a concern given the large
samples used in this calorimeter. We found in our initial
studies that the results were independent of the scan rate
at rates slower than 50 mK/min. Hence, all of our scans,
except for 39.3 wt. % sample, were taken at heating rates
between 11 and 20 mK/min. A scan rate of 37 mK/min
was used for the most dilute (39.3%) mixture. The N-NS
transition for this sample is near room temperature

which makes it dificult to control the scan rate and to
scan at a slower rate. This appears to be responsible for
minor deviations of the results for 39.3% solution from

the general trends determined by other mixtures. Experi-
mentally measured [15] densities of these mixtures were

used in converting the data to units of J/g K.

DATA ANALYSIS

In the analysis of the N-NS transition, the use of
correction-to-scaling [16] term was found necessary as
the fits without it required drastically different values of
the heat-capacity amplitude and the critical exponent
above and below the N-NS transition. The function

Cp(t) =( A +i~)t (1—+D to')+—C(t') +ET+g (1)
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FIG. 3. hC~ vs temperature for the 43.6 wt. % CsPFO plus
water mixture. The solid line is a fit to Eq. (1) and the dotted
line represents C~ with t =1 in the first term, as described in
the text. The dashed line is the background for the N-I transi-
tion obtained with the first analysis method (see text).

described very well the measured heat capacity below the
N-I transition as evident from the fit to a scan for the
43.6 wt. %%uomixtur e(Fig . 3). Th evalue sof th ecoefficients
A and D were allowed to be different above (+) and
below ( —) the transition. In Eq. (1), the first term
represents a power-law divergence with first correction-
to-scaling term. The reduced temperature is

the virtual second-order N-I transition (superheating)
temperature; a is the heat-capacity exponent while a'
represents the power-law increase in heat capacity at the
N-I transition. As discussed later, a' should be con-
sidered only as a fit parameter and not as the critical ex-
ponent for the N-I transition. This term accounts for
part of the background heat capacity for the N-NS transi-
tion. The last two terms, with T in kelvins, provide a
linear background. The constant B represents the sum of
the regular and the critical background heat capacities.
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The background heat capacity at the N-NS transition,
due to the diverging heat capacity at T& I, was also ap-
proximated by a second-order polynomial, instead of the
power law (t' ) that appears in Eq. (1). Alternatively, a
linear background in the NS region was determined
graphically by drawing a tangent to the Cz curve, well
below the N-NS transition. This background was sub-
tracted from the data. Then, only the first (divergent)
term with correction-to-scaling and a constant back-
ground term were used to fit data below the minimum in
the N region. These fitting methods and several varia-
tions of them were attempted. The values of the critical
exponent a and the ratio of specific-heat amplitudes
A + /A varied negligibly for fits over the same tempera-
ture range from those obtained with the first, more intui-
tive method, described in the preceding paragraph.
However, y was sightly higher and the fits were less
stable with respect to temperature-range shrinking. The
renormalization [17] form of the heat capacity, obtained
by replacing the first term of Eq. (1) by

[3 t "/(—1+B*t )], also did not give a stable aR
with temperature-range shrinking, suggesting that renor-
malization was not occurring.

The fits obtained with the C functional of Eq. (1) for
all data below T&I, over a range larger than +5 K in
most cases, are shown by solid lines in Figs. 3—5. The
values of the parameters C, t', a', E, and B that deter-
mine the background heat capacity for the S-NS transi-
tion were fixed at the best-fit values. The data were then

0.550
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0.400-7.5 -5.0 -2.5
I I

0 2.5

N-Ns (")

I I

5.0 7.5 10.0

FIG. 5. Heat-capacity changes plotted against T—T& Ns for
50.7, 52.0, and 55.3 wt. % CsPFO solutions. The fits represent-
ed by the solid lines are discussed in the text. The data for 52.0
and 55.3 wt. % have been shifted down by 0.035 and 0.070
J/g K, respectively. The scan rates are also indicated.
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FIG. 4. hC~ vs T—T&» for 39.3, 48.3, and 49.0 wt. %%uomix-
tures. The solid lines are fits to the data below TN I, as de-
scribed in the text. The data for 48.3 and 49.0 wt. % have been
shifted down, for clarity, by 0.08 and 0.11 J/g K, respectively.
Note that the zero of the heat-capacity signal depends on instru-
ment settings and is different for different scans. The heating
scan rates for these concentrations are also indicated.

