Chapter 5

High Precision Density Studies near the
Smectic A — Nematic Tricritical Point
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5.1 Introduction

The nematic (N) to smectic A (Sm A) phase transition is characterised by the
onset of a density wave with a wavevector ¢, = 2r/d, where d is the layer
spacing. This mass density wave with wavevector along the z-axis, i.e., along

the director, is well described by
p(r) = po [1 + Re ([pleee=+4))] (5.1)

where, p, is the average density, ¢ is the phase factor which fixes the position
of the layers, |¢| is the amplitude of the density wave which is a measure of
the strength of smectic order. This smectic order is fully specified by a complex
number ¢ = ||e* where, ¢ = g,u, u is the displacement of the layers in the z-
direction away from their equilibrium position. Transition between the nematic
and smectic A phases can be either first order or second order with a tricritical

point separating these two different behaviours.

Experiments have shown! that for a sufficiently large temperature range of
the nematic phase, the nematic order is saturated and the transition is second
order. When this range is reduced, the coupling between nematic and smectic
order parameters increases and drives the N-Sm A transition from second order
to first order. McMillan? made a self-consistent mean field calculation by incor-
porating the coupling between orientational and smectic ordering. According
to this theory the appearance of the tricritical point is controlled by a param-
eter r = Tyn/Tn;=0.87, where Ty and Ty are the N-Sm A and N-isotropic

transition temperatures respectively.
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de Gennes® argued that owing to the complex nature of ¥, the N-Sm A
transition should belong to the same universality class (d=3, n=2 isotropic) as
the normal-superfluid transition and should exhibit 3D XY critical behaviour.
There have been severa theories®~® based on this model which have attempted
to describe the observed N-Sm A critical behaviour, including the anisotropic
correlation lengths along (& = &f|t|™1) and transverse (£, = &3 |¢|™*) to the
layer-normal, as wel as the susceptibility (x = x,.|t|™), and specific heat at con-
stant pressure (C, = Alt|~*). Heret = (T—Ty4n)/Tan. These theories place the
N-Sm A transition either in the inverted 3D XY universality class® (identical to
the3D XY classexcept that the temperature axisisinverted) or in an anisotropic
class. For the 3D XY universality class tlie predicted critical exponents® are
y| = vy = vxy = 0.66,7 = 1.32 and o = —.007. For the anisotropic class, gauge
transformation theory® suggests extreme anisotropy, viz., v = 2v, whiledisloca-
tion mediated melting theory” predictsy; = 0.83, v, =0.53. On theexperimental
side, N-Sm A transition has been studied by several experimental techniques!®*°
including X-ray diffraction, light scattering and heat capacity. Measurements of
tlie intensity and tlie width of the X-ray scattering yield tlie susceptibility (x)
and the correlation lengths (¢) respectively. Light scattering which also gives the
divergence of the elastic constants, can be used to measure £ and has been found
to give values in excellent agreement with those obtained from X-ray measure-
ments. TWo notable factors observed in experiments, in disagreement with any
of the theories are (1) non-universal values for al the exponents (0.57 < y <
0.83, 039 < v, <068 0<a<05&11<+<1.53), (2) smal but finite
anisotropy in correlation length exponents (v — v, ~ 0.13). Interestingly all the
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materials satisfy the anisotropic hyperscaling relation, v;+2v, +a= 2 to within
the experimental limits. Recent high resolution calorimetric measurements'* on
a few materials with large nematic temperature ranges have yielded a values
exactly equal to that predicted by the 3D XY model. X-ray experiments'? on
another compound with a large range of the nematic phase has led to an inter-
esting explanation for the observed anisotropy in v, v, values; the splay elastic
constant is suggested to alter the critical behaviour of ¢, , thus influencing the
valueof v;. In summary, therefore, the N-Sm A transition which is the most ex-
tensively studied transition in liquid crystals remains a major unsolved problem

in condensed matter physics.

As pointed earlier a3D XY valuefor aisseen in compounds which had alarge
temperature range for nematic phase.!' But with an increase in r(=Tya/Tnr)
or with a decrease in the nematic phase temperature range, the exponent a,
characterising thecritical heat capacity departed from the 3D-XY value, through
intermediate positive values, to values closeto 0.50, atricritical exponent (a=0.5
at the tricritical point®!3). Heat capacity measurements by Brisbin et al. !
on 7S5 series showed that for 855,r = 0.936;a = O; for 955,r = 0.96;a =
0.22; and for 1055,r = 0.985;a = 0.45. They made the important observation
that 7S5 homologous series revea the presence of critical-tricritical crossover
behaviour upon increasing the chain length which in turn reduces the nematic
phase temperature range. Heat capacity measurements of Thoen et al'® on nCB
materials also showed a similar behaviour. o which had a value of -0.03 (in
a mixture of 7CB and 8CB), increases with increase in r, having o=0.32 for

