CHAPTER TITII

AN | NCOVWENSURATE SMECTI C A PHASE

3.1 INTRODUCTION

The smectic A phase is characterized by a layered arrangement
of rod-like molecules,1 the long axis of the molecule being referred
to as the director (3). The average orientation of the long axis
of the molecules is normal to the layers.  The X-ray diffraction
pattern of an unaligned smectic A phase shows a sharp low angle
ring (Bragg angle 8 = 1°) corresponding to the smectic layer thick-

ness and a large angle diffuse ring (6 10°) corresponding to
the inter-molecular distance within a 1ayer‘.2 The diffuse nature
of the outer ring shows that the in-plane correlations within a

layer are liquid-like.

Perhaps a more realistic representation of the smectic A
phase is to describe it as an orientationally ordered fluid with
a one—dimensional3’u mass- density wave along the optic axis (see
Fig. 3.1). This mass density wave along the Z-axis, i.e., along

the director is well described? by
plr) = py [1+ Re { |y| exp i (qpz +¢)}H

where d = 2m/d is the wavevector at which the X-ray diffraction
peak corresponding to the layer spacing (d) occurs in reciprocal
space, ¢ is a phase factor which fixes the position of the layers,

| Y| is the amplitude of the density wave which is a measure of
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Figure 3.1

Schematic diagram of the smectic A phase with its one-dimensionat’
mass-density wave along the average dizection of the molecular

axds (Z).



the strength of the smectic order and Po is the average density.
High resolution X-ray studies on smectic A phase have revealed
that the reflection corresponding to the higher order harmonics
are extremely weak showing thereby that the density wave is nearly

sinusoidal.5

Accordingly, while defining an order parameter for
this phase the Fourier component of the centre of mass density
at only tQyz is taken into consideration. Also, the lower marginal
dimensionality (do) for the smectic A is 3 (sée Ref. 6). It is
known that when the spatial dimensionality, d < dos the fluctuations
are extremely important and prevent the establishment of true long
range order in one-dimension. Although this concept, referred to
as the Landau- Pieirls instabilit;y,7 has been known for some time,
it has been experimentally proved for the smectic A phase only

r-ecently.8 Thus the X-ray diffraction peak of an aligned smectic

A phase isnotatruly Bragg-like but has a power law decay.

For a long time only one type of smectic A phase was known
wherein the layer spacing (d) is approximately equal to the length
of the molecule (). However, with the synthesis of materials with
a strongly polar end group, a new field of study was opened up.

Madhusudana and Chandrasekhar, 9

while discussing the role played
by the longitudinal dipoles in stabilizing the nematic phase
proposed that the molecules with a strong dipole moment at one
end of the molecule should favour an antiparallel near-neighbour

arrangement. The existence of antiparallel correlations in polar
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systems has been established experimentally by dielectric studies.10

X_ray! 1712 13

and neutron scattering studies showed that the layer
spacing in the smectic A phase of alkyl as well as alkoxy cyano-
biphenyls is about 1.4 times the molecular length, i.e., the struc-
ture is "bilayer" (or partially bilayer as it is more appropriately
known today). This structure is schematically represented in Fig.
3.2 = the aromatic regions overlap at the centre while the alkyl
chains are stretched outwards. Compounds possessing such an anti-
parallel arrangement of molecules exhibit interesting phenomena

15 16

like reentrant behaviourm’ and smectic A polymorphism.

7

Sigaud et al.1 observed for the first time a smectic A
smectic A transition in a binary mixture of a non-polar material,
viz., terephthal-bis-4-n-butylaniline (TBBA) with a strongly polar
compound, viz., 4-n-pentylphenyl-4'-cyanobenzoyloxy benzoate (DB5CN).
The phase diagram of this binary system is shown in Fig. 3.3. The
transition between two polymorphic forms of the A phase was seen
from calorimetric studies while optically no change was observed
in the texture of the two A phases. Also from characteristic X-ray
diffraction patterns for the two types of smectic A phases18 the
higher temperature smectic A phase has been designated as the mono-

layer phase (Al) and the lower temperature A phase as the bilayer

(A2) phase.

Another type of smectic A phase referred to as the antiphase

19

(§) was observed in a binary mixture of 4'-(4-n-pentylstylyl)



Figute 3.2

Schematic zepresentation gor the antiparalle! artange-

ment in §CB. {Fiom Re{. 11).
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phenyl-4"-cyanobenzoate (C5 Stilbene) and DB5CN. This was seen

between the A1 and A2 phases. Calorimetric measur‘ements19

enthalpy changes at the A1—~A and A-A

showed
5 transitions while X-ray
studies showed a characteristic diffraction pattern corresponding
to this new phase. Optical observations made on the free surface
of a droplet also showed some distinct type of defects in the A
phase both on cooling from A1 and heating from A2 phase. X-ray
results showed that in the & phase, the monolayer order is unpertur-
bed, but the bilayer order oscillates periodically from one equiva-
lent lock-in position to another resulting in a modulation of the

dipolar heads within the layer. Thus A is a biaxial phase having

modulations both in the longitudinal and transverse directions.

