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Chapter-4

A Molecular Theory of the Effect of a Strong Electric Field

on Phase Transitions in Highly Polar Compounds

4.1 Introduction

As we have described earlier, many mesogenic compounds exhibit both nematic
(N) and smectic A (SmA) phases. The N phase has a long range orientational order of
the long axes of rod like molecules [1]. The SmA phase has an additional translational
order of the centres of mass along the director n, which is a unit vector representing
the average orientation direction of the molecules. Liquid crystals composed of highly
polar compounds exhibit double re-entrance and other unusual phase transitions [1].
In the pervious chapters, we have developed a molecular theory to describe these
phase transitions. In this chapter, we extend the model to include the effect of an
external electric field on some of these phase transitions and calculate the electric

field-temperature phase diagrams.

An important property of a uniaxial liquid crystalline medium is the dielectric
anisotropy. It is defined as the difference between the dielectric constants’ measured

with the electric field applied parallel and perpendicular to the director (n), i.e.,
As= g— &1 (4.1)

When an electric field is applied to a nematic liquid crystal, the field couples to
the director through the dielectric anisotropy and tends to align the molecules parallel

or perpendicular to the field depending on the sign of the anisotropy.

The field dependent free energy density is given by,

1 1 .
FF=—3 & g&%cos’0- 5 g el ?sin’0 (4.2)
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where £'is the magnitude of the electric field, & is the absolute permittivity of vacuum

and @ is the angle made by the director with the direction of the applied field. In terms

of Ag, equation 4.2 can be written as,
1 A 1
FE= -5 & Ae (n.Z ) - > a6l 2 (4.3)

When the electric field is low, g and & remain practically unchanged. Thus, to
minimise the free energy density, the director aligns parallel to the field for a nematic

with positive Agand perpendicular to the field when Ag is negative.

Usually, a medium with nonpolar rod like molecules will have a small positive
Ag (<1) due to the anisotropy in the polarisability of the molecules. However, when
the molecule has one or more permanent dipoles, the orientational contribution to the
dielectric constant becomes important. For nematic liquid crystals consisting of polar
molecules with dipoles along the long axes, A¢can be as large as +20 or higher. We
restrict our discussion to materials with positive As. When the electric field is applied

parallel to the director, from equation 4.2, we obtain

FE= Zgg82 (4.4)

When the applied field is strong, g can increase to lower the free energy.
Maier and Meier [2] showed that A can be written in the form

As=A[ Ay -Bp?IT]S (4.5)
where A is proportional to the number of molecules/cc and hence indirectly depends
on temperature, Ay, is the polarisability anisotropy and p is the longitudinal
component of the permanent dipole moment. The second term depends on
temperature explicitly. The experiments and theoretical calculations considered in this
chapter are carried out over about 10°C, i.e., the temperature variation is less than
about 10% of the absolute temperature (K). Thus, to a good approximation, we can
write

Ae= AgS (4.5a)

" Note that, in SI units, absolute permittivity is denoted as ¢ and the relative permittivity (or
dielectric constant) is denoted as ¢. For the sake of convenience we omit the subscript ‘r and
use ¢ for dielectric constant.
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and consider Ag as constant, where Ag is the dielectric anisotropy for the fully

aligned state (i.e., S = 1). Using this in equation 4.4, we can write,

g= £ +245S (4.6)

where €= (g +2&.)13
4.7)

is the average dielectric constant. Using equation 4.6, equation 4.5 can be written as

N[

— 1
FE:_ 50552—5804181352 (48)

Assuming that & remains unchanged, the free energy is lowered if S takes a higher

value in presence of the field i.e., the external field results in an additional orienting

potential and leads to an increase of the nematic order parameter [3].

When an electric field is applied to an isotropic liquid i.e., at a temperature above
the N-I transition point, it induces a weak orientational order (paranematic phase).
When the applied field is not very strong, the value of S due to the induced order in
the paranematic (Np) phase is very small. Thus, from the equation 4.8, neglecting the
induced S part, the field dependent free energy density for the paranematic phase can

be written as,
1 _
FE:—§50 e&? (4.8a)

For a paranematic liquid crystal with polar molecules, ¢ can be 10 or more.