8CB (r=0.978) and approaches a tricritical value of 0.5 with further increase in
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r (=0.994 for 9CB). Similar crossover behaviour in « is seen in other systems
als0.15-18 The value of r for which tricritical behaviour is observed is equal to
~ 0.994 in 9CB-10CB system,'® r ~ 0.984 for nS5 series'*!® and r ~ 0.992
in 8CB-10CB system.!® This value d r showing a tricritical behaviour is much
larger than the theoretically predicted valueof 0.87.2 This also suggests that in
order to seeafirst order Sm A-N transition, systems with a very narrow nematic

range should be studied.

The measurement of density is a fundamental property in understanding
phase behaviour. In particular, the continuity or discontinuity of the transition
can be confirmed by precise measurements of density as a function of tempera-
ture. But there are only few such investigations.?~22 The reason could be that
even across the first order Sm A-N transition the density changes are expected
to be quite small which would call for high precison measurements. In this
chapter we present precise density measurements near the Sm A-N transition in

materials with a very narrow nematic temperature ranges.
5.2 Experimental

5.2.1 Materials Used

Experiments were conducted on 4-n-nonyl-4'-cyanobiphenyl or 9CB and binary
mixtures of it with its higlier homologue 10CB.2 The structural foriulae and

transition temperatures of these compounds are given in Table 5.1.
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nCB

CnH2n+l_@_<6>—CN

4'-n—alkyl-4-cyanobiphenyl

9CB

Isotropic — N — SmA
49.6 47.6

10CB

Isotropic —* Sm A
0.6

Table5.1: Structural formulaeand transition temperatures (in °C) of 9CB & 10CB.
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5.2.2 Density Measurement

Density measurements were made using an Anton Paar instrument consisting
of a microcell (DMA 602MH) and a digital processing unit (DMA60). A block
diagram of the experimental setup is shown in figure 5.1. The principle of
determining density involves measuring the period of oscillation of aglass tuning

fork filled with the sample to be studied.

The microcell consists of a hollow oscillator made out of borosilicate glass
(Duran 50) fused into adual wall glasscylinder. Thespace between the U-shaped
sample tube and the inner wdl of the dual wall cylinder is filled with a gas of
high thermal conductivity. This will facilitate a rapid temperature equilibration
of tliesample with tlie thermostat liquid. The microcell lias been provided with
ports which can be connected to a bath liquid circulator. A high flash point low
viscosity (Thermal H, Julabo) was circulated around the microcell using silicon
tubings. The temperatureof thisliquid was varied and controlled by a precision
thermostat (Hetofrig CB7). For good thermal regulation the length of the tubes
between the thermostat and the density meter were kept as short as possible
and were well insulated. A high precision potentiometer placed in conjunction
with the preset on the thermostat control, made it possible to achieve long
term stability of the sample temperature to better than 10mK. Although the
electronic pre-processing unit on DMA602MH (which initiates and maintains
the sample tube oscillations) isthermally insulated from the sample chamber, to
achieve better signal to noiseratio, the processing part was maintained at room

temperature by circulating water with the help of another circulator (Julabo
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Figure 5.1 (a) Block diagram of the experimental setup. (b) Sample cell.
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water circulator).

The actual temperature of the sample was measured using a high resistance
(LMQ at 25°C) and alarge temperaturecoefficient bead thermistor (Y Sl 44011).
It was inserted in a short capillary tube provided inside the inner space of the
dual wall cylinder thereby ensuring determination of the true sample tempera-
ture. The resistance of the thermistor was measured using a four probe config-
uration by a digital multirneter (Keithley 195A). For the purpose of obtaining a
numerical conversion between the resistance R of the thermistor and the mea-
sured temperature T (°C), the tabled R and T (°C) values supplied by the
manufacturer were fitted to the following expression.?* [As a second check we
also measured the resistance as a function of temperature by placing the ther-
mistor in a calibrated programmable hot stage (Mettler FP 82). The measured
and tabulated values were found to be in excellent agreement over the entire
range of interest, viz., 25-100°C]).

1
T = - 1 5.2
Co+Ci xA+Cyx A2+ (C5 x A3 273.15 (5.2)

Here A = log(R). T is the calculated value of temperature in °C. Figure 5.2

shows the fit of the datato the above expression.

