CHAPTER

INTRODUCTION

A large number of organic compounds are known to exhibit
liquid crystallinity or mesomorphism.1 The degree of order in liquid
crystals is intermediate between that of a three dimensionally ordered
crystal and a completely disordered isotropic liquid. Liquid crystallinity
can be brought about either by varying the temperature or by adding
a solvent. In the case of the former, the materials are referred to
as thermotropic while in the case of latter, they are lyotropic. For
a long time it was believed that a characteristic feature of the mate-
rials exhibiting mesomorphism should be the rod-like shape of the
molecules. However recently thermotropic mesomorphism has been
discovered even in disc-like molecules.2 In this thesis, we shall be

concerned only with thermotropic liquid crystals composed of rod-like

molecul es.

11 CLASSIFICATION OF THERMOTROPIC LIQUID CRYSTALS

Following the classification of Friedel,3 the thermotropic liquid

crystals composed of rod-like molecules can be broadly categorised

into nematic, cholesteric and smectic.

The nematic phase is the simplest of the mesophases — it has

only long range orientational order but no long range positional order.



The molecules in this phase(Fig.l. la)are on the average oriented about
a mean direction referred to as the "director” denoted by a unit vector

N The degree of orientation is defined in terms of the order parameter

S = l2<3cos2 B-1>

A
where 8 is the angle made by the long molecular axis with n. For
a perfectly parallel alignment (crystal) s = 1 while for a totally random
orientation (isotropic liquid) s = 0. In the nematic phase S has a value

intermediate between 0 and | and is strongly temperature dependent.

The cholesteric liquid crystal is essentially of the nematic type
with the difference that its structure has a screw axis normal to
the director (Fig. 1.1b). This helicity in the structure imparts .certain
extraordinary properties to the cholesteric, like the exceptionally
high optical rotatory power, selective reflection, etc. The pitch of
a cholesteric, particularly near a smectic A -cholesteric transition,

is highly sensitive to temperature.

Smectic liquid crystals are characterised by a layered struc-
ture, several types of molecular arrangements being possible within
a layer. In smectic A, the molecules are perpendicular to the layer
plane while in smectic C they are tilted(Fig.l.1c&d). In both these
cases the centres of the molecules within each layer are arranged
in a liquid-like manner. Some of the smectic modifications have order-

ing within a layer also, e.g., smectic B, srnectic H, etc. Here we



\‘//\!\\\/

|
[/ ] \

——

|
%\

\
/ —— —
/ ] E=i==n

(a

/ // 2, R //é /7
///// i

/\\\\ IR

‘ H HHHHHHH \\\%\\\\\\\ \\\\\Q\

T _—E::::

==

T 72

\\\\\\\\?K \\\\\\\
K\{\\\\ Y

%?E‘—E‘:: =\

I ===

Iy
VI e

(d)



shall mainly deal with the nematic, smectic A and smectic B phases.

The above picture of the smectic A phase is somewhat simplistic.
A more realistic description of the A phase is to look upon it as
a one-dimensionally ordered fluid with a mass density4 wave along
the director (Fig.l.2). The periodicity of this density wave is given
by the smectic layer spacing. If the molecule is symmetric the layer
thickness (d) is found to be approximately equal to the molecular
length ¢ . However when the molecule is highly asymmetric, and
has a strong polar group at one end, (as, for example, 8CB, whose
molecular structure is given in Fig. 1.3), the situation is quite different.
It was proposed by Madhusudana and Chandrasekhar5’6 that in such
cases, there should be antiparallel near-neighbour correlations. They
showed theoretically that as a consequence the mean dielectric con-
stant in the nematic phase should be less than the value in the iso-
tropic phase owing to a discontinuous decrease in the antiparallel
short range order at the transition. A consequence of this antiparallel
ordering is that the smectic A can have a "bilayer" structure, so
that the layer thickness can be greater than 2. Primarily due to experi-
ments conducted by the Bordeaux group,7’8 it is now recognised
that materials with a strongly polar cyano (CN) or nitro (NOZ) end
group exhibit different kinds of smectic A phases. A number of Xray
studies have been conducted to classify the different kinds of A phases

and to understand the structural differences between them. To-date



Density

0

RN,
10000000
1800082000 *
409000000 ;
d=ZTT/qo z

Figure 1.2

Schematic diagram of snectic A phase with its one-
di mensional density wave along the average direction
of the nolecular axis (Ref. 4).
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Structural formula of 8CB.