If the field is strong, the induced order parameter increases, especially just above
the nematic-isotropic transition temperature (Tni). Also, the nematic-paranematic (N-
Np) transition temperature, increases with field. Since both the N and the field induced
Np phases have the same symmetry, there can be a first order N-Np transition with a
jump in S or a continuous evolution of N to Np beyond a critical point. This is
analogous to the liquid-gas transition or the N1-Nq transition (described in chapter-2).
Thus, when the field is increased, the first order nature of the N-Np transition becomes

weaker and finally results in a continuous change-over from a strongly oriented to a
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weakly oriented phase beyond a critical field [4, 5] (see figure 4.1). Experimental
studies on the effects of strong electric field are hampered by the inevitable Joule
heating of the sample due to the ionic currents and dielectric heating due to the
relaxation of molecular dipoles at a relatively low frequency. Recently, Durand and
co-workers [4, 6] have quantitatively studied the critical point in the nematic-
paranematic phase transition by using short pulses of electric fields separated by a
long time interval to allow the system to remain in thermal equilibrium. More
recently, Madhusudana et al have developed an alternative experimental technique in
which the local temperature of the sample is monitored to take account of the heating
effect [7, 8]. There have been a number of theoretical calculations on the detailed
phase diagrams in the presence of a field in the framework of the Landau theory [9,
10, 11]. There are also some molecular models that discuss this phenomenon [12, 13,
14].
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Figure - 4.1. Variation of the orientational order parameter (S) with
respect to temperature, of the compound pentyl- cyanobiphenyl, under
various external electric fields [5]. Note that the jump in S reduces to
zero at higher fields and also S increases with field at any given
temperature.

As described in the introduction, compounds which exhibit the Ng phase are
highly polar. Hence, an external electric field can have a very strong influence on the

orientational order of these compounds. This can in turn influence the N-SmAy,
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SmA4-Nr and Ni-Ngy phase transition temperatures. Experimental data [7] and the
theories based on the Landau-de Gennes phenomenological model [7, 15] show that
the smectic A-nematic transition temperature increases as the square of the applied
field. Experiments also show that the temperatures of Ni-Ngy transition, SmA4-Ngr

transition and SmA;-SmAq transition, increase with the field [8, 16].

The strongly polar compound p-cyanophenyl p-n heptylbenzoate (CP7B) has a
large positive A¢ and ordinarily shows only a nematic phase. However, due to the
enhancement of S under a strong external electric field [17] or in extremely thin cells
[16], the compound shows a jump in S as the temperature is varied, indicating an N;-

Ng transition (see figure 4.2).
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Figure - 4.2. (a) Variation of g as a function of temperature for the
compound CP7B in a cell of thickness of 10 gm under an alternating
voltage of 180V and frequency 4111 Hz [17]. (b) Variation of transmitted
intensity as a function of temperature for the compound CP7B for cell
thickness of 1.9 gm. [16]. Note the jump in both the cases around 33° C
indicating a jump in S.

Electric field phase diagrams have also been constructed [8] for the mixture of
hexyloxy cyano-biphenyl (60CB) and octyloxy cyanobiphenyl (80CB) with 27wt %
of 60CB, which exhibits the Ng phase. The mixture has the following sequence of

transitions in the absence of electric field:

Isotropic-(78.3°C)-N-(47.2°C)-SmA, —(28.4°C)-Ng.
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The experimental electric field- temperature phase diagram is shown in figure 4.3.
Both the SmAg-Ngr and SmAy-N transition temperatures increase with field. The
variation of the former is much stronger than that of the latter. Hence, for sufficiently
high fields, the SmAq phase can be expected to get bounded. This is reminiscent of the
bounded SmAy phase in pressure-temperature phase diagrams. However, due to
practical difficulties, the applied voltages are limited to 300 V(at 4111 Hz). As the
sample thickness is ~20um, this is equivalent to 500 esu field. Though the field
dependence of the SmAy-NR transition temperature is shown by a smooth line as a

guide to the eye, note that the data indicates a change of slope at £~200esu.
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Figure - 4.3. The electric field-temperature phase diagram for a mixture
of 27 wt % of 60CB in 80CB [8]. Circles and open squares are the data
obtained from light scattering measurements and electrical impedance
measurements respectively. The solid lines are guides to the eye. Note the
slope change in the data points corresponding to SmAy-Ng transition
near a field of 200 esu.

In the next section we present a theoretical model to describe the electric field

phase diagrams.