Very recently, Levelut?® observed another kind of smectic
A phase between the X and A2 phases. Based on the X-ray pattern,
she showed this phase to be another type of smectic antiphase
possessing a non-centred rectangular lattice. It is different from
the & phase defined earlier, which has a regular rectangular lattice.
This phase has been designatedz' as the crenellated smectic A phase

22 .
(Acr-e)' It has been suggested™™ that B e should always exist bet-

ween the A and A, phases. It is relevant to mention here that quite

2
often another type of phase, viz., the ribbon phase23 (designated

~

as C) intervenes between two polymorphic forms of the A phase,

e.g., between A, and A2 or A

d and A2.

1

The schematic representation of the arrangement of the mole-
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cules in these smectic A phases is given in Fig. 3.4. In the A,
phase the layer periodicity (d) is equal to the length of the mole-
cule (&) and accordingly it has been named as the monolayer phase.
In this phase the dipolar heads are assumed to be arranged randomly
within each layer. In the partially bilayer (Ad) phase, the preferen-
tial antiferroelectric ordering of the adjacent dipolar heads

results in an inter-digitated layer structure whose periodicity
is intermediate between £ and 2g. The bilayer (A2) phase has an
almost perfect head-to-head arrangement of the dipolar heads, the
periodicity of this phase being equal to 2Q (i.e., d= 28). In the
Y phase the local order is the same as that in the A, phase but
the direction of the dipolar arrangement alternates periodically
within a layer and this results in a rectangular symmetry. The
periodicity of the transverse modulations was found to be of the

order of a few hundred angstroms19

and mostly temperature indepen-
dent. Just like &, the crenellated smectic A (Acpe) phase also shows
alternation of the dipolar arrangement between two neighbouring
domains but with the difference that these antiphase domains have
unequal widths. It has been observed® that with decrease in tempe-
rature the width of one domain increases at the expense of the
neighbouring one. In the ¢ (or smectic ribbon phase) the layers
consist of pairs of molecules showing a bilayer type of arrangement
which are seen to be broken periodically by defect walls oblique
with respect to the director. Thus unlike the & or A phases,

cre

the € phase has an oblique lattice.
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Fique_3.4a,b,c: Schematic representation of the molecular artangement
along with their chatacteristic Xtay digfraction patteins
o1 difgerent types of smectic A phases. Heze (X) denotes
the direct beam, (¢} condensed spot, and (& ) diffuse
spot. (a)monolayer (A,),lb) pattially bilayer (A 4),

(C, bifaye;‘ (Az)
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Schematic 1epresentation of the molecular artangement along with
their characteristic Xtay diffraction pattewns for difgerent types
o4 smectic A phases. Here (X) denotes the direct beam,

(o) condenbed spot, and (8) diffuse apot. (d) smectic antiphaae (A),
le) crenelated smectic (AMQ) and (§) smectic .ribbon phase (C).



The types of X-ray diffraction patterns to be expected from
the different smectic phases are also shown schematically in Fig.

3.4.

a) The A1 phase shows a condensed peak at 2qO (= 21/2) correspond-
ing to the monolayer ordering and generally, a diffuse scatter-
ing centred around q(!) (= 2n/12." which is incommensurate with

respect to 2q,, (R <@ <29 (Fig. 3.4a).

b) The partially bilayer smectic A phase (Ad) shows a condensed
spot at q('), a weak second harmonic at 2q(') and a diffuse peak

centred around 2qO (Fig. 3.4b).

c) The smectic A2 phase shows condensed peaks at both q and
2qo, with g as the fundamental and 2q0 as its second harmonic

(Fig. 3.le).

d) For the & phase there is a sharp peak at 2qo and two condensed
spots which are split out of the Z-axis in a direction normal
to it. These off- axis spots are centred around the 9 position
(see Fig. 3.44). In the Iy phase the X-ray spots are supposed

to be truly Bragg—like.25

e) In the Acre phase a diffraction spot is observed20 at q,
in addition to the off-axis spots. Also, as in the Iy phase,

there is a condensed spot at 2q, (Fig. 3.l4e).

f) The X-ray patterns in the smectic € phase show spots split
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out of the Z-axis and, unlike in &, these spots are not

centred around g Moreover, these spots show high asymmetry
in their intensities. Because the layers are tilted with
respect to the Z-axis, the 2q,, spots are also seen off Z-axis

(Fig. 3.41).