As mentioned earlier, the underlying principle is the determination of the
change in the natural frequency of vibration of a hollow oscillator when the
density of thefilled fluid changes. The oscillator tubeis electronically excited in
an undamped harmonic fashion. The direction of oscillation is perpendicular to

the plane of the U-shaped sample tube. The density p of the sampleis given by

p = K(*-C) (5.3)
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Figure 5.2: Plot o calibration curve o the thermistor. Solid lineis a fitting to
equation 5.2.
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where, 7 is the period of oscillation. Owing to the properties of the glass used
the constants ' and C are temperature dependent. These instrument constants
were determined by measuring 7 values for two samples with known density
values. For this purpose we used air and water. A brief description of this

calibration procedure is given below.

Calibration of the Instrument

The sample chamber was thoroughly cleaned to avoid traces of any foreign par-
ticles. The tube was set into oscillation and the period 7, was read on the
processing unit. The r values were observed to be constant over long periods of
time (> 2 hours), a further evidence of the absence of any foreign substances.
For better statistics the period » was measured over a large number of oscil-
lations (10,000 cycles). In order to ensure that the scans taken for the liquid
crystalline samples lie well within the calibration runs, the readings of 7,i» were
taken from 30-70°C at 1°C intervals. The second substance used was double-
distilled water. To make sure that the filling of water is uniform the following
procedure was adopted. Water was taken into a hypodermic syringe which had
a specially made tip such that it fits snugly into the inlet port of the sample
tube. Care was taken to see that the introduction of water takes place slowly,
the meniscus of the water filling the tube should be concave and not convex.
This is to avoid trapping micro air bubbles on the wall of the sample tube which
prevents stable period readings. After filling the sample tube with water the two
openings of the microcell were closed with a teflon stopper. 7,.t.- @s a function

of temperatureis measured in asimilar way as for 7,;-. The ratio of 74ir Lo Twater
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agreed with the values given by the manufacturer. The instrument constants K

and C are calculated in the following manner.

Pair — I{(Tzir"c)

Pwater = I{(th/a.tcr_c) (54)

The values of pgir, pwater Were taken from Handbook of chemistry and physics,

60th edition, CRC Press 1979. K and C were calculated using

I{ — Pair — pwa.ter

(air Twater )

c = (i2,-5 (5.5)

The values of K and C were determined at each temperature of these cali-
bration scans. Figure 5.3 shows a plot of i and C versus temperature. For
mathematical convenience they were fitted to a straight line with temperature
as the independent variable. Using these constants, I{ and C the density of

sample can be determined by measuring the period T at any given temperature.

Before filling the liquid crystalline sample the sample tube was cleaned with
alcohol and flushed using a built-in air pump. This procedure was repeated until
the displayed 7 values coincided with that of ,;, measured during the calibration
process. Since the higher viscosity of the smectic A phase may preclude uniform
filling, the samples werefilled in the nematic phase. For all the materialsstudied,
the Sm A-N transition is above room temperature. Hence the syringe had to
be heated for the filling operation. A cylindrical copper heater surrounding

the syringe was used for this purpose. The sample thus preheated to be in
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the nematic phase was injected carefully into the oscillator (which is also kept
above the Sm A-N transition temperature) in such a way that there were no
air bubbles. The sample was cooled dowly to be wdl in the smectic A phase
before starting the run. Now the temperature of the sample was varied with a
step sizedependent on the proximity to thetransition. Between two temperature
intervals, sufficient time (~ 10 minutes) wasgiven for the thermal stabilisation of
thesample. Theequilibration of the temperature at any set point was monitored
till it was constant to within 10mK. For better statistics, at each temperature
7 value was recorded for 5 different cycless. DMA60 has a BCD output. For
ease of interface this was converted to ASCII format using a home made BCD-
ASCII converter which in turn was interfaced to HP 86B computer through
an RS232 port. The temperature measuring multimeter (Keithley 195A) was
also interfaced to HP 86B. The precision in the determination of density is
5x107%g/cm3. The off-lineanalysis o the data has been carried out using a PC

386 persona computer.

5.3 Results and Discussion

9CB exhibits isotropic—N—Sm A as the phase sequence with decrease in
temperature whereas 10CB shows a direct isotropic— Sm A phase transition.
The partial temperature-concentration (T-X, where X is the mole fraction of
10CB in the mixture) phase diagram of the 10CB-9CB system obtained using
optical observationsisshownin figure5.4. Thetemperaturerangedf the nematic
phase which is already small for the 9CB (2°C) further decreases on addition of

10CB and finally ceases to exist for concentrations, X>0.35.
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Figure5.4:. Part of the temperature-concentration phase diagram of 10CB-9CB
system. X is the mole fraction d 10CB in the mixture.
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Density experiments have been carried out on 9CB and for three mixtures
of 10CB with 9CB, viz., for X=0.04, 0.2 and 0.3. Figure 5.5 is a representative
plot showing the thermal variation of density near the Sm A-N and N-isotropic
transition. From this plot it can be seen that the thermal variation of density
has an abrupt change across the transition, whereas it shows smoother variation
within the phase. Thevaluedf density, p changes by ~ 0.54% across N-isotropic
transition but only by ~ 0.2% near N-Sm A transition. These features are
in very good agreement with the earlier studies of Dunmur et al.,?® on nCB
series. The decrease in density values on going from smectic A to nematic and
a much lower value in the isotropic phase reflects the decrease in the degree of
molecular order in these phases. Similar behaviour is seen for 9CB and X=0.2

and 0.3 mixtures.