4.2 Theoretical model

4.2.1 Assumptions

We extend our molecular theory of highly polar compounds described in the

previous chapters to include the effect of a strong electric field. Many of the
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assumptions made in this model have already been discussed in the earlier chapters.

We recall the assumptions relevant for the present theory.

(1) The medium is assumed to consist of ‘pairs’ of molecules having either
antiparallel (A) or parallel (P) configurations. The difference between the pairing

energy of the A-type (Ea) and the P-type (Ep) configurations is written as

R
AE= Ea-Ep =R, kBTNI(T_ZR_l) (49)

where R; is an interaction parameter and R; is the reduced temperature at which the

density of the medium is such that AE becomes zero.

(2) The orientational potential for A-type of pairs (Uaa) and P-type of pairs (Upp)

are assumed to be different. We write, as in chapter-2,

Upp = YUpa (4.10)
and the mutual interaction potential

Uap = Upa = P\[Uaa Upp (4.11)
where P> 1 indicates a deviation from the geometric mean (GM) approximation.

(3) The McMillan parameters [18] for A-type (aa) and P-type (ap) configurations

can be written as
an =2 exp(=[ 7rol (ro + 20)1%) (4.12)
ap =2 exp(=[ 1o/ (ro + €)]%) (4.13)

where r, and c are the lengths of the aromatic and chain moieties of the molecule

respectively. The mutual smectic interaction parameter
opp = Opp — OF = Q \/ ap op (4.14)
where Q # 1 indicates a deviation from the geometric mean (GM) approximation.

(4) Following Kventsel et al [19], we decouple the translational and orientational

parts in the McMillan’s ‘mixed’ order parameter (o) and write
o =St (4.15)

where S and rare the nematic and the smectic order parameters respectively.
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The following are the additional assumptions made to incorporate the effect of an

external electric field.

(5) The electric field enhances the density of the medium (electrostriction). The

‘direct’ effect arises from the pressure due to the field [20],

&8 "
pe= " (4.16)
Kt €092
and yields —5/)'9 == (4.17)

where xr is the isothermal compressibility. For the highest fields that are applied, dp/p
~10°. However, as we mentioned, the anisotropy of dielectric constant couples to the
field to enhance the order parameter of the medium. This results in another

contribution to the electrostriction:

Sp= [gglés(g) (4.18)
with
2
5(E) ~ ZA‘? < (4.19)

where y is the susceptibility for the orientational order* and is assumed to be ~ 4x10°®

(cgs units) [6] in the present calculations. With Ag~15 and £'~600esu , equation 4.19

gives &5 ~ 6x10°% Horn [21] has measured the order parameter of pentyl
cyanobiphenyl as a function of pressure and at temperatures much lower than Ty,
[00/0S]T =~ 0.3. Using these values in equation 4.18, since p ~1gm/cc, we have, dolp
~2 x 107, which is 200 times larger than the direct electrostriction effect estimated
earlier. Hence the intermolecular separation decreases considerably and this can in

turn be expected to change R; .
In view of the above discussions, we can write:
Ry(E)=Ry(0)+C £ 2 (4.20)

The value of C is estimated as follows:

* Note that (1/y) has the unit of energy density. Therefore y = 4x10™® cclerg = 4x10~" m%/J.
Also, lesu = 3x10* V/m.
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As p increases, the intermolecular separation r decreases and hence AE increases
(see figure 2.5, chapter-2). From our earlier calculation (see section 2.2, chapter-2) of

the variation of AE (given by equation 4.9) with r, for r ~ 5A it is found that
O(4E)/or ~ 107° J/A. (4.21)
We have, 8plp =38r/r ~ 2x107>. Hence, &r/r 10 2and for r=5A, we have or=5x10A.

With this, equation 4.21 yields §AE) ~ 5x10 %2 = 5x10 *° erg. Using equation 4.20 in
4.9, the increase in AE with field at Tr = R2(0) is given by

&AE) = Ry kg T C £ Tk (4.22)

As in the previous chapter, using R; = 15, Tr = Ry(0) = 0.8, Ty; =500 K and with &

=600esu, we get C~107° cgs units.

We have not taken into account the possible volume-dependence of the
orientational and layering potentials, the affect of which will be much smaller than

the one discussed above.