24

Prost, and later Prost and Barois,25

proposed a phenomeno-
logical model to describe these different types of A phases and
the transitions between them. In this model there are two fields
p(r) and ¢(r) characterizing the mass density and antiferroelectric
order parameters. The model incorporates two important types of
terms in the free energy, viz., the elastic terms and the coupling
term. The elastic terms describe the spatial modulations, correspond-
ing to the mass density and antiferroelectric orders. These modula-
tions are seen at collinear incommensurate wavevectors 2q0 and
a3 corresponding to the X-ray peaks observed in the polar nematic
phase. The coupling term favours the lock-in of 2q, and qj wave-
vectors and corresponds to the A, phase. According to the model,
if the system gains energy through the coupling term, this will
be at the cost of the elastic energy and vice versa. Hence the
competition between these two opposing terms leads to frustration
in the system. Different ways of satisfying these two terms can
result in either the two-dimensional ¥ and € phases or an_incommen-

surate phase in one-dimension. Fig. 3.5 gives the wavevector repre-

sentation of these phases.



Figure 3.5

Wavevectolr 1epresentation of fwustrated SMeCtic

phases. la) A, phase (b) A phase (c) C phase,
and (dl incommensulrate-phase.
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Thus the model predicts a thermodynamically stable incommen-
surate phase. The experiments which have led to the first observa-
tion of such a phase are described in the section 3.3 of this chapter.
Before presenting these results we shall discuss the phenomenological

25

model developed by Prost and Barois in somewhat greater detail

in Section 3.2.

3.2 PHENOMENCLOG CAL MODEL

The smectic A phase can be characterised by expanding the
Fourier series of the mass-density wave - the existence of a non-
zero Fourier component at a non-zero wavevector defines the A phase.
Coupling between the fundamental and the harmonic of the density
modulation was first considered by Meyer and Lubensky.‘26 While
considering the nematic-smectic A (N-A) transition, they wrote

the free energy as :

2
AF = [,A1 o + A

2
¢ -Dop o
q, 2 .2qO a, 2q0

N

+ 4th ordered terms + ......... 1,

where A a1(T - T1) and A2 z a2(T - T2). According to them, the

1 =

third order coupling between the fundamental (pq ) and its second
0]

harmonic (pzq) in a system with saturated nematic order could
0

drive the N-A transition to first order even though the McMillan

criterion for such a system would demand a second order N-A transi-

tion. This therefore accounts for the experimental observations
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on DBS5CN, viz., (1) the N-A transition in this material is strongly
first order even though the nematic range is large and (2) an X-ray
diffraction pattern consisting of two spots one of them being the
second harmonic of the other was seen. (Of course, at that time
it was not realised that the A phase of this material was in fact

the bilayer A, phase. As stated earlier, this was realised much

17

2

later by Sigaud et al. ' who observed the A, " A, transition.)

In order to account for the A1 -A2 transition, Pmstzq expre-
ssed the free energy by including a phase factor in the coupling

term which was written as

2
DpPS P cos (20 -B)
9 29,
The free energy can be minimised for @ = B/2 and o = 8§+%T . Defin-

ing y = 2a- B, it is evident that y can take only two values,
viz., 0 and w®. This binary choice for Y is equivalent to the possi-
bilities of spin being either up or down. Thus the -4 transition
is expected to belong to the n=1, d= 3 universality class or

the Ising universality class. According to this theory, whenever

the fundamental (pq ) condenses it drives a non-zero P2q and one
0 0

obtains a bilayer smectic A phase. On the other hand, when qu

0

condenses first, no bilayer order appears, i.e., P = 0. This

q
0
is in agreement with the experimental observations.

Hence it is clear that the coupling between the two order



parameters is very important to describe a smectic A - smectic
A transition. In a Landau picture one can replace pqo by any other
order parameter and can still get the same basic results. If we
consider molecules with a strongly polar end group, the molecules

have a net electric dipole moment and as a consequence the dipolar

density can be written as

A
P(r) = -‘7; Pi 8(r - r‘i) ,

where the net dipole moment of the i*® molecule is written as

pi = g r q(r) d3 r )
Vi
q(r) being the molecular charge density and Vi is the volume of
th

the i molecule. Prost replaced pzq by the molecular electrical
0

potential ¢ which can be considered as an order parameter, viz.,

the dipolar order parameter. A state described by p# 0 and ¢ =

0 does not give the same information as a state with ¢ # 0. The
molecular arrangement corresponding to these two cases are shown
in Fig. 3.6. In the first case tails and heads are at random within
a layer whereas in the second case an antiferroelectric ordering

exists.

The mean field free energy can be written as

F = F1+F2+F12

where F1 and F2 are the contributions from the two independent
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(a)

(b)

Figure 3.6

Schematic zepresentation of the molecular
ailrangement in smectics with {a)p # 0, $=0,
and (b) ¢ # 0 showing the antiferroelectric
owder. (From Ref. 25).



scalar ordsr parameters p(r) and ¢(r) respectively and Fio is due

to the coupling between them.