refitted to Eq. (1) over a much narrower (+1 K) range
and only the parameters in the first term varied. The
values of various parameters obtained from these fits are
listed in Table I. Probable errors in the value of a were
calculated by fixing a at values different from the best-fit
value, and refitting the data to determine g . A parabola,
with a minimum at the best-fit value of a, is obtained
when y is plotted against the corresponding value of a
as shown in Fig. 6 for the 43.6 wt. % mixture. The F test
was used to determine 95% confidence limits on a. The
possible uncertainties in the value of a, obtained in this
manner and listed in Table I, were as high as 80%. Fits
over several temperature ranges were attempted to deter-
mine the effect of range shrinking. The ratio A+/A
remained essentially unity irrespective of the temperature
range. The value of a varied significantly, well beyond
the probable errors given in Table I, with the tempera-
ture range selected. However, it never exceeded 0.006 ex-
cept for the 55.3 wt. % solution, for which it remained
nearly unchanged.

The N-NS transitions are sharp and well described by
the function used in the fits for the 39.3, 43.6, and 48.3
wt. %%uosolutions . Figure s 7an d 8sho w th edat aan d fits,
for all concentrations, over a +1 K range near the X-NS
transition. The X and NS phases coexist at higher con-
centrations. The coexistence range (Fig. 8) increases
from approximately 6 mK for 49.0 wt. %%uo to351mK for
55.3 wt. %. The data in the coexistence region, shown by
solid points, were excluded from the fits. A reliable es-
timation of a becomes difficult for these samples due to
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FIG. 6. y, a measure of goodness of fit, vs a for 43.6 wt. %
solution. The X's mark the 95% confidence limits determined
by the F test; F(340,340)—= 1.20. The values of g have been
normalized using its best-fit value.

the coexistence.
Analysis of the N-I transition was rendered particular-

ly difticult by the close proximity of the N-NS transition,
a wide N-I coexistence, and scant data representing pre-
transitional effects above TN I. All of these factors con-
spired to make it practically impossible to obtain the true
heat-capacity exponent for the N-I transition. It is, thus,
more appropriate to consider a', in the above analysis, as

0.49—

0.46—

-1.0 -0.5
T —

TN-NS (K)

I

0.5
I

1.0

FIG. 7. AC~ vs T —TN Ns for 39.3, 43.6, and 48.3 wt. % sarn-
ples, shown within +1 K of the N-NS transition. The solid lines
are the best fits discussed in text. The plots for 43.6 and 48.3
wt. % have been shifted down for clarity by 0.025 and 0.050
J/g K, respectively.
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FIG. 8. ECp vs T —T&Ns for 49.0, 50.7, 52.0, and 55.3 wt. %
samples within +1 K of the N-NS transition, taken at the indi-
cated scan rates. The solid lines are the best fits discussed in the
text. The filled symbols represent points in the coexistence re-

gions of 6-, 21-, 77-, and 351-mK width for the 49.0, 50.7, 52.0,
and 55.3 wt. % mixtures, respectively. The plots for 50.7, 52.0,
and 55.3 wt. % have been shifted down for clarity by 0.02, 0.04,
and 0.06 J/g K, respectively.

a fit parameter. However, it was possible to calculate the
latent heat, total fluctuation heat capacity, and the N-I
coexistence range. We employed two methods to deter-
mine these quantities as described below.

In the f'trst method, the power of t, in Eq. (1), was set to
zero in order to remove the divergence associated with
the N-NS transition from the total heat capacity. The
first term (with t =1) in Eq. (1), thus represented the
heat capacity due to the N-NS transition which formed
part of the background below T& I. The dotted curve in

Fig. 3 represents the sum of the heat capacity associated
with the N-I transition and the background obtained in
this manner. It should be noted that the first term still
has a divergence at the N-NS transition arising from the
correction to the scaling term. However, due to a rela-
tively small value of D, this divergence becomes notice-
able only very close to Tz Ns. Points in close proximity
to T~ Ns were discarded to obtain the dotted line in Fig.
3. A tangent drawn at the low end of the dotted curve
and shown by a dashed line serves as the background for
the N Itransition below Tzt. A-straight (dashed) line

was drawn through the data several kelvins above the N-I
transition to estimate the background above T&1. The
two backgrounds, above and below T& I, did not match
at the transition. A step change at T& I was assumed.