(6) Though there is no long range polar order in the medium, the P-type of pairs
have a polar short range order. For each molecule in a P-type of pair, the permanent
dipole in the neighbouring molecule induces an oppositely oriented dipole and reduces
the net dipole moment (see figure 2.4, chapter-2). With the polarisability y. ~ 50A°
and the intermolecular separation r ~ 5A, the magnitude of the induced dipole moment
is nearly half of that of the permanent dipole moment. Thus, if the permanent dipole

moment of each molecule is p, the net dipole moment of a P-type of pair is also p. In

the presence of an external electric field ( Z), this contributes a term linear in 7 to

the orienting potential of P-type of pairs. Also, due to the anisotropy in the
polarisability of the aromatic cores, both A and P types of pairs have an orienting

potential proportional to % Thus, in the presence of an external electric field, the

additional orienting potentials of the i A-type and j™ P-type of pairs can be written as
Ua(E) = — 7 & %cos? On
and Us(E) =—p £costh — 7 & 2cos? By (4.23)

The value of the coefficient yis estimated as follows.
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Including the orienting potential due to the field in the Maier-Saupe theory
(reviewed in section 2.3, chapter-2), the single particle potential of the i molecule is

given by
Ui= — Uy S Pa(cos@) — & *cos’é. (4.24)

where yis a constant assumed to be independent of S and £. Hence, the value of yis

the same in the nematic and paranematic phases. Considering the paranematic (Np)

phase with S=0, equation 4.24 can be written as,
U= -y & %os?a (4.25)

Proceeding as usual, with the free energy F = U-T.S, we get

NP
NkgT

=—Inz¥ (4.25a)
where Z* is the normalising integral of the distribution function in presence of

electric field. We have

1 7/5 2
Z™ = [d(cosd) exp ( 00526’). (4.25b)
0

keT

Since y £ 2 << kgT, expanding InZ"" and collecting the leading term, we get, the free

energy per mole with £'in esu,
F = Ny & %3.(erg/mol) (4.26)

We compare this with the free energy per unit volume given in equation 4.8a for the
paranematic phase. Since the experimental diagrams are usually plotted with the field

in esu, we have carried out our calculations in esu to facilitate a direct comparison
with the experimental data. Using the typical values of & (=15), density (~ 1gm/cc)
and molecular weight (= 300 gm/mol), from equations 4.26 and 4.8a we get Ny =540

per mole.

In the MS theory, expressing cos?& in equation 4.24 in terms of P,(cosé ), and
proceeding as in section 2.3 (chapter-2), the final expression for the free energy per

mole is
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2
F _ UO 2 7/5
NksT = 2ksT > ~3kgT ~ 1% (4.27)
where Z is the normalising integral, given by
L U . 27&°
Z= f d(cosd) exp PkaT S+ 3KaT P2(cosé) |. (4.28)
0

The necessary integrals are solved numerically with Ny =540. For a given external
field, the calculated free energies for the low S and high S solutions become equal at
the N-N, transition temperature (Tn-np). For a field of 1000 esu, we get Tnnp about
4.5K higher than Ty, in the field free case, i.e., an increase of 4.5x 10°° K/(esu)?. This
agrees quite well with the experimental [4, 22] value of 5x10 °K/(esu)® for

compounds with a cyano end group. Hence, we use, for a mole of pairs, Ny = 1080.

4.2.2 Free energy and order parameters

As in the previous chapter (see section 3.4.1), extending the McMillan theory for
mixtures, the potential energy of the i A-type of pair in the absence of electric field

can be written as
Uai = — Uaa Xa Sa P> (COS@Ai)[l + aaa COS(27Z'Zi A/d)]
—Uap Xp Sp Py (COS 6’Ai) [l + oppp COS(27ZZi A/d)] (429)

where Xa, Xp, Sa, Sp and za , 7 are the mole fractions, orientational and translational
order parameters of A and P types of pairs respectively. Similarly for a P-type pair, Up;
Is obtained by interchanging suffixes A and P in equation 4.29. Experimentally, dc
electric field is not used to avoid problems due to ionic conductivity. We assume that
the frequency of ac is sufficiently low, so that the dipoles follow the field and we
confine our calculations to a dc field. In presence of electric field, the dipoles have a
long range polar order with an average orientation (cosé ). Thus, using equation 4.23,
the internal energy of one mole of pairs in the presence of electric field can be written

as

NX NX
2U =5 (Uni) + —5 ( Upj) ~ NXo 4E

— Ny &2 (Xa (c0S? Gai) + Xp(COS? b)) —Np £(cos Gy  (4.30)
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where the factor 2 on the left hand side reminds that we have a mole of pairs, the
factor % appears in the first two terms since each pair is counted twice while
averaging over the mutual interactions and we have also added the concentration
dependent part of the configurational energy. Proceeding as in chapter-3, the molar

entropy is given by:

+d/2 1 +d/2 1

1 1
25=-Nks| Xa§ S dzai fd(cosBai) fai In fai+ Xp g [ dzp; fd(cos ;) fej In T,

—d/2 0 —d/2 0

—NkB(XA|nXA+Xp |nXp)
(4.31)

where the last term is the entropy of mixing and fa and fp are the normalised
distribution functions of A and P types of pairs respectively. The Helmholtz free

energy is given by:
F=U-TS (4.32)

The distribution functions fa and fp are found by minimising F. It can be shown

that the decoupling assumption [19] (see equation 4.15) leads to the result
fA = on fAt , and fp = fpo fpt (433)

where fao and fa; are the orientational and translational distribution functions of the A-

type of pairs and fp, and fp; are those for the P-type of pairs. We have

fao =7 —exp {(K 2 [ XaSa(L+aata’) + P\Y XeSp(L+aetam)] + 3 1 kBJF’z(COS@A )}
1 U 2y&
fpo =7 _€Xp {(m [ YXeSp(1+ap ) + PAJY XaSa(1+ e zae)] + 3 kBTZ)PZ(COSQ P)
P&
+ kaT cosép
fo = exn 2R S T XS + P\JY e XpS 27zald
At = ZAtexp kaT alaa XaSaa o XpSp1p]C0OS(27Z/d)

1 U
fpr = Z—Ptexp {KA? SP[Y(ZP XpSpp + P\N“E XASATA]COS(ZﬂZp/d)} (434)
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where Zao, Zpo, Za: and Zp; are the appropriate normalising integrals. Hence the order

parameters are given by:
1
Sa = J d(cosOni)P; (cos ) Tao (4.35)
0
and
1
a = J d(¢a)cos(la) far (4.36)
0

where the reduced co-ordinate {a = (2za/d) is used. Sp and 7 are obtained by
interchanging the suffixes A and P in equations 4.35 and 4.36. The free energy per

mole of pairs can now be written in the simplified form

oF =40 LZJAA

[Xa2Sa2(1+30a7a2)+ Y Xp? Sp? (1+3apm2)+ 2PA\[Y Xa Xp Sa Se(1+30e7a
)]

1 Zno Zn Zpo Zp
5N 7€ 2~ NksTX, '”(OTAtj — NkgTXp '”(oTpt) — NXp AE (4.37)

The terms depending on S and (cosé ) cancel in F on substituting equations 4.34 in
equation 4.31 for entropy. However, the ‘p &’ part affects Sp and hence F through fpo
(see equation 4.34). The equilibrium value of the mole fraction of the A-type of pairs

(Xa)is found by minimising F with respect to Xa. We get, with Xp = 1— Xa,

X Zpo Z U

ZZ = ZPA(Z) ZI:teXp{ k:-?[aA XASA2 TA2 —Yop XpSp2 sz +P\N ok Sa Sp TATP(XP—XA)]+
AE
— } (4.38)

Calculations have been made as in the previous chapters, for R,(0) = 0.8 and 0.6
with R; = 15 and 6. We have used p= 4D and Ny =1080. Thus, at low fields, Np &
(~10°#) is much larger than Ny¢ 2 (~10° £ 2), and we can expect the polar short range
order to have significant effect at low fields, especially when Xp is relatively large. We

evaluate all the necessary integrals using a 32 point Gaussian quadrature method in

double precision. We look for the following types of solutions:
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1) Sa, Sp #0, 7a= o = 0 leading to nematic phase which is Nj if X is relatively

small and Ny if Xa is relatively large, and,

2) Sa, Sp # 0, za, » # 0 leading to the smectic phase which is SmA; if Xa is

relatively small and SmA; if Xa is relatively large.

