Chapter 6

An Experimental Study of Smectic A
— Smectic C Trandgtionsin Monolayer,
Partially Bilayer and Bilayer Systems
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6.1 Introduction

The smectic A (Sm A) phase formed of nonpolar molecules is usually of mono-
layer type (Sm A;) where the layer spacing d is equal to the length [ of the
molecule. On the other hand, if the constituent molecules possess strong polar
end groups, several types of smectic A phases are observed.! As discussed in
Chapter 4, depending on the extent of interdigitation between the moleculesin
the neighbouring layers they are classified as bilayer Sm A,(d ~ 21), the par-
tially bilayer Sm Ag{l < d < 21) and monolayer Sm A;(d = 1) phases. The
corresponding tilted modifications are referred to as Sm C,, Sm C; and Sm C,
phases respectively. Figure 6.1 shows a schematic representation of the molecu-

lar arrangement in these phases.

From a symmetry point of view, transition from Sm A to Sm C can be ei-
ther first order or second order. Since the Sm C phase can be represented by a
two component complex order parameter, de Gennes? proposed that the tran-
sition might be continuous (second order) and may exhibit helium like critical
bchaviour (3D XY model). Since most of the experiments® showed mcan-field
behaviour, Safinya et al.,* argued that the bare correlation length characteriz-
ing tilt fluctuations are usually so large in these systems that the true critical
region is unobservably small and conseguently the transition is mean-field like.
However, the strong pre-transition heat capacity variation on the Sm C side
remained to be explained. Analysing high resolution specific heat data, Huang
and Viner® pointed out the importance of retaining the sixth-order term in

the Landau mean-field free-energy expansion in order to provide a quantitative
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Figure 6.1: Schematic diagram of the molecular arrangement in different types

of smectic A and smectic C phases.



Naturc of Ay- C,, Ay- Cy and A,- C, transitions 96
i 1y £3d d 2 2

explanation of heat capacity data obtained near Sm A-Sm C transition. Sub-
sequent experimental results®»” showed that the Sm A-Sm C transition is well
described by a Landau model with a largesixth order term in the free energy ex-
pression. This would mean that the Sm A-Sm C transition in all these materials
lies close to a tricritical point. Furthermore it is seen that the tricritical influ-
ence increases with decrease in the temperature range of the smectic A phase®
and/or by an increase in the strength of the transverse dipole moment of the
constituent molecule.® An important point to be noted here is that all these ex-
perirnents have been performed on monolayer systems and none of them showed
a simple mean-field behaviour, i.e., with a negligible tricritical influence. Inter-
estingly, the recent heat capacity measurements of Garland et al.,'® exliibited
such a behaviour for two compounds having bilayer Sm A;-Sm C, transition.
We have confirmed these results further by doing order parameter (tilt angle)
measurements in the vicinity of the bilayer Sm A,-Sm C, transition in one of
these compounds. In the light of this, we feel that it would be interesting to see
whether such a mean-field behaviour with negligible tricritical influence can be
observed for partially bilayer and moriolayer Sm A-Sm C transitions also. This
Chapter presents high precision X-ray tilt angle measurements in the vicinity of
the bilayer S;m A,-Sm C,, partially bilaycr St Ag-Sm Cy and the monolayer

Sm A,-Sm C; transitions.
6.2 Experimental

The compounds!! used are 4'-n- heptacylphenyl -4-(4"- cyariobenzoyloxy) ben-

zoate (TAPCBB) [Sm A2-Sim Cy], 4-cyanocthylphenyl- 4~ decyloxycinnamate
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(CEPDOC) [SmA4-Sm Cy], trans-1,4-cyclohexane-di-n- octyloxybenzoate (TCOB)
[Sm A;-Sm C,|. The structural formulae and transition temperatures of these
compounds are given in Table 6.1. The experiments were conducted using the

computer controlled X-ray Guinier diffractometer described in Chapter 2.
6.3 Resultsand Discussion

Figures 6.2-6.4 show the temperature variation of the layer spacing near Sm A,-
Sm Cz, Sm A4g-Sm C; and Sm A-Sm C, transitions in TAPCBB, CEPDOC
and TCOB respectively. The continuous variation in layer spacing in all these
compounds indicates that the transitions are second order. The tilt anglein the

Sm C phase has been evaluated using the expression
d
¢ = cos™! (—E) (6.1)
da

where d¢c and d4 are the layer spacing values in the Sm C and Sm A phases
respectively. It was observed that for these compounds the temperature depen-
denceof thelayer spacing in the Sm A phaseis not negligible. Hence, instead of
considering the value of d4 to be constant in equation 6.1, it was evaluated at
each temperature by linearly extrapolating the datain the Sm A phase. Figure
6.5 shows a representative plot in which the value of d4 is evaluated at each

temperature.