A c

F, = f{%pz(r) + 7 B, PMr) + 520 4 kD) p ()13 av (1)
v
Ay o 1.4 1. 02 2 2

F, o= S{ch'(r) + 3 B0 (r) +—[(V + K)6(r) 1} av (2)

Y
where A, = a1(T - T1) and A, = a2(T - T2) - T, and T, are the
mean field transition temperatures for the dipolar and mass density
order parameters respectively. The conspicuous absence of the cubic

terms in the free energy expressions (1) and (2) indicates that

the model is for an anisotropic system. The elastic terms ?CZ
[(V2 + Kg) p(r)]2 and % Cl[(V'2 + Ki) ¢(r)]2 describe the presence

of the density modulations p(r) and ¢(r) to be at their respective
characteristic lengths &' = 2w/K, and & = 2m/K,. p(r) and ¢ (r)
are coupled by the interaction terms in Fioe Up to fourth order,

F12 can be written as

Fi, = S{A12 p(r) ¢(r) + Dys ¢2(r) p(r) + D,, pz(r) ¢(r)
vV
+% B,, p2(r‘) ¢2(r‘)}d\l . (3)

Even though all these terms are allowed by symmetry, not all of
them are always important. The significance of the different terms
depends on the mismatch between & and &'. If we consider 2'=x= g

then only A1zp(r) ¢(r) and B 2(r‘) ¢2(r') terms are relevant.

12P
If & = 29, then the coupling terms A120(r')¢(r) and D2102(r)¢(r-)



are not necessary and can be neglected. If the lengths mismatch

totally, then the system gains energy by decoupling them.

Let us now consider the case, &' = 2&. According to Prost

and Bar'ois25 p(r) and ¢(r) can be defined as

p(r)

H

JZ2 pcos[2KZ +B8(z)]
and

o(r)

£ ¢ cos [Kz + a(z)] ,

where p and ¢ can be considered to be slowly varying functions

of r. Then the free energy can be written as

q q
- 1 042,42 1 .9 2
F o= 5{2“‘1 +* GV a -7 )] ¢ + 5lA,+ GV, B-7 30
B B B
2 1.4 12,2 2 4
+D12¢ DCOS(20-8)+T¢ +-é—¢ p+Tp }dV (4)
K. - 2K
2 1
where qQ = 5

A state described by p= ¢ = 0 corresponds to the disordered

phase, namely, the nematic phase. In the A, phase, p# 0 and ¢ =

0. In the A2 phase p# 0 and ¢ # 0 and K, = 2K,. Thus the A, phase

is obtained by matching p and ¢ wavevectors to an integer number

2. It is observed that by considering K, = 2K

> the system gains

1!
energy through the coupling term at the cost of elastic energy.
On the other hand, considering the phase matching problem in the

presence of a one-dimensional order leads to the possibility of
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the existence of an incommensurate phase (Aic). Thus the diffe-
rent ways of satisfying the third order lock-in term can vyield

the A2 or the Aic phase.

V¢ shall now consider only the phase dependent part of the

free energy, which can be written as

1 I ue,C,0¢) v 2 _up. o%0sin?yld
Fy_ = = i Y+q0- 12psmyz
2a- B 2 (c ¢2+uCp2) z
1 2

...(5)

where y = a- % This free energy equation is isomorphous to a
classical Sine-Gordon equation and leads to the unmodulated - modu-
27

lated transition as was first introduced by Frank and Van der Mawe

1,28

and later by de Gennes. "’ When the lock-in tern is larger than

the elastic term, i.e., when

Dys (M2 /4)p

>
2 1/2 2 172
qo(c1c2) ¢ (01/02)

+ up2(02/c1)1/2

the phase difference vy = a-% is constant throughout and this results

in the A, phase. In this phase the periods of the two modulations

are locked-in with a constant phase difference of 2 (see Fig.

3.7).

Let us now consider the other condition, i.e.,

Dyp . m2/4)p

2 1/2 2 12 2 1/2
qo(cjcz) ¢ (c1/02) + Up (02/01)




T /2

Figure 3.7

Spatia! dependence of the phase difference
in the A, phase.

v
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Then the spatial dependence of the phase difference (a- %) is as

shown in Fig. 3.8. The part over which y is almost constant and
is fixed at some specified value, corresponds to the commensurate
region. It is clear from the diagram that for this region y=(2n+1)n/2
for the nth step. These commensurate regions are separated by
discommensurate regions where the phase varies rapidly by T over
a certain characteristic width. This discommensurate region which
separates the successive commensurate regions are referred to as

"phase solitons® and the phase which is characterized by such a

structure is called as the "Incommensurate Phase".'29'31 It consists

of large regions of A, which are periodically separated by defect
walls or phase solitons in which the phase difference a- % jumps
by an amount exactly equal to m with a period Z which is the soliton

periodicity. Fig. 3.9 shows the modulated structure of the soliton.