The average orientational order parameter is given by

S = XaSa + XpSp (439)

4.2.3 Results and discussion

4.2.3.1 Effect of electric field on the nematic - paranematic transition

We first consider the simplest case in which P = Q = 1, i.e., the geometric mean
rule is assumed to be valid and further Y =1, i.e., the orientational potentials for both
A and P types of pairs are equal. When the field is applied, the first order N-I
transition changes over to first order nematic(N)-paranematic(Np) transition. The first
order transition ends in a critical point as the field is increased. This behaviour is seen
in the variation of the average orientational order parameter shown in figure 4.4 for R,
= 15, Ry(0) = 0.8. The transition is associated with a negligible jump in Xa. The
theoretical variation compares qualitatively with the experimental diagram shown in
figure 4.1. However, experimentally the critical temperature of the N-Np transition is
~1K above Ty; (=300K) whereas the calculated critical temperature is about 15K
above Ty, (see figure 4.4). Also, the calculated critical field is about 3 times larger
than the experimental value. The mean field theory is known to overestimate the

values of the critical temperature and field [14].
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Figure - 4.4. Variation of the average orientational order parameter S at
the first order nematic-paranematic transition, with R; = 15, R, = 0.8,
and P = Q =Y =1. The lines from left to right correspond to an external
electric field £= 0, 500, 1000, 1250, 1500 and 1650 esu respectively.

The N-Np transition temperature increases quadratically with the external field.
With Ty, = 500K and with the same set of parameter values used for figure 4.4, the

calculated variation of AT = Ty.ne — Tn in kelvin, as a function of £2 is shown in
figure 4.5a. It can be seen that the slope AT/& % ~ 10> K/(esu)® agrees with the
experimental value (=~ 5x10°° K/(esu)? [22]), for a compound with a cyano end group
(having Ty ~400K). The calculated increase in the order parameter AS = S(&£7) —S(0)
as a function of &2 is shown in figure 4.5b. At Tr = 0.96 (figure 4.5b, line i), AS varies
quadratically with the external field and the slope AS/£~10®/(esu)?. At low values of
T, S is relatively high and the susceptibility y (i.e., ¥ ~ AS/ £ 2, see equation 4.19) is
low and nearly constant with respect to electric field. At higher values of T (Tk =1), S
is low and y is high. Also, as the electric field is increased, S increases significantly
and hence y decreases. Since y varies with £, AS is no longer quadratic in £ and

tends to have slower variation with field for higher fields (figure 4.5b, line ii). The

average slope increases to 3.5x10 %/(esu)® at Tg =1.0.
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Figure - 4.5. Variation of (a) AT = Tn.ne — Ty in kelvin and (b) increase in
the order parameter AS= S(& ) — S(0) for (i) Tr= 0.96and (ii) Tr = 1.0, as
functions of £2, for the set of parameters as in the figure 4.4.

The calculated quadratic enhancement of S due to the field is microscopic in

origin and is usually known as the Kerr effect. From the experimental data [17] for the

compound CP7B, extracting the contribution from the Kerr effet only, it is shown that

[17]  ~ 10 "/(esu)? and increases with temperature.

4.2.3.2 Effect of electric field on the N;-Ng transition

As already described in chapter-2 (see section 2.4.3), we get a first order N1-Ng
transition for R; = 15, R»(0)=0.8, P =0.71 and Y = 2. We have calculated the effect of

an eétgrnal electric field on the Nj-Ng transition using these parameters. The
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Figure - 4.6. Variation of (a) the mole fraction of the A type of pairs (Xa)

and (b) the average order parameter (S) as functions of the reduced
temperature with R; =15, R, =0.8, P =0.71 and Y = 2. The lines from left
to right correspond to the external field £=0, 500, 700, 1000 and 1100 esu

respectively.
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Figure - 4.7. (a)Variation of the shift in the N1-Ng transition temperature
at low fields, as a function of &2 with Ty, = 500K, for the parameter set as

in figure 4.6. The slope is constant at high fields (b).
As mentioned earlier (see section 4.22), the linear term dominates at low fields
and AT is large (figure 4.7a). For example, at © = 10 esu, slope AT/ & 2 ~ 2x107*

K/(esu)®>. As the external field is increased, the £?2 term dominates and the slope

decreases. A graph of AT vs ¢ 2 at high fields is practically a straight line (figure