Figure 6.6 shows the variation of tilt angle, ¢, obtained in this way for
TAPCBB as a function of temperature. The efficacy of using equation 6.1 was
verified by determining ¢ directly from a photographic (four spot pictures) tech-

nique. It was found that the values evaluated from the two methods are in very
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4-n- heptacylphenyl -4'-(4”- cyanobenzoyloxy) benzoate
Y

— SmA; — SmGC

Isotropic — N
141.6

209.4 144.5

CEPDOC

C,OHZ,O—©—CH_=—-CH—- COO —@—CHZCHZCN

4-cyanocthylphenyl- 4'- decyloxycinnamate

Isotropic — N — SmA; — Sm(Cy
109.5 109.0 59.5

TCOD

CgHq0 —@—ooc —%-—coo—«:»—oceﬁ17

trans-1,4-cyclohexane-di-n- octyloxybenzoate

lsotropic — Sm A, — SmC; — CryB
178.3 118.8 110.4

Table 6.1: Structural formulae and transition temperatures (in °C) of 7TAPCBB,
CEPDOC and TCOR.
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Figure 6.2: Thermal variation of layer spacing d across the Sm A,-Sm C, tran-
sition in TAPCBB.
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Figure 6.3: Thermal variation o d across the Sm A4-Sm Cy transition
in CEPDOC.



Nature of A{- Cy, Ag- Cy and A,- C,

transitions

TCOB

36.58 |-

d (4)

36.34 |-

36.10 |
109 114

119
T (°C)

Figure 6.4: Temperature dependence of d across the Sm A;-Sm C; transition in
TCOB.
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Figure 6.5: Plot showing the extrapolation method used to correct for the temn-
perature dependence o d in the smectic A phase. Circles are the data points.
Solid lineis a linear fit for the data in the Sm A phase.
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Figure 6.6: Plot showing agreement between tilt angle ¢ in the Sm C, phase ob-
tained from diffractometer experiments (open circles) and four spot photographs

(filled circles) in TAPCBB.
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good agreement with each other (seefigure 6.6).

As mentioned earlier, the Sm A-Srn C transition can be well described by
a Landau model with a sixth order term in the free energy expression. This

extended mean field expression can be written as

F = F, + at¢® + bs* + c¢® (6.2)

T.-T
where F, is the non-singular part of the freeenergy, t = ( CT );Tc being the

c

Sm A-Sm C transition temperature. a,b and c are positive coefficients for a

continuous transition.

Minimising equation 6.2 with respect ¢ we get
$=0 fort>0 (Sm A phase)

¢ = RV [(1 + 3t/t,)1% - 1]1/2 fort<0 (SmC phase) (6.3)

where R =(b/3c) and t, = (b*/ac). The parameter t, is also identified as the full
width at half-maximum of the heat capacity curve. From equation 6.3 one can

e that

1. for |t| < t,, ¢ ~ [t|'/* implying a simple mean field behaviour, i.e.,

contribution from the 6th order term in equation 6.2 is negligible.

2. for |t| > t,, ¢ ~ |t|'/* which describes the mean field-tricritical like

behaviour.

Thus, in this model the dimensionless parameter ¢, assumes an dl important
character in describing the cross-over from a simple mean field region near the

transition to a tricritical-like region away from the transition. The temperature
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range over which the simple mean-field behaviour can be observed is controlled
by the magnitude of t,; the smaller this value, narrower is the mean field region.
Theinteresting fact is that in the monolayer casest, was found to be small,3~712
in comparison with other mean field transitions,!? the highest reported value
being ~ 6.5 x 1073 for a compound referred to as 855.° This would mean that

in al these substances, the mean fied region is quite small.

With thesefactsin mind, the thermal variation of tilt angledatafor TAPCBB
is fitted to equation 6.3. Figure 6.7 shows that the fitting is excellent. Remark-
ably, the value of ¢, obtained (=1.5 X 1072) is larger than any of the previously
obtained values for the monolayer cases. This large value of ¢, indicates that
the mean field region is substantial. The specific heat data obtained by Wen et
al.,'% on the same compound, 7APCBB, showed a step like variation across the
transition (seefigure 6.8), supporting our observation. The excess heat capacity
AC, which has a zero value in Sm A, phase increases abruptly at T, and then
levels off to a temperature independent value below T,. The large value of ¢,
combined with the absence of any pretransitional increase of specific heat on the
Sm C, side, suggests that the coeflicient ¢ in equation 6.2 is very small. In the

limiting case of ¢=0, e.g.,
F = F, + at$® + bg*, (6.4)
the temperature variation of tilt angle can be described by a simple power law:
b = ot (6:5)

where ¢, = (a/b)!/? and the specific heat will have a step-like jump at the

transition.
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Figure 6.7: ¢ vs. T-T, plot for TAPCBB showing fit to an extended mean-field
expression (EMF) equation 6.3. (solid line).
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Figure 6.8: Temperature dependence o the excess molar heat capacity associ-
ated with the S A-Sm C; transition in TAPCBB. The absence of pretransi-
tional increase on the Sm C, side isindicative of a simple mean field transition.
Also shown for comparison are the data for the Sm A,-Sm C, transition jn
DBgCICN (solid line) which shows simple mean field behaviour arid the S A,-
Sm C; transition in 855 (dashed line) which has appreciable contribution from
the 6th order term in the free energy expression. (From Ref. 10).
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Figure 6.9 shows the fitting of the tilt angle data to equation 6.5. Again the
fit is very good. From the goodness o fitting of the data to both equations 6.3
and 6.5, and the step-like specific heat variation, we can conclude that for this
compound the coefficient cisindeed negligibly small and a mean field expression

with up to 4th order terms only is sufficient to describe the data.