the different types of A phases which are known are the monolayer
(Al), partially bilayer (Ad, bilayer (A2) and the incommensurate (Aic)
phases. The structures of these phases will be discussed in detail
in Chapter V. Since it is known9 that antiparallel correlations manifest
themselves in the dielectric properties, it is of interest to apply this
technique to study the different kinds of nematic-smectic A (N-A)
transitions, as well as the transitions between the different polymorphic
forms of the A phase. This thesis describes the results of a variety

of dielectric studies taken up with this in view.

12 EXPERIMENTAL SET UP

The experimental set up used for the investigations discussed
in this thesis is described in chapter II. The alignment of the sample
(homeotropic for € I measurement and homogeneous for €l measure-
ment) was achieved by a 2.4 T magnetic field. Most of the work descri-
bed here was carried out by collecting the data manually using an
impedance analyser. However in some studies wherein a large amount
of data had to be collected near a phase transition, e.g., the Ad-A2
transition, the impedance analyser was interfaced to a computer
(HPg6B). The data acquisition as well as analysis in such cases was
performed by this computer. A temperature regulating system permitted
the sample to be heated or cooled at any desired rate. Typically,
the data on the static dielectric constants were collected by varying

the temperature at a rate of about 3-4°C/hr, this rate being even



slower close to the phase transition. For the dispersion measurements,

the temperature was held constant to +25mK.

1.3 NEMATIC-SMECTIC A (N-A) TRANSITION

The dielectric behaviour of the liquid crystals is determined
by the permanent dipoles and molecular polarizability. Because of
the uniaxial symmetry of the nematic and smectic A liquid crystals,
the dielectric permittivity differs in value along and perpendicular
to the director. As mentioned earlier, the substances with terminally
strongly polar end groups exhibit a variety of smectic A phases. A
dielectric study of the different kinds of N-A transitions, viz., N"Al’

N-Ad and N—A2 has been taken up. (In fact the N-A, transition has

1
been investigated in two types of systems, viz.,, those with a strongly
polar end group as well as those with a terminally non-polar group.)
The results of these studies have been described in chapter III. The
results on strongly polar materials exhibiting the A1 phase show that
the dipole-dipole correlations in the longitudinal direction increase
at the N-A1 transition leading to the sharp drop in € - With increase
in the chain length, the strength of this drop decreases and for largest
n (n representing the number of carbon atoms in the alkyl chain),
the change is hardly perceptible. These results are correlated with
the different kinds of the cybotactic order in the nematic phases

of these materials. In the case of the N-Ad transition, there appears

to be a very small decrease of €” at N-A transition, there being



a saturation of €" in the Ad phase. The most dramatic behaviour
of the static permittivity is seen at the N-A2 transition. A very strong
decrease of e:” is observed close to the transition which can be attri-
buted to the decrease in the effective longitudinal dipole moment
due to the head-to-head arrangement of the dipoles accompanying
the formation of the A2 phase. The dispersion studies show that the
activation energy in the nematic phase (WN) is greater than that
in the Ad phase (WAd) — a trend that is generally seen for most of
the materials exhibiting Ad phase.lo-“’t In the case of the terminally
non-polar materials exhibiting the N-A, transition also essentially
a similar behaviour is seen except that the W values in the case of
the non-polar materials is much higher than that in the polar counter-

15,16

parts. In the case of N-A2 transition, it was again found that

WN> WA . However, an unusual result was found that the frequency

2
of relaxation f, shows a jump at N-A, transition, the frequency in

R
the A2 phase being higher indicating a decrease in the hindrance
to the molecular reorientation about the short axis due to the forma-

tion of the molecular pairs.

14 STUDIES ON REENTRANT NEMATIC BEHAVIOUR

For a long time it was presumed that the general sequence
of phase transitions occurring in a polymesomorphic material (on

cooling) should be

Isotropic —— Nematic — Smectic —— Solid.



