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Abstract

In chiral tilted smectic phases transverse molecular dipoles within a
smectic layer order polarly as well as quadrupolarly. Electrostatic dipolar and
quadrupolar interactions vanish between two smectic layers without positional
correlations of molecules and exist only when the positions of molecules in the
two layers are correlated. Therefore the interlayer electrostatic interactions are
of short range and are expected to act only between nearest and next nearest
layers. Dipolar interactions prefer antiferroelectric ordering of the tilt vectors
in the two layers, while the quadrupolar interactions favour to have the tilt
vectors in the two layers in two perpendicular directions.

INTRODUCTION

Antiferroelectric liquid crystals posses a large variety of different phases!? with para-
electric, ferroelectric, antiferroelectric and ferrielectric properties, respectively. A
phase with ferroelectric properties have been recognized as the normal Sm C* phase®.
Antiferroelectric properties of the Sm C% phase are the consequence of the oppositely
tilted molecules in neighbouring layers!. For both structures also experimental ev-
idences exist*®. For the ferrielectric Sm C; phase and for the Sm C;, phase, which
appears below the Sm A phase, different models have been proposed®~9.

Recently, a new model based on interactions between nearest and next nearest
layers, which is able to predict the experimentally consistent structures of different
observed phases as well as different observed phase sequences in these materials, has
been proposed!®. Parameters of the model describe effective interactions between
layers which are of steric, van der Waals and electrostatic origin. In this paper we
shall discuss the dipolar and quadrupolar electrostatic interactions between nearest

and next nearest smectic layers.
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DIPOLAR INTERACTIONS

Each molecule, which is a constituent of an antiferroelectric liquid crystal, has a rel-
atively large dipole moment. In tilted chiral phases, as for example the Sm C* phase,
the molecule experiences hindered rotation and therefore posseses an average dipole
moment. Due to the head and tail symmetry of molecular orientations in each layer
exists a net dipole moment in a direction perpendicular to the smectic layer normal
(= direction) and to the average molecular tilt. To the energy of electrostatic dipolar
interactions between layers contributes only this component of the molecular dipole
moment.

To evaluate electrostatic dipolar interactions between nearest and next nearest
layers in tilted phases with dipole moments as discussed, we choose the following

geometry:

o In the j-th layer molecules are tilted in z direction and the tilt vector in the
j-th layer is {: = 0{1,0}, where 8 is a magnitude of the tilt. The average dipole
moment is perpendicular to the tilt vector in y direction or §; = py{0,1} and

Po is an average molecular dipole moment.

e In the (§ + n)-th layer molecules are tilted in a direction which has an angle o,
in respect with z-axes and tilt vector in this layer is E—;M = @{cos a,,sin a,}.

The average dipole moment of the molecule is perpendicular to this direction,

Pin = Po{— sin ay,cos a, }.

o The coordinate system has the origin in the center of mass ol the first inter-
acting molecule in the j-th layer, while center of mass of the second molecule
from (7 4 n)-th layer is in the position ¥ = {z,y,nd}. We express 7 in polar
coordinate system with origin in the center of mass of the first molecule in
the j-th layer, ¥ = {pcos ¢, psin ¢,nd}. Complete smectic order is assumed,
therefore the z-th component is always nd for two molecules [rom j-th and

(7+n)-th layer.

An electrostatic interaction of two molecules from j-th and (j+n)-th layers is than:

pt ((nd)? + 1p*) cosa, + 2p? cos(an — 29)
i (ndy? + 2D

Vd,n(P, ¢) = s (1)
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where index d stands for dipolar. From the expression (1) it is clearly seen that
for ¢ = 0,x, antiparallely tilted molecules (a, = ) are stable, whereas for ¢ =
+7/2, antiparallel tilts are stable for p < 0.707(nd), while for larger distances the
opposite is true (a, = 0). The electrostatic energy of interacting layers is a sum
over all interacting molecules in both layers. As long as two layers can be treated as
two dimensional liquids without any positional correlations between molecules, the
corresponding sum i.e. integral can be expressed as!!

Va(j,j +n) = p* /s, - pidp; dé; pindpisn dbjun Vian(Pitn i, biins)/po = 0. (2)
In the expression (2) p is an average dipole moment for a unit of area, S;, S;., are the
areas of j-th and (j+n)-th smectic layers and pj,,;, $5n,; are polar coordinates of the
position in (j + n)-th layer in respect with the position in the j-th layer. It is clearly
seen that layers do not interact. But we can expect that due to the incomplete smec-
tic ordering and therefore molecular interpenetration through neighbouring layers,
positions of molecules in nearest layers are correlated. We assume a simple posi-
tional correlation between interacting molecules in nearest and next nearest layers.
In order to find the effective electrostatic dipolar interactions between nearest layers,
we assume a following approximation of positional correlation between molecules of
nearest layers: molecules from the j-th nearest layersi.e. j+1,j—1, approach to the
molecule from the j-th layer due to the interpenetration only to its radius b. In the
distance 24 centers of masses of six molecules can be found (see Figure 1). Correla-
tions to larger distances within a smectic layer are neglected. The tilt dependence of
positional correlations has not been analysed. For small tilts it is assumed to be the
same as in the Sm A phase. The effective dipolar interaction of one molecule from

j-th layer with molecules in nearest (j+1)-st layer is expressed as:

2 3b
Vi =g [ 6 |0a(28,6) ~ =0 [ Vaap.6) p o] = Buslb) 5t conen,

(3)
where d stands for dipolar, 1 for nearest layer and «; is the phase angle between tilis
in nearest layers. The interacting energy is averaged over rotationally symmetric
positions (¢), because there is no preferred direction within layers. The interacting
energy with a two dimensional liquid in the same area is subtracted. The coefficient
6/7(3b)? appears due to the conservation of mass in the smecticlayer. T'he interacting

energy Vy; depends on the phase difference between tilts a;, molecular radius b, an
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Figure 1: A side view and a projection on the smectic layer of interacting molecules
from j-th, its nearest and next nearest layers.

average molecular dipole moment py and interlayer distance d. It turns out that for
elongated molecules, where b < 0.641 d, eflective dipolar interactions always favour
antiparallel ordering (cosay; = —1 or a; = 7) of dipoles i.e. antiparallel tilt vectors
in nearest layers (Figure 2 a,b), otherwise parallel orientation of molecular tilts or
ferroelectric ordering is favoured (Figure 2 b).

Also positions of molecules in next nearest layers are correlated to some extent.
It is more probable for a molecule from the next nearest layer, (j + 2), to be found
directly above the molecule from the j-th layer, since there exist a hole due to the
absence of molecules from nearest layer (Figure 1). Correlations to larger distances

within a smectic layer are neglected. The effective interaction of the molecule with
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Figure 2: Dependence of interacting energy Vy, expressed in p3/(47eod®) (a) of phase
difference a; for elongated molecules where b = 0.1 d and (b) of the molecular radius
b expressed in its length d for phase difference oy = 0.

molecules in next nearest layers is therefore:

1 g 6 VI
Vi = Vaa(0,4) — g/o dé IZ;W/; Vaa(p, 8) p dp:l = Eq2(b) P?) Cos (3,
(4)

where index d stands for dipolar, 2 for next nearest layer and a; is the phase angle of
tilts in next nearest layers. Again, the interacting energy with two-dimensional liquid
in the interacting area is subtracted and the integration limit \/2% b appears due
to the conservation of mass in smectic layer. The interacting energy V4 ; depends on
the phase difference between molecular tilts a;, molecular radius b, an average dipole
moment po and interlayer distance d. It turns out that dipolar interactions always
favour structures with tilt vectors in next nearest layers in the opposite directionsi.e.
cos ag = —1. The magnitude of dipolar interactions between next nearest layers for
elongated molecules, which have radius ten times smaller than their length, presents
in our approximation only 2 hundreds of dipolar interactions between nearest layers.
Since dipolar interactions between nearest smectic layers can be canceled out by
steric and van der Waals interactions, which favour parallelism of molecular tilts,
the dipolar interactions between next nearest layers cannot be neglected in some

cases.
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QUADRUPOLAR INTERACTIONS

Transverse molecular dipoles can be ordered also in a quadrupolar way. Such aver-
age molecular quadrupole moments can be quite large, especially when two dipoles
are aranged in the opposite directions, like in MHPOBC [12]. Due to the hindered
rotation of molecules, average positions of two oppositely oriented charges are ap-
proximated with following linear distribution of charges in a direction perpendicular
to the direction of average dipole moment: two positive charges ¢t are a distance
2a, apart and exactly in the middle is a negative charge 2¢~. A quadrupole moment
of the molecule is therefore go = ea2. The electrostatic quadrupole - quadrupole in-
teracting energy of two molecules from the j-th and (j+n)-th layer is obtained as an
expansion of electrostatic potential of interacting charges, arranged as described, in

terms a,. The expression is a good approximation of interacting potential providing

a, << |r}:
3 ¢
V;I,n(pa ¢) = 547:'60 '
(8(nd)* — 24(nd)?p* + 3p*)(2 + cos 2a,) + 35p* cos(2a, — 4¢) N
(nd)? +p*)®
+ 10p%(6(nd)? — p?)(cos(2a, — 2¢) + cos 2¢) 5)

((nd)? + p?)®)

where p, ¢, a, and (nd) were already defined for calculation of dipolar interactions.
Similarly as for dipolar interactions, regions of different favourable orientations of
dipoles exist. For example, directly above the molecule from the j-th layer or for
¢ = 0,7 molecular tilt tends to be orieted perpendicularly to the direction of the
molecular tilt in the j-th layer i.e. o, = +#/2. For ¢ = £ /2 three regions exist:
for p < 0.362(nd) and p > 1.694(nd) perpendicularly oriented molecular tilts are
favoured, otherwise parallel or antiparallel orientation of molecular tilts is preferred.
Again, an energy of quadrupolar interactions between two different layers can be
calculated as a sum over all interacting molecules in two different layers. As long
as there is no positional correlations of molecules in interacting layers i.e. they can
be treated as two-dimensional liquids, the sum can be replaced by an integral of the

form

V({j,j+n)= 62/ Pidp; dd; pindpin ddsn Vor(panjs dan;) a5 =0.  (6)