Prost and Barois have also considered the case

P12 ‘< (1°/4)p
2 /2 2 12, )2 /2
95(C4Cy) ¢°(Cy/C,) "7 + Hp%(C,/CH)

the phase difference Yy tends to show a linear variation as shown
in Fig. 3.10. This refers to the weak coupling limit, i.e., the
coupling energy becomes very weak compared to the elastic energy.
Nov p and ¢ orders can develop independently and are supposed to
be coupled only through the fourth order terms. A schematic repre-
sentation of the weakly coupled or percolated type of incommensurate

A phase has been given by Prost and Barois. This is reproduced



Fiqute 3.8

Spatial dependence of the phase teim for the strongly
coupled incommensutate phase.
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Figure 3.9

Schematic 1epiesentation of the ariangement of the
molecules in the stiongly coupled incommensurate
phase. (Fiom Ref. 25).
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Figute 3.10

Spatial dependence of the phase difference in the
weakly coupled incommensuzate phase. (From Re§.30).



in Fig. 3.11. Thus Prost and Barois have, on the basis of their
phenomenol ogi cal theory, predicted the existence of an incomensu-
rate smectic A phase, i.e., a snectic A phase with two incommensu-
rate collinear periodicities. However such a phase was not seen
experinentally. The only case reported to date of a smectic wth
two coexisting inconmmensurate density nmodulations is the three

di mensional |y ordered smectic & phase of 4-octyl-4'-cyanoterphenyl.32

In this chapter, we present the results of our X-ray studies
on a binary system These results which have led to the first obser-
vation of a fluid inconrensurate phase (designated as Aic) will

be presented in the next section.

3.3 EXPERIMENTAL
Materials

The materials studied were Y4-n-heptyloxyphenyl-}4'-cyanobenzoy-
| oxy benzoate (D370CN) and its mxtures with Y-n-octyloxy-4'-cyano-
bi phenyl (80cB). The nol ecul ar structures as well as the transition

tenperatures of the two conpounds are given in Fig. 3.12.

X-ray Set Up

X-ray studies have been conducted using the set up described
in Chapter II. Mnochromatic copper Kg-radiation and a flat photo-
graphic film which is located at the focus of the monochronator

(bent quartz crystal) served as the source and the detector respec-



Figure 3.11

Schematic 1epresentation of weakly coupled incommensu-
1ate phase showing the exintence of two interpenetrating
incommensutate  peziodicitien correhponding to the
molecular length (solid molecules) and pair length
(open molecules). (From Red. 25).
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tively. Tne sample was taken in a Lindemann glass capillary (0.5
mm dia) whose ends were sealed after filling the sample. The sub-
stance was always heated to the nematic phase and then cooled in
the presence of a aagnetic field (0.5 T) into the smectic Ad phase
to get an oriented sample. To get a perfect monodomain sample in
the incommensurate phase (Aic) it was necesary to cool the sample
at a very slow rate (1°C/hr) through the Ad phase till the Aj,
phase was formed. A typical exposure at any temperature took about
20 minutes during which the temperature was maintained to %100
mK. The accuracy in the determination of layer spacing was +0.1

K or better.

3.4 RESULTS AN\D DISCUSSION

The partial temperature-concentration (T-X) diagram of the
DB70CN-80CB binary system is shown in Fig. 3.13. It is seen that

for mixtures with 80CB concentrations (X) up to 24%, there is the

Ad‘AZ transition. For X > 24%, the incommensurate A (A; ) phase

ic
intervenes between the Ad and A, phases. This phase diagram has
been obtained using a combination of optical microscopy, DS and
X-ray methods. The Ad-A2 transition was not detectable optically
but could be seen both by DSC and X-ray experiments. On the other
hand, the Ad'Aic and Aic‘AZ transitions were not detected by
DT but could be obtained by optical microscopy as well as X-ray

studies. Optical studies showed that on cooling the sample from

the Ad phase zig-zag folds appear on the back of the focal conic
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Figure 3.13

Partial temperature-concentration diagzam gor vazying mol % (X}
of §0CB in DB?OCN.
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fans at the Ad'Aic transition (see Fig. 3.14). These become promi-
nent well in the A;  phase and disappear at the A;, - A, transition.

On the other hand, on cooling a homeotropically aligned L phase,

the A, . phase makes a dramatic appearance in the form of loops

as shown in Fig. 3.15. These defects do not completely clear off

in the A, phase. When the sample is heated back into the A;, phase,
a burst of parabolic focal conic like defects33 appear at the Ap =4y,

transition which do not clear off completely in the Ad phase.

We shall now discuss the results of the X-ray investigations.