But Cladis” discovered that in some systems there can be a nematic
phase at higher as well as lower temperatures relative to the smectic
A phase. She designated the lower temperature nematic phase as

the reentrant nematic (Nre) phase in analogy with similar phenomena
18,19

found in condensed matter physics. The reentrant nematic phase

was initially observed in either a binary mixture at atmospheric pre-
ssure or in a single component system at high pressures.zo However,

subsequently, single component systems exhibiting the reentrant nema-

21-23

tic behaviour at atmospheric pressure were found and this led

to a variety of experimental studies to understand this interesting
behaviour. It is now generally known that the Nre phase is exhibited

by the materials whose molecules possess a strongly polar CN or

25

NO2 end groups. (Some rare exceptionszl“’ to this rule have been

found. These will be discussed later.) For instance the material 4-n-

octyloxy-benzyloxy-4'-cyano stilbene (T8)21 shows the sequence on cool-
ing :-
|l — N — A, — N — (I - isotropic phase)

Perhaps the richest variety of phases is exhibited by 4-nonyloxyphenyl-

4'-nitrobenzoyloxy benzoate (DB9ON02)26’27:

I—N—A—~Nr——A

d e d(re) T N(re) M 2

As seen above, the material T8 exhibits two nematic and two smectic

phases while DB9ONO. exhibits three nematic and four smectic A

2
phases. Thus substances are known wherein the nematic phase reenters

A, — C— A —C



once or even twice. The dielectric studies conducted on materials
exhibiting different types of reentrant polymorphism are described
in chapter IV. These studies show that generally the dielectric aniso-
tropy A€ increases smoothly with decreasing temperature on going
from N—Ad-Nre. This behaviour is seen regardless of the number
of times the nematic phase reenters. A€is therefore seen to be indiffe-
rent to the various N-Ad transitions. These results indicate that the
dipolar changes accompanying the Ad-N or Ad—Nre transitions should

be very subtle. As regards the activation energy, W

N is always
re y

found to be greater than WN while WAdi WN. Also the W value appears
to be definable only when the temperature range of the phase is

small.

As mentioned earlier, the reentrant nematic behaviour is gene-
rally exhibited only when the constituent molecules possess strongly
polar CN or N02 end group. However some exceptions to this rule

have been found by the Halle group24’25

who observed that certain
binary mixtures, whose constituent compounds do not have a strongly
polar end group, exhibit the Nre phase. Although such phase diagrams
were reported, no detailed study of the physical properties of such
systems had been undertaken. In Part I of Chapter IV, the results
., of .the dielectric studies on reentrant systems consisting of terminally

28-30

non-polar materials are described. These studies show that the

dielectric properties of the non-polar reentrant mesogens appear



to be somewhat different from those of strongly polar reentrant mate-
rials. This chapter also gives the dielectric results on a terminally
non-polar ma'cerialz9 which exhibits partially bilayer smectic A — the
only such case to be observed so far. Also, the interesting new result
is found that A€ shows a reversal of sign well inside the A phase.
This appears to be the first instance of such a behaviour in a pure
smectogenic material. This result also shows the existence of pronoun-

ced dipole-dipole correlations in the Ad phase.

15 A-A TRANSITIONS

As mentioned earlier, the following types of A phases have
been clearly shown to exist: the monolayer (Al)’ the bilayer (Az)’
the partially bilayer (Ad) and incommensurate (Aic) phases.31 Two
other phases, viz., antiphase (A) and crenelated (Acre) phases are
also known.32'34 However, these are biaxial phases and therefore
cannot be considered as A phases. The different types of A phases
have been characterised on the basis of the Xray diffraction patterns
obtained by monodomain samples. The situation concerning the transi-
tions between the different polymorphic forms of A phases has been
discussed on the basis of a phenomenological model introduced by

35-38 39

Prost and developed later by Barois et al. Since Ad and A

2
phases have the same symmetry, a second order transition cannot

exist between them. The theory of Barois et al. predicts that under

certain conditions, the first order Ad—A2 transition can terminate



at a critical point (CP) of the gas-liquid type. Such a critical point
has indeed been observed experimentally.lm Essentially the same argu-
ments can be applied to the Ad-AI transition also. The dislocation-loop

theory of Prost and Toner“ has shown that the Ad-Al transition

can also terminate at a critical point of gas-liquid type but in the
presence of fluctuations, the theory predicts a nematic island existing

at the terminus of the Ad-AI transition boundary. Cladis and Brand42

had in fact previously- found the existence of such a nematic island.