S;.,Ss4n



Downloaded by [University of California, San Diego] at 21:59 20 August 2012

ELECTROSTATIC INTERLAYER INTERACTIONS IN LC [767)/227

0 1 4
Vor 2] ‘“‘\ / bula] )
- . i 1.5

0
1

] e b

(a) (b)

Figure 3: Dependence of interacting energy V,, expressed in ¢2/(4r€od®) (a) of phase
difference a for elongatcd molecules where b = 0.1 d and (b) of the molecular radius
& expressed in its length d for phase difference oy = 0.

In the expression (6) § is an average quadrupole moment for a unit of area and
S;, Sitny Pitn,i» Oin,; are defined as in (2). Again, as long as there is no positional
correlations between molecules of two different layers, these two layers do not in-
teract and similarly as before we expect interactions when at least some positional
correlations between nearest and between next nearest layers exist. Quadrupolar
interactions between more than two layers are negligible because there is nearly no
positional correlations between molecules. Quadrupolar interactions between nearest

and next nearest layers are calculated similarly as dipolar interactions in (3,4).

1 2r 6 3b .
Vo= 5 [ 46 [6¥120.6) = 5z [ Vaalor9) £ o] = Bs4) @ o,

(7)

2x \/%-b
Voal0,4) - o= / i [7(253 j Vq.z(p,¢)deJ = F,2(8) @ cos® a,
(8)

where index ¢ stands for quadrupolar, 1 is for nearest layers and 2 for next near-

Vaa

est layers interactions. Both interacting energies V,; and V,; are dependent of
phase differences between tilts a; and «, respectively, molecular radius b, an aver-
age qudrupole moment g and interlayer distance d. For elongated molecules where
b < 0.284 d, E,, is positive (Figure 3 b). In this case minimum of interacting energy
occurs when molecular tilts in neighbouring layers are oriented perpendicularly i.e.

cos® a; = 0 (Figure 3 a). For more spherical molecules parallel or antiparallel orien-
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tations are favoured or cos? a; = 1. For next nearest layers quadrupolar interactions
E,; is always positive and perpendicular orientations of tilts in next nearest layers
is always favourable. For elongated molecules, which have radius ten times smaller
than their length, the value of E,; is at least for three orders of magnitude smaller
than E,;. Since no interactions, which could cancel out favourable perpendicular
oriented tilts between nearest layers exist, quadrupolar interactions between next

nearest layers can be neglected.

CONCLUSIONS

We have shown that electrostatic dipolar and quadrupolar interactions exist be-
tween smectic layers only when there exist positional correlations between posi-
tions of molecules from interacting layers. A simple positional correlations between
molecules from nearest and next nearest layers have been assumed and dipolar as
well as quadrupolar electrostatic interactions up to the next nearest layers have been
calculated.

Electrostatic dipolar interactions favour antiparallel orientation of molecules
in interacting layers. In the case of prevailing dipolar interactions between near-
est layers over other interactions, the double helix structure of the antiferroelectric
Sm C% phase' is stable. When interactions between nearest layers are comparable
and compete with dominating dipolar next nearest layers interactions, a helicoidally
modulated tilted structure of the Sm C, phase®'® is stable. A helicoidal modula-
tion extends over only few layers and is not of chiral origin. [t appears due to the
competition between nearest layers interactions, which favour parallel or antiparallel
oriented tilt vectors in nearest layers, with dominating dipolar interactions between
next nearest layers, which favour antiparallel orientations in next nearest layers.
For elongated molecules with large quadrupole momentum quadrupolar interactions
favour perpendicular oriented tilt vectors in interacting layers. When steric and
van der Waals interactions cancel out the electrostatic dipolar interactions between
nearest layers, and between next nearest layers van der Waals interactions, which
prefer parallel ordering, are prevailing, quadrupolar interactions stabilize the struc-
ture where two ferroelectric helices gear into each other in general angle. Therefore
these interactions stabilize the ferrielectric Sm C7 phase®~'°.

Electrostatic interactions, which appear only in systems where some positional
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correlations of molecules in different smectic layers exist, can stabilize some of phases
appearing in antiferroelectric liquid crystals. Tilt i.e. temperature dependence of po-
sitional correlations between molecules from interacting layers and therefore effective
electrostatic interactions between layers result in a large variety of phases as well as
their phase sequences. It seems that prevailing electrostatic interactions between
smectic layers are the main origin of the most of phases appearing in antiferroelec-

tric liquid crystals.
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