X-ray Studies

We have carried out layer spacing measurements for several
concentrations as a function of temperature. For all those concen-
trations which do not exhibit the Aic phase, the A, - A, transition
is seen as a change in the slope of the layer spacing (d) versus
temperature plot. Fig. 3.16 shows the thermal variation of the layer

spacing near the A ,-A

q > transition for the X = 18% mixture. In

the A, phase, the layer spacing shows an increase with decrease

in temperature, the rate of variation increasing as the A, phase

2
is approached. In the A, phase the layer spacing shows a small
linear increase with decrease in temperature. It may be recalled
that Hardouin et al.3" observed the Ad'AZ transformation in DBnOCl

homologous series only through a similar thermal variation of layer

spacing, the slope change signifying the transition.



Figute 3.14

Optical textures obtained on cooling a focal conic 7egion of the Ad phase:
(a) A4 phase T=120°C, |b) at the Ad-Aic transition T=115.5°C, le) A;
phase T=113.5°C, and (d) A, phase T=105°C.
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and (b) heating §1om

10§.5°C.

[ i

d phase T

the A, phase T



d (A)

56

54 -

50 -

z.a§
28 -

26 | A2 Ad

| | T | |

135 145 155
T (°C)
Figure 3.16

Temperature vatation of the lager spacing (dl in the Ay and A,
phases o1 X = 18 mol 6.



The thermal evolution of the layer spacing corresponding
to the Ad, Aic and A2 phases for the 34.8% mixture is shown in
Fig. 3.17. In the Ad phase the layer spacing (d = Zn/q(')) increases
with decrease of temperature. The on-set of the incomensurate (Aic)

phase is signalled by the appearance of reflections corresponding

to a and 2q0. Thus the characteristic diffraction pattern of the

Aic phase has 3 spots, corresponding to wavevectors dg’ q(') and
2q0. The variation of 2ﬂ/qc') in the Aic phase is opposite to that
in the A, phase - d decreases with decreasing temperature throughout

d

the Aic phase while it increases in the Ad phase. 21!/qo and its
second harmonic 21!/2q0 also show a decrease, albiet less pronounced

than that of 21r/q('), in the Aio phase. At the Aic-A transition,

2
2ﬂ/q6 disappears and both ZTT/q0 and 2Tf/2qO reverse their trend,

i.e., they start increasing with decreasing temperature.

It should be mentioned that we did not see any reflections
corresponding to combinations of d9 and qb even after very long
exposures. (The set up did not allow very low angle reflections
( <0.5°) to be recorded.) Also it was verified that the high angle
diffraction ring wes diffuse in all the three phases, viz., Ad’
Aic and A2 phases showing thereby that the in-plane order iS liquid-

like in these phases.

Microdensitometer scans taken along the Z-axis of a series
of representative photographs for the X = 35% mixture are given

in Fig. 3.18. Fig. 3.18a shows a sharp peak at qé corresponding
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Microdensitometer scans of the X-ray digfraction photographs
taken along the Z-axis for X =348 mol % mixtuze at
la)l 119°C In the A, phase, (b)-le) 117, 116, 114.50, and
112°C in the A phase and (4] 106°C in the A, phase.



to the Ay phase at 119°C. On cooling, a second sharp peak is seen
at q close to ag (Fig. 3.18b). This corresponds to the onset of
the Aic phase. On further cooling the intensity of the reflection
at qq decreases while that at a, increases with an accompanying
increase in the intensity of the second harmonic at 2q0. Figs. 3.18¢c
and d show the switch over of the relative strengths of q(') and
9 reflections. Finally at 108°C the peak at q6 disappears leaving
a clear signature of the A2 phase - strong reflections at dq and
2q0 (see Fig. 3.18f). It should be emphasized here that regardless
of their amplitudes, the sharpness of these reflections remains

the same at all temperatures.

The question may -be asked whether the different modulations
observed in the Aic phase are truly collinear. In order to ensure
that this is the case, X-Y intensity contour diagrams of several
pictures taken in the A phase were mapped using a X-Y microdensi-
tometer (Joyce-Loebl Scandig 3 in conjunction with an on-line compu-
ter). A typical contour diagram is reproduced in Fig. 3.19. The

o_
2A1

widths of the diffraction spots are 0.8 x 10 in the z-direc-

tion and 1.7 x 1072 A~

in the X-direction. The slightly higher
width in the X-direction arises from the geometry of the X-ray
monochromator set up. However, it is evident that any displacements
of the reflections along the X-axis arising from a lateral periodi-

city of several hundred angstorms would have been revealed from

the contours. It is therefore clear that the three diffraction



Figute 3.19

Intensity contour map of 4 Xray diffraction photograph

taken go1 the X =346 mol % mixture at 175.5°C. Widths

of the spots are discussed in the text. The spot at 2q,

has been displaced closer to the other two spots fox
convenience.



spots are indeed collinear along the z-axis. Thus we have observed

the incommensurate smectic A phase.