In the case of the Al-A2 transition, it can be first order or even

second orderq3 because of the exact doubling of the lattice periodi-

ci'cy.“L We have undertaken dielectric studies on materials exhibiting

all these types of transitions, viz., Ad—Az, Al-A2 and Ad-Al. The
results of these investigations are given in Chapter V. These studies
show that the transition to the A2 phase is always accompanied by
a sharp reduction of e” caused by the head-to-head formation of
dipolar pairs. Although a slight decrease of €” is also seen near
the Ad-A1 transition, a comparison of this effect with that seen near
the Ad-A2 transition shows that the dipolar heads are more disordered

in the Al phase compared to the A2 phase. This supports the gene-

rally assumed notion that the dipoles in the polar A, phase are, stati-

1
stically speaking, somewhat randomly oriented. Dispersion results
show that W in the Ad phase is always less than that in the lower

temperature A phase, i.e., Al or Az. Also, these results do not support



the theoretical predictionLJL5 concerning the existence of two relaxation

mechanisms in the bilayer A2 phase.

l.6 A-B AND A-B PHASE TRANSITIONS
cryst hex

Two types of- smectic B phases are known, viz., crystalline B

(B . phase, there are

cryst) and hexatic B (Bhex) phases. In the B

crys
long-range positional correlations which are three-dimensional, the

extent of in-planar ordering being greater than 14000 ,Z\(resolution
Iimited).46 The Bhex phase has short-range in-plane positional correla-

tions but long-range, three-dimensional six-fold bond-orientational

47

order. Since the discovery of the B phase, a number of

hex
48-52

of studies have been conducted to understand the nature of

the A-B transition. Experimentally, it is found that the A-B

hex hex

transition is second order while A'Bcryst is first order. Dielectric

studies conducted on substances exhibiting these two different types

of A-B transitions are described in chapter VI.

It is found that although the static permittivity shows essen-

tially the same behaviour near the A-B and A-B transitions,
cryst hex

there are some significant differences with regard to the dispersion
results. The activation energy in the Bcryst phase is found to be less
than in the A phase while the opposite is found to be the case for
A and Bhex phases. It is also shown that accurate dispersion studies

46,52

support the Xray results concerning the order of the transitions,



transition is first order and A-B transition is second

Vize A_Bcryst hex

order.

17 SWALLOW-TAILED MATERIALS

As mentioned before, thermotropic liquid crystals generally
consist of molecules which are rod-like, i.e., which have an elonga-
ted shape. Although initial studies seem to indicate that only systems
with relatively short lateral substituents showed liquid crystallinity,
the recent work by Weissflog et al.53 shows the existence of liquid
crystallinity in compounds which have two lateral chains at one end
of the molecule. These materials are referred to as "swallow-tailed"
compounds. Preliminary Xray studies showed that the smectic A phases
formed by these compounds are of the monolayer type and it was
suggested that the molecules are perhaps arranged in an antiparallel
configuration. Dielectric studies conducted on two such swallow-tailed
compounds are described in chapter VII. These studies show clearly
the existence of pronounced antiparallel correlations in the nematic
as well as in the isotropic phases of the swallow-tailed compounds.
It is interesting that such correlations should be present even when
the A phase formed by these molecules is of the monolayer type.
These antiparallel correlations have been found to be so strong that

even an addition of 30% of a material consisting of rod-like molecules

is unable to reduce the antiparallel correlation.
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Most of the results described in this thesis have been publi-

shed in the following papers:

1

Dielectric studies of monolayer smectic A phases of strongly
polar liquid crystals. (in collaboration with B.R.Ratna, R.Shashi-

dhar and G. Heppke) - Mol. Cryst. Lig. Cryst., 139, 209 (1986).

Experimental studies on a triply reentrant mesogen. (in colla-
boration with R. Shashidhar, B.R.Ratna, V.Surendranath, V.N.Raja

and S.Krishna Prasad) - J. de Physique Lett., 46, L-445 (1985)

Density, dielectric and Xray studies of smectic A-smectic A
transitions. (in collaboration with B.R.Ratna, V.N.Raja, R.Shashi-
dhar, S.Chandrasekhar and G.Heppke) - Mol. Cryst. Lig. Cryst.,
138, 245 (1986).