The heat capacity in the proximity of the N-I transition,
within +1 K for 43.6 wt. %, is shown in Fig. 9(a). The

0.55—

0.54—

0.53—

0 Method 1

43.6 wt %

0.52

0.51

0.50—

0.01
Method 2
43.6 wt %

-0.01

-0.02

—0.03 =-------

-0.04—

306.0
I

306.5
I

307.0
T (K)

I

307.5 308.0

FIG. 9. AC~ near the Ã-I transition of 43.6 wt. %%uosolution
shown on an expanded scale. The dashed line is the background
used to calculate the transition enthalpy (total area under the
solid curve) and the latent heat (shaded area) as explained in the
text. The backgrounds, shown by the dashed lines, were es-

timated by (a} the first and (b} second method described in the
text.

same procedure was followed for the other concentra-
tions.

A significant pretransitional increase in C is evident
on both sides of the N-I transition. The straight top re-
sults due to N-I coexistence. Sharp drops on both sides
of the peak, approximated by straight lines, mark the be-
ginning and the end of the coexistence. The shaded area
under the curve and between the straight vertical lines
represents the latent heat of transition hH. The area un-
der the C~ curve but outside the coexistence region is the
integral of the pretransitional heat capacity
5H= IC~dT. The values of b,H calculated for all mix-

tures are listed in Table II.
An unacceptable feature encountered in the above

method is that it gave a lower background below the N-I
transition than the background above it, in apparent con-
tradiction to the mean-field models [18] of the N Itransi--
tion. Evidently, this is due to the difficulty in determin-
ing the background in the presence of the N-NS transi-
tion. A second method, based on accepted procedures
[19] of determining the background under similar cir-
cumstances, was adopted. In this case, the first term of
Eq. (1) with values of parameters from the fit to the N-NS
transition was subtracted from the entire data. A tangent
to the data well below Tz~ served as the background.
This background was higher than the background above

T&I as expected for mean-field behavior. The data and
the background for the 43.6 wt. % sample are shown in
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FIG. 10. Measured heat capacity, with the divergent heat
capacity [first term in Eq. (1)] corresponding to the N-NS transi-
tion subtracted, as a function of temperature. The dashed lines

represent the background for the N-I transition.

RESULTS AND DISCUSSION

Fig. 9(b) over kl K of T& I, and in Fig. 10 over a wide
temperature range. The data and the background curves
for the 48.3 and 55.3 wt. % samples, within +1 K of
T& I, are shown in Fig. 11. Once again, the latent heat
and the total transition enthalpy were calculated for all
samples. The values of hH and 5H thus obtained are also
included in Table II. hH and the width of the coex-
istence region are plotted against concentration in Fig.
12. It should be pointed out that these values have a sys-
tematic deviation from, and are within 20% of, the values
obtained with the first method. Although the absolute
values are different depending on the method of analysis,
any inferences based on the trends with concentration
are, nevertheless, valid.

-2.7B

-2.79

-2.BO

-2.Bi

-2.B2—

323.5
I

324.0
I

324.5
T (K)

I

325.0 325.5

FIG. 11. hC~ within +1 K of the N-I transition of 48.3 and
55.3 wt. % samples. The dashed line is the background for cal-
culating the transition enthalpy and the latent heat, obtained by
the second method explained in the text. The horizontal scale
on the top corresponds to 48.3 wt. % sample.

NS transitions. The height of the Cz peaks at the N-NS
transition appear to grow with the CsPFO concentration
while the height of the N-I peak remains nearly constant.
These peak heights for the 43.6 wt. % solution are in ex-
cellent agreement with the results of Ref. [12] on a 41
wt. %%uosolution . Sine e th ebackgroun dslop eha d tobe in-

strumentally readjusted for each sample, its dependence
on the concentration can not be inferred.