The variation of the layer spacing (d) in the Ad and Aic
phases were measured for 5 different concentrations, (X = 26.5,
32.0, 35.0, 37.5 and 41.0%)all of which show the Aic phase. These
data which are shown in Fig. 3.20 have been collected by taking
sufficient care to see that the absolute accuracy of the layer
spacing for any concentration is reproducible to within +0.1 /(i
(We shall see later that this reproducible accuracy in the absolute
determination of d for any concentration is very important). It

is seen from Fig. 3.20 that essentially the same behaviour is seen

for all the concentrations.

It can be argued that the Aic phase might perhaps be a two-

d and A2 and hence the diff-

raction in the two phase region should be nothing but the superposi-

phase region consisting of regions of A

tion of the diffraction patterns of the two individual phases.
We shall assume AiC to be a two-phase region and then discuss the
layer spacing variation that is expected in that case. Consider
the schematic diagram of Fig. 3.21. In such a case let us consider
a tie line MN (as shown in Fig. 3.21 - a constant temperature line
parallel to the concentration axis and connecting the Ad"Aic
and AiC-A
35

5 boundaries (marked 1 and 2 in the figure). It is well

known that for all concentrations along such a tie line the layer

spacing corresponding to the Ad and A2 modulations are given
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Experimental variation of the layer rpacing with the tempe-

1ature for diggerent concentzationr of §OCB in the Ad and

Ao pharer.



Figute 3.21

Schematic T-X diagtam of phase boundaries in the .region

of existence of A(.c. In the event of A(.C being a two-phase

zegion, NM cortesponds to a 'tie-line' which intersects

the Ad'Aic and Aic'AZ boundaries wmaztked 1 and 2
at M and N 1espectively.
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by the values at M and N respectively. In other words for any concen-
tration the temperature variation of the layer spacing in the two
phase region are uniquely deter'mined36 by the variations along
the boundaries 1 and 2. This also implies that the layer spacing
evaluated at any common temperature should be independent of the
concentration. This is schematically represented in Fig. 3.22.
It is clear that for every concentration the data for 21r/q6 in
the two phase region should fall on the same curve. This argument
holds good for 21!/qO also. On the contrary, the experimental data
shown in Fig. 3.20 for five concentrations (X = 41%, 37.5%, 35%,

32% and 26.5%) in the A, and Aic phases show that at any temperature

d

in the Aic phase there is a clear change in the layer spacing with

concentration which is contrary to what is expected if A wes

ic

a two-phase region. In fact, we find that the layer spacing corres-
ponding to the dq modulation at any temperature in the Aic phase
is higher for a higher concentration of the shorter molecular

species, viz., 80CB. Thus the possibility of the Aic phase being

a two phase region is definitely ruled out.

DSC St udi es

Fig. 3.23 shows the differential scanning calorimetry runs
for pure DB7TOCN while those for DB70CN and 80CB mixtures are shown
in Fig. 3.24. These runs have been presented after normalizing
to unit weight of the sample so that they can all be directly compa-
red. All these exotherms were recordzd at 0.5°C/min cooling rate

and 0.5 mecal/sec sensitivity. The sample was allowed to equilibriate
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Fiquie 3.22

Schematic 1epresentation of the expected temperature variation
o4 the fayer opacingo (solid cutves) §or different concentia-
tiono if the A(.c phase weze a two phase zegion consisting
of A, and Ad 1egions. The dashed curves show the experi-

2
mental vaziation in the Ay phase.
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DSC scan fo1 pute DBFOCN nhowing the Ad-AZ transition,
taken in the cooling mode at 0.5°C/min. rate.
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DSC scans for digferent concentiations of 8OCB: la) 6.30%,
(b} 12%, and (c) 20% exhibiting only the Ag-A, transitions.

The transition tempetatures aie shown by artows. A4 the wns were
taken at 0.5°C/min. cooling iate.
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DSC scans fo1 different concentrations of 8OCB: |d) 31% and
le) 35.20% exhibiting Ap A and A, phases. The transition
temperatures are shown by arows. All the rwns weze taken

at 0.5°C/min. cooling 1ate.



for at least an hour so that a good base line was obtained. It
is interesting to observe that the Ag— b transition shows a rapid
decrease in the strength of the signal with increasing 80CB concen-
tration (see Fig. 3.24a-e).In fact at X = 20% which is only a few
per cent away from the concentration at which AiC makes its appea-
rance, the transition is seen as a barely perceptible baseline
change. It should be emphasized that in the region where Aic phase
exists (see Fig. 3.24d-e), no signals were observed corresponding

to the Ad-Aic and Aic"Az transitions.