Dipole-dipole interactions in swallow-tailed liquid crystalline
mixtures. (in collaboration with H. Kresse, W. Weissflog and

R. Shashidhar) - Phys. Stat. Sol. (a) 101, K77 (1987).

Dielectric studies of the hexatic B-smectic A and crystal B-
smectic A transitions. (in collaboration with Geetha G. Nair,
B.R.Ratna, R.Shashidhar and J.W.Goodby) - Liquid Crystals

(in press).

Antiparallel ordering of molecules in liquid crystals of swallow-

tailed compounds. (in collaboration with B.R.Ratna, R.Shashidhar,



S. Chandrasekhar, H. Kresseand W. Weissflog) - Mol. Cryst.

Lig. Cryst. Lett. (in press).

Experimental studies on a terminally non-polar reentrant nematic
mixture. (in collaboration with B.R.Ratna, R.Shashidhar, V.N.Raja,
S.Chandrasekhar, A. Pelzl, S Diele, ILLatif and D.Demus) -

Liquid Crystals (submitted).

Partially bilayer smectic A phase in a terminally non-polar
compound. (in collaboration with B.R.Ratna, R.Shashidhr, V.N.
Raja, S.Chandrasekhar, A. Pelzl, S.Diele, I.Latif and D.Demus) -

Mol. Cryst. Liq. Cryst. Lett. (to be submitted).



REFERENCES

1

10

11

S.Chandrasekhar, "Liquid Crystals" (Cambridge Univ. Press,

1977)

S. Chandrasekhar, B.K.Sadashiva and K.A.Suresh, Pramana, 9,

471 (1977)
G.Friedel, Ann. Phys., 18, 273 (1922).

P.G.de Cennes, "The Physics of Liquid Crystals” (Oxford Univ.

Press, 1974)

N.V.Madhusudana and S.Chandrasekhar, Proc. Int. Lig. Cryst.

Conf., Bangalore, Pramana Suppl. 1, 57 (1973)

N.V.Madhusudana, K.L.Savithramma and S.Chandrasekhar,

Pramana, 8, 22 (1977)

A.M.Levelut, R.J.Tarento, F.Hardouin, M.F.Achard and G.Sigaud,

Phys. Rev., A24, 2180 (1981)

F.Hardouin, A.M.Levelut, M.F.Achard and G.Sigaud, J.Chim.Phys.,
80, 53 (1983)

B.R.Ratna and R.Shashidhar, Pramana, 6, 278 (1976); B.R.Ratna

and R.Shashidhar, Mol. Cryst. Lig. Cryst., 42, 113 (1977)
C.Druon and J.M.Wacrenier, Ann. Phys., 3, 199 (19738)

L. Bata and A.Buka, Acta Physica Polonica, A54, 635 (1978)



12

13

14

15

16

17

18

19

20

21

22

H. Kresse, D.Demus and S.Konig, Phys. Stat. Sol. (a), 41, K67
(1977)

C.Druon and IJ.M.Wacrenier, Mol. Cryst. Lig. Cryst.,, 88, 99

(1982)

B.R.Ratna, R.Shashidhar and K.V.Rao, Liquid Crystals, Proc.
Int. Lig. Cryst. Conf., Bangalore, December 1979, Ed. S.Chandra-

sekhar (Heyden, London, 1980), p. 135

H.Kresse, A.Wiegeleben, D.Demus, Kristall and Technik, 15,

341 (1980)

A.Buka, L.Bata, Advances in Liquid Crystal Research and Appli-

cations, Ed. L.Bata (Pergamon, Oxford, 1980), p.261
P.E.Cladis, Phys. Rev. Lett., 35, 48 (1975)

A.C.Anderson, W.Reese and J.C. Wheatly, Phys. Rev., 130, 1644

(1963)
G.Riblet and K. Winzer, Solid St. Commun., 9, 1663 (1971)

P.E.Cladis, R.K.Bogardus, W.B.Daniels and G.N.Taylor, Phys.

Rev. Lett., 39, 720 (1977)

F.Hardouin, G.Sigaud, M.F.Achard and H.Gasparoux, Phys. Lett.,

71A, 347 (1979)

Nguyen Huu Tinh and H.Gasparoux, Mol. Cryst. Liq. Cryst. Lett.,

49, 287 (1979)



23

24

25

26

27

28

29

30

3]

32

33

34

N.V.Madhusudana, B.K.Sadashiva and K.P.L. Moodithaya, Curr.