The heat-capacity scans of CsPFO solutions in water at
39.3, 43.6, 48.3, 49.0, 50.7, 52.0, and 55.3 wt. % concen-
trations are shown in Figs. 3—5. Evidently, there are
strong pretransitional increases in C at the N-I and N-

Nematic-neat-soap transition

Changes in the heat capacity below T~ I are well de-
scribed by Eq. (1). The ratio of heat-capacity amplitudes

TABLE II. Measured values of the latent heat (hH), and the nematic to isotropic transition enthal-

py (6H+5H) for cesium per-fluoro-octanoate plus water mixtures. Two different methods were used
as discussed in the text. AH and (b,H+5H ) are estimated to be accurate to +10%.

Conc.
(wt. %)

39.3
43.6
48.3
49.0
50.7
52.0
55.3

TN-I T,
(mK)'

18
31
81
96

137
179
340

Method 1

hH
(J/g)

5.10x 10-'
6.50x 10-'
9.00x 10-'
9.30 X 10
1.05 X 10
1.17x 10-'
1.47 x 10-'

hH
(J/g)

4.25 x 10-'
5.76 X 10
8.56x 10-'
8.78 X 10
9.53 x 10-'
1.00x 10-'
1.30X 10

Method 2

AH+5H
(J/g)

4.85 x 10-'
5.74 X 10
5.04x 10-'
5.57 X 10
4.90x 10-'
5.36x 10
5.09x 10-'

'Obtained by linear interpolation from values in Ref. [5].
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FIG. 12. Dependence of the N-I coexistence range and b,H
on the concentration of CsPFO. The solid curves are straight
line (coexistence range) and quadratic fits (hH ).

and the value of a are essentially the same as for all con-
centrations. There is no significant increase in the value

of a at higher concentrations to suggest an approach to
the predicted tricritical point. Discontinuous changes
(jumps) in C, normally associated with the latent heat of
first-order transitions, are not observed even at the
highest concentration. Additionally, there is no
significant narrowing of the nematic range (Fig. 1) with
increasing surfactant concentration. This is invariably
observed (e.g. , in thermotropic materials) as a tricritical
point is approached. The observed coexistence must,
therefore, be attributed to other factors, such as impuri-
ties. It should be noted that the situation here is not
unique. Similar impurity-induced coexistence and round-

ing of transitions has been observed in thermotropic ma-
terials 80CB [13] and 4-(n-octyl)-4'-cyanobiphenyl (8CB)
[20]. The most probable source of impurities appears to
be CsPFO which, due to its own ionic nature, is likely to
absorb and retain ionic impurities, in spite of best efforts
to purify it. The observed increase in the coexistence
range with higher surfactant concentration, and hence
higher impurity content, is consistent with this con-
clusion. We conclude that the observed coexistence
[1,10], which led to the prediction of a tricritical point,
was most likely induced by impurities.

For all mixtures, the ratio of heat-capacity amplitudes
( A+/A ) remains near unity and essentially equal to
the prediction (1.005) of the 3D-XY model [21]. Al-

though a is not exactly equal to the value ( —0.007) pre-
dicted for 3D-XY-like behavior, it is quite close to it.
Within experimental errors, the value of u ( ~0.006) is

consistent with the value (0.02+0.17) calculated from the

correlation length exponents obtained from light scatter-
ing [2] using the hyperscaling relation. Similar results
have been reported for the nematic-to-smectic-3 phase
transition in several thermotropic materials [26], e.g. ,

6010+608 [22], 8S5 [23], T7 [23], and T8 [23], other-
wise known to exhibit 3D-XY behavior.

The nematic-isotropic transition

The total enthalpy change associated with the N-I
transition remains nearly constant for all mixtures while
the latent heat of transition decreases as the concentra-
tion is lowered. The relative constancy of (bH+5H) has
a simple explanation. As the concentration is lowered,
the N-I coexistence range decreases allowing measure-
ments to be made closer to the virtual second-order tran-
sition (superheating) temperature T,**. The pretransi-
tional fluctuations become more pronounced near this
temperature and a larger 6H is measured, nearly compen-
sating for the decrease in hH. Consequently, the total
transition enthalpy appears to be constant even though
the coexistence region width and latent heat become
smaller. These results suggest that a Landau point, at
which the latent heat will vanish and the transition will

become second order, is approached at low concentra-
tions. The narrowing coexistence range with lower con-
centrations also supports this assumption. Our results
are consistent with previous [5] light-scattering and
magnetic-birefringence measurements, Linear extrapola-
tion of the coexistence width vs concentration curve (Fig.
12) yields a concentration of -28 wt. % for the Landau
point. Unfortunately, T~ I at 28 wt. % is estimated to be
-287 K, very near to the Krafft temperature [24] at
which the solution freezes. Thus, the Landau point ap-
pears to be physically inaccessible. The latent heat of
transition follows a quadratic dependence on the CsPFO
concentration shown by the (solid line) fit in Fig. 12. This
is very similar to the dependence observed near the
N —smectic-A tricritical point [20,22] in thermotropic
liquid crystals, such as 9CB+10CB and 6010+6012
mixtures [26].