Although the thermal variation of density (p) across Sm A-N transition shows
a concentration dependence, it was not significant enough to locate the tricrit-
ical point accurately. Zywocinski et al. 2?3 pointed out that the asymptotic
variation of thermal expansion near the phase transition can be described by a
simple power-law equation with the exponent being equal to (1-a) where a is
the heat capacity exponent. Hence the density variation has been fitted to a

simple power law!819:26 of the form

|66 = |p ~ pol = Axlt|'™™ (5-6)

where t = 1;—1:11&, TN denotes the Sm A-N transition temperature, p, is the

valueof p at Tan. Figure 5.6 is a representative plot of the density variation in

the vicinity of T4n. Also shown is the fit to equation 5.6. It is observed that
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Figure 5.6: Thermal variation of p for X=0.04. Solid'line is afitting to a simple
power. (Equation 5.6).



Density studies near Sm A-N tricritical point 90

the simple power law is sufficient to describethe data. A simple way of checking
this fitting would be to plot the data on a double logarithmic scale (i.e., log|ép|
versus logt). A plot of log|ép| versus logt would be a straight line with the
slope being equal to (1—a). Figures 5.7 and 5.8 show such plots for X=0.04
and 0.2 respectively. Some observations that can be made by looking at these

fits are

1. The data above and bdlow the transition show the same asymptotic be-

haviour, i.e., they are described by the same exponent.

2. For both 9CB & X=0.04, the powerlaw description holds good, indicated
by the data falling on a straight line, suggesting that the transition is
second order in nature. The vaues d the exponent are o = 0.5 4 0.01
for X=0.04 with a smaller nematic range; Tyr-T sy = 1.7°C and r=0.995
whereas a = 0.43 £+ 0.01 for 9CB, with T ;-T any = 2°C;r=0.994. In con-
trast the datafor X=0.2 showsa clear deviation from thelinear behaviour-
evidently a signature of afirst order transition.!®2? Similar behaviour was

observed for X=0.3 mixture aso.

Thus the N-Sm A transition is first order for X=0.2 and is second order for
9CB. Recdl that at a tricritical point a=0.5. Since the X=0.04 mixture shows
a value exactly equal to 0.5, we conclude that this mixture should be at or in

the immediate vicinity of a tricritical point.

To check the reliability of these results a temperature dependent linear
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background term was added to the powerlaw expression (equation 5.7).
6p] = Aslt|'"~*+ Blt| (5.7)

where, B is a constant. Results of computations carried out using equation
5.7 do not change the conclusions arrived using the simple powerlaw form (the
contribution due to the linear term is observed to be less than a few percent far

away from the transition decreasing as the transition is approached).

It may be mentioned that Thoen et al.!> have measured latent heat (AH)
using adiabatic calorimetric techniquein the mixtures of 9CB and 10CB. Figure
5.9 showsa plot of A H vstemperature near Sm A-N transition in 9CB and mix-
tures of 9CB+10CB. AH which is highest for the largest 10CB mole fraction,
decreases drastically with decrease in X or with an increase in nematic range.
From an extrapolation of A H versusr curveto zero they showed that the tricrit-
ical point islocated very closeto pure 9CB with r=0.994 (seefigure 5.9). Ocko
et al'® have measured longitudinal and transverse correlation lengths (§,€1)
near the N-Sm A transition using high resolution X-ray scattering techniques
in the same system (seefigures 5.10 and 5.11). The temperature dependence of
€ and £, could be described by a single powerlaw (see figures 5.10 and 5.11).
Further, their results also indicated the tricritical point to lie at or very closeto
X=0.09. Thus our density measurements are in very good agreement with the

calorimetric'® and X-ray results.!?

In conclusion, we have carried out the first detailed density studies near
Sm A-N tricritical point in 9CB-10CB mixtures. The results confirm the exis-
tence of a tricritical point for a concentration very near to X=0.04 mixture, in

good agreement with earlier results.
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Figure 5.9: The Sm A-N latent heat AH,y as a function of T /TNy for the
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the authors for these concentrations. (From Ref. 19).
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