Sc., 48, 613 (1979)

G.Pelzl, S.Diele, I.Latif, W Weissflog, D.Demus, Crystal Research

and Tech., 17, K78 (1982)

S.Diele, G.Pelzl, L.Latif and D.Demus, Mol. Cryst. Lig. Cryst.

Lett., 92, 27 (1983)

Nguyen Huu Tinh, F.Hardouin and C.Destrade, J. de Phys., 43,
1127 (1982)

R.Shashidhar, B.R.Ratna, V.Surendranath, V.N.Raja, S.Krishna

Prasad and C.Nagabhushan, J. de Phys. Lett., 46, L-445 (1985)

H.J.Deutscher, M.Korber, H.Altmann and H.Schubert, J. Prakt.

Chem., 321, 969 (1979)
G.Pelzl and H.Sackmann, Symp. Faraday Soc., 5, 68 (1971)

G.Pelzl, LLatif, S.Diele, M.Novak, D.Demus and H.Sackmann,

Mol. Cryst. Lig. Cryst., 139, 333 (1986)

B.R.Ratna, R.Shashidhar and V.N.Raja, Phys. Rev. Lett., 55,

1476 (1985).

G.Sigaud, F.Hardouin, M.F.Achard and A.M. Levelut, J. de Phys,

42, 107 (1981)
A.M.Levelut, J. de Phys. Lett., 45, L-603 (1984)

G.Sigaud, F.Hardouin, M.F.Achard, Phys. Rev., A31, 547 (1985)



35

36

37

38

39

40

41

42

43

by

U5

46

47

J. Prost and P. Barois, J. Chim. Phys, 80, 65 (1983)
J. Prost. J. de Phys., 40, 581 (1979)

J. Prost, in "Liquid Crystals of One- and Two-dimensional Order",
Eds. W.Helfrich and G.Heppke (Springer-Verlag, Berlin, 1980),

p.125

J. Prost, in "Symmetries and Broken Symmetries in Condensed

Matter Physics®, Ed. N. Boccara (IDSET, Paris, 1981), p.159.
P. Barois, J. Prost and T.C.Lubensky, J. de Phys., 46, 391 (1985)

R.Shashidhar, B.R.Ratna, S.Krishna Prasad, S.Somasekhara and

G.Heppke, Phys. Rev. Lett., 59, 1209 (1987)
J. Prost and J. Toner (Private Communication).
P.E.Cladis and H.R.Brand, Phys. Rev. Lett., 52, 2261 (1984)

K.K.Chan, P.S.Pershan, L.B.Sorensen and F.Hardouin, Phys.

Rev. Lett., 54, 1694 (1985); Phys. Rev., A34, 1420 (1986)

L.D.Landau and E.M.Lifshitz, Statistical Physics, Part | (Perga-

mon, New York, 1982), p.468.
L. Benguigui, J. de Phys., 44, 273 (1983)

P.S.Pershan, G. Aeppli, IJ.D.Litster and R.J.Birgeneau, Mol.

Cryst. Lig. Cryst., 67, 205 (1981)

R. Pindak, D.E.Moncton, S.C.Davey and J.W.Goodby, Phys. Rev.
Lett., 46, 1135 (1981).



48

49

50

51

52

53

C.C.Huang, J.M.Viner, R.Pindak and J.W.Goodby, Phys. Rev.

Lett., 46, 1289 (1981)

J.M.Viner, D.Lamey, C.C.Huang, R.Pindak and J.W.Goodby,

Phys. Rev., A28, 2433 (1983)

T.Pitchford, G.Nounesis, S.Dumrongrattana, J.M.Viner, C.C.Huang

and J.W.Goodby, Phys. Rev., A32, 1938 (1985)

R.Mahmood, M.Lewis, R.Biggers, V.Surendranath, D.Johnson

and M.E.Neubert, Phys. Rev., A33, 519 (1986)

S.C.Davey, J. Budai, J.W.Goodby, R.Pindak and D.E.Moncton,

Phys. Rev. Lett., 53, 2129 (1984)

W. Weissflog, A.Wiegeleben, S.Diele and D.Demus, Cryst. Res.

& Tech., 19, 583 (1984).