3.5 COWARISON O THE EXPER MENTAL PHASE DI AGRAM EXH BI TI NG
THE Ao PHASE WTH A RECENT THECRETI CAL DI AGRAM

It may be recalled that Prost and Bar*oiszs

while discussing
the phenomenological model, have pointed out that in the weak coupl-
ing case, the fourth order terms have to be considered for the
minimization of the free energy. This has in fact been done by

37 who has expressed the free energy by including the fourth

Barois
order terms also. He has shown that the phase diagram represented
in the temperature-incommensurability (t-z) plane is fully compa-
tible with our experimental diagram. We shall consider Barois exten-

sion of the model in some detail.

As discussed earlier,the uniaxial frustrated smectic phases
can be described by two one-dimensionally modulated order parameters,
viz., the density modulation described by p(r) and the dipolar

order parameter ®$(r) which d2scribes the long range head-to-tail
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correlation of the polar mol ecul es al ong the director
®r) = Re(¥ (r)] = Re(|¥ | exp (iqyz)]
p(r) = R [IY,](m] - Re[ [V, exp. (iq)2)]

wher e Up and Up denote the wavevectors for the polarization wave

and density wave respectively, ¢. and 1112 bei ng the correspondi ng

1
fields. In terns of these fields the Landau free energy described

in the earlier section reduces to :

F o= “% (A, + € (P k97162 + J1a, + 0,07 + k2102

B B B
2 1 .4 2 4 12 22}dv
+D12Re(¢p)+T¢+Tp+Tp¢

wher e Al a1(T - T1) and A, = a2(’1‘ - T2), T, and T, being the

2 1 2

non-interacting mean field transition tenperatures of t|11(r) and
\pe(r). In this representation, the inconmensurate (Aic) phase is
defined by |\IJ1| 0, |¥,] # 0 and dp # 2q,. It follows from the
i nconmensurabi lity of 9, and 9 that the third order coupling term

- D, R < p ) oscillates along the Z-axis and hence averges to

zero in the L phase.

Mnimsation with respect to the wavevectors and appropriate

38

rescaling of variables lead to the following free energy which

is analogous to that which describes the bicritical-tetracritical

probl em 39



2 4
f‘(SAi) = yx] o+ (1 + Sul) X, o+ yzxg + (1 + 6u2) xu + 2)(? x‘g (6)

2
with
B12 172
X, = %5, (C7c)™ 1¥,l,  (1+8B)) = (16B,C,/B,C.)
and
B12
X, =-—-2D12 |n|:2| ) (1+8B,) = (B,C,/16B,,C,)
Barois has evaluated phase diagrams by choosing Sul = 9 and Su2

= 0 for different incommensurability parameters (zZ) defined by

K2
172 2 2
Z = (2B12D1) (K1 - T) /D,
K1 and K, are the minimised values of qp and qprespectively.

Barois observed that the topological features of the theoreti-
cal phase diagram in the (y1, y2) plane at constant Z does not
resemble the experimental DB7O0CN-80CB diagram, even with rotated
axes. This is not surprising since it is clear that the (yl. y2)
representation at constant incommensurability parameter Z is not
appropriate to describe the DB70CN-80CB system - the ratio of

the two lengths, i.e., &'/%, varies strongly from DB70CN (%—' ~1.9)

2'
to 80CB (i -1.4). Therefore the incommensurability parameter Z should
increase significantly from DB70CN to 80CB. To circumvent this

problem, Barois represented the theoretical phase diagram in the



(t,Z) plane so that Z is now related to the concentration as depic-
ted in the experimental T-X diagram. The resultant phase diagram
is shown in Fig. 3.25. It is clear that the topology of this diagram

is in very good agreement with the experimental DB70CN - 80CB diagram

(see Fig. 3.13).
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Figute 3.25

Theoretical plot of tempeatute (t) vs. incommensurability para-
meter (Z) taken{from Ref. 37).
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APPENDIX

After the work described in this chapter was* completed,
high resolution X-ray studies4‘ on DB70CN were reported. These
studies showed that there is in fact no Ad-A2 transition in DBTOCN,
but the A, phase evolves continuously from Ad phase. Although these
results do not affect any of our conclusions regarding the Aic
phase, it does change the over-all situation concerning the phase

diagram. V& shall enumerate this point further.

Since DB7OCN itself does not exhibit the Ad— ﬁ transition,

the Ay- A, line shown in Fig. 3.13 is therefore a spurious one.

In view of this, the phase diagram now gets modified so that the

A phase can be considered as being surrounded' by A &4, phases,

A, evolving continuously from A, without a phase transition. For
X >24%,Aic intervenes between Ay and A, phases. Interestingly,
such a phase diagram has in fact been predicted theoretically4l

(see Fig. 3.26).
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Theoretical phabe diagram drawing the exirtence of A
phace surtounded by A d and A, phases. Beyond the region
o4 exirtence of Aic’ A, & been to evolve continuously
from A, without a phabe transition. (From Reg. 41).
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