A point to be noted is that the value of t, obtained for TAPCBB is smaller
than the value for another compound (DB8CICN) having Sm A, - Sm C,
transition!® (see Table 6.2). A possible reason for this could be the narrow
temperature range of the smectic A phasein TAPCBB (2.9 °C) as compared to
DBSCICN (~ 38°C).

Having observed that a ssmple mean fieddd model can describe the tilt angle
datain the bilayer Sm C, phase, it isinteresting to see whether thiscould be true
even in partially bilayer and monolayer Sm C phases also. Since, at least in the
monolayer systemsit has been demonstrated that the temperature range of Sm A
phase influences the nature Sm A-Sm C transition,®!? compounds (CEPDOC
and TCOB) having a large temperature (3> 50°) range of Sm A phase were
sclected (sce Table 6.1). Figures 6.10 and 6.11 show the thermal variation of tilt
angle for CEPDOC (Sm A, - Sm C, transition) and TCOB (Sm A; - Sm C,
transition) respectively along with the fit to an extended mean-field free energy
expression (equation 6.3). Fit definesthe data very wdl for both the compounds
with fairly large values for t,, viz., 9.45 x 10~% and 1.57 x 10~! for CEPDOC

and TCOB respectively.

The datais aso fitted to a smple mean field model (equation 6.5) and the
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Figure 6.9; Simple mean field fit (SMF) for tilt angle data of 7TAPCBB. Circles
are the data points and dashed line is a fit to equation 6.5.
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Table6.2: Sm A phase temperature range and mean field parameters. The number
underlined in the third column indicates that the range of the smectic A phase is

given by Tiaotropic—A’TAC-

Cornpound | Transition | (Tys-Tac) | ¢o R to
°C
7TAPCBB | Sm A,-Sm C, 29 248 | 0.067 | 1.45x 1072
DB8CICN | Sm A,-Sm C; 37.9 °2.65 X 1072

CEPDOC | Sm Ag-Sm Cq4 49.5 159 | 0.222 | 9.45 x 1072

TCOB | Sm A,-Sm C, 1.23 | 0.168 | 1.57 x 107!

(A}
O
o

8S5 Sm A;-Sm C4 8.0 52.43 - °6.5 X 1073

a Ref. 10, b: Itef. 4, c. Ref. 5.
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Figure 6.10: ¢ vs. T-T, plot for CEPDOC. Circles are the data points and solid
line is a fit to EMF model (equation 6.3).
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Figure 6.11: ¢ vs. T-T, plot for TCOB. Circles are the data points and solid
line is afit to equation 6.3.
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fits are shown in figures 6.12 and 6.13 for CEPDOC and TCOB respectively.
From these plots it is evident that the thermal variation of ¢ for both CEPDOC
and TCOB can be quite well described by a simple mean field expression imply-
ing that, just asin the case of 7TAPCBB, the influence of the 6th order term in
equation 6.3 is negligible.

Both TCOB and CEPDOC have't, values higher than any reported so far.
Computed values of t, along with the Sm A phase temperature range for the
compounds exhibiting Sm A;-Sm C,;, Sm Ag-Sm C,; and the Sm A;-Sm C,

transitions are tabulated in Table 6.2. Two important points worth noting are

e TCOB has a small tilt angle even deep in the Sm C phase; ¢ ~ 11" at
(T, — 10)°C. This appears to be due to a small a/b ratio (or ¢,), which
together with larger valuesof b/c (e.g.,R), suggest that the coefficient b is

large.

e In the bilayer phases (TAPCBB and DB8CICN), an increase of the Sm A
phase range by a factor of about 10, increases t, by a factor of about
2 whereas in the monolayer case (TCOB) an increase of the S A phase
range by a factor of about 7 increasest, by a factor of about 25, the reason

for which is not quite clear at the moment.

A possibleexplanation for the observation o asimple mean-field behaviour in the
bilayer compounds even when the temperature range of the Sm A phase is quite
small is that the smectic A order parameter is saturated before the transition
to the Sm C phase takes place, thus reducing the mean field-tricritical crossover
effect. At the same time it appears that a larger temperature range is required

to saturate the smectic A order in the partially bilayer and monolayer cases.



Nature of A;- Cy, Ag- Cy and A,- C, transitions

16  °~ CEPDOC
12

o0

g s

ass
4_
0! | [ | | |
-10 -8 —B —4 —2 O

Figure 6.12: ¢ vs. T-T, plot for CEPDOC. Circles are the data points and
dashed line is a fit to SMF model (equation G.5).
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Figure 6.13: ¢ vs. T-T, plot for TCOB. Circles are the data points and dashed

lineis a fit to equation 6.5.
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