The dependence on concentration of hH and of the
difference [T~ I —T,*]between T& I and the supercooling
temperature T;, taken from Ref. [5], allows us to calcu-
late the coefficients of the Landau free-energy expansion.
In the Landau —de Gennes [18] theory, the free-energy
density for a uniaxial nematic can be written as

f =fo+ —,
' AS —

—,'BS + —,'CS (2)

The scalar nematic order parameter S is defined as
—,
' ((3 cos 8—1)). Here, 0 is the angle between the micel-

lar symmetry axes (molecular long axes for thermotropic
liquid crystals) and the director, and the coefficient
A =a [T T,*],with T,* the—virtual second-order transi-
tion temperature (or absolute stability limit of the isotro-
pic phase). It can be easily shown [22] that the latent
heat (b,H), the discontinuity in the order parameter
( b S& I ) at Tz I, and [ Tz I —T,' ] are related to the
coefficients of the Landau expansion by the following re-
lations:

bH=[2aB /9C )Tz I,
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TABLE III. The Landau coefficients a, B, and C for the

nematic to isotropic transition in cesium per-fluoro-octanoate

plus water mixtures.
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Conc.
(wt. %%uo)

39.3
43.6
48.3
49.0
50.7
52.0
55.3

[J/(m' K)]

2.36 X 10
3.24x 10'
4.93 X 10'
5.08x 10'
5.55 x 10'
5.86x 10'
7.71 X 102

B
(J/m )

3.19X 10'
7.53 X 10'
3.00X 10
3.66x 10'
5.70x10'
7.87x 10'
1.97x10'

C
(J/m )

5.32x 10'
1.26 x 10
5.00x 10'
6.11x10'
9.52x 10'
1.31x 10'
3.28x 10'
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FIG. 13. Evolution of the Landau coefficients a, B, and C
with CsPFO concentration. The coefficients B and C rapidly
drop by two orders of magnitude and approach zero in the vi-

cinity of the Landau point. The lines are drawn as a guide to
the eye.

and

ESiv t =2B/3C,

Ttt t —T,'=2B l9ttC .

To calculate a, B, and C, we use the values of AH ob-
tained with the second method and the values of
[Ttv t —T,'] (also listed in Table II) calculated for these
concentrations by linearly interpolating the results of a
previous magnetic birefringence study [5]. The value of
bS&I is assumed to be equal to 0.40 as predicted by
Meier-Saupe [25] and found to be the approximate value
for most thermotropic materials. The calculated values
of the coefficients a, B, and C, are plotted in Fig. 13 as a
function of concentration and given in Table III.

The coefficients of the Landau expansion decrease with
concentration as the Landau point is approached. The
coefficients B and C drop by two orders of magnitude
while a decreases only by a factor of 3. The vanishing
values of these coefficients in the neighborhood of the
Landau point underscore the need to use higher-order
terms [22] in Eq. (2), for a better description of this tran-
sition.

SUMMARY

We have presented a quantitative analysis of the heat
capacity at the N-NS and N-I phase transitions in a lyo-
tropic liquid crystal. By studying binary solutions of
seven different concentrations, we found the behavior at
the N-NS transition to be closest to a 3D-XY-like system.
There was no increase in the value of a toward the tricrit-
ical value of —,

' at high concentrations. The rounding of
the transition and the N-NS coexistence observed at high
concentrations are attributable to impurities. The latent
heat of transition and the N-I coexistence region become
small in dilute solutions and, as determined by extrapola-
tion of our results, should vanish at a Landau point at
-28 wt. % CsPFO concentration. It was also shown
that the coefficients B and C decrease rapidly upon ap-
proach to the Landau point. We conclude that higher
(than biquadratic)-order terms must be used in the Lan-
dau free-energy density expansion to adequately describe
this transition.
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