4.7b), with the slope ~ 7x10°® K/(esu)?. It is clear that the enhancement of AT at low
fields is due to the presence of polar short range order in the medium. Experimentally
[16], for the compound CP7B contained in a thin cell, it is estimated that a field of
300V/mm (=10 esu) increases the N;-Ng transition temperature by about 1°C, which

corresponds to AT/£? ~ 10 K/(esu)?. The experimental value of AT is nearly 50 times

the calculated value (=~ 0.02K for 10 esu). This may be due to the presence of clusters
with more than two molecules in the P-type configuration, thus enhancing the polar
short range order effect. On the other hand, for the N-Np transition, as mentioned
earlier, Xa is relatively large and has a negligible jump at the transition. Hence, the

linear coupling with field does not have a significant influence.
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4.2.3.3 Effect of electric field on the reentrant transitions

As described in chapter-3 (see section 3.4.2), with P = Q =Y = 1 and R; = 15,
R2(0) = 0.8 and aa =1.05, a double re-entrant sequence, viz, N-SmA4-Nr-SmA;, can
be obtained as the temperature is lowered. With the same set of parameters and with C
= 10°® cgs units as estimated after equation 4.20, we have calculated the effect of
electric field on the N-SmA; and SmAg¢-Ngr transition temperatures. The results are
shown in figure 4.8a. The SmAq range with £ =0 is relatively large (~90°C) compared
to that of the experimental system (see figure 4.3). At low fields, as in the
experimental system, both the N-SmAy and SmA4-Ng transition temperatures increase
with field. The lower transition temperature increases more rapidly than the upper one.
As the field is increased beyond some value, the N-SmAy transition temperature
actually starts to decrease. This would imply that for a large enough field, the SmAy
phase can disappear. This is reminiscent of the bounded nature of SmAy phase in
pressure-temperature phase diagrams. Indeed if we reduce R; to 6 and aa to 0.96, we

get the phase diagram with bounded SmAy region (figure 4.7b) for £~ 400esu. In
this case, when £'=0, as in the experimental system, the SmAy range is ~0.05Ty; ~

18°C, using Tni ~ 350 K (see section 4.2). The N-SmAq transition temperature

decreases with field even at low fields.
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Figure- 4.8. (a) Calculated phase diagram showing Ng-SmAy and SmAy-
N transition temperatures as functions of electric field £ withP=Q =Y =

1, Ry = 15, Ry(0)= 0.8, a =1.05 and C = 107 cgs units. Note that the
temperature scales are different for the two transitions. (b) Calculated
phase diagram showing bounded SmAq region obtained when R; and aa
are reduced to 6 to 0.96 respectively.

We have also calculated the electric field phase diagram which exhibits an N3-Ng
transition line in addition to the reentrant phases. For this, we use the set of parameters
viz, Ry =15, Ry(0)=0.6, P =0.7935, Y = 2, Q = 1 which gives an N;-Nq transition
associated with double reentrance for aa < 0.542, as shown in chapter-3 (see text in
section 3.4.2.2 and figure 3.21).
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With £=0, for aa = 0.56, there is no N;-Ng transition and the SmAq range is 18°C
in this case also. With &= 0, for ax = 0.56, the N;-Ngy transition appears at higher

fields. The electric field —temperature phase diagram obtained with C = 10® cgs units
is shown in figure 4.9. At € ~ 300 esu, the SmA4-Ngr branch bifurcates showing a
nematic-nematic transition. As in the previous chapters, we have indicated the two
nematic liquid crystals which arise in the reentrant region by N; and Ng, which signify
that N has a higher concentration of P-type of pairs compared to the Ny phase. Above
400 esu, the SmAg-Ng line varies more rapidly with field than at lower fields and the

SmA phase is bounded.
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Figure - 4.9. Calculated phase diagram showing the nematic-nematic
transition line branching off from Ng-SmAy transition line at £ = 300 esu
and Tgr = 0.679, for R; =15, Ry(0)=0.6, P=0.7935,Y=2,Q=1, aa =
0.56 and C = 107 cgs units . The inset shows the topology near the
branching point on an exaggerated scale.

As we have discussed in chapter-2 (see section 2.4.3), as a function of either P or
Y, the first order Ni-Ng transition ends in a critical point at which Xa varies
continuously. In the present calculations, the N;-Ng transition ends in a critical point
as a function of field as already described in section 4.2.3.2. For the present set of
parameters, the jump in Xa decreases as the field is increased and we have not
extended our calculations all the way to the critical point. In the experimental phase

diagram (figure 4.3), the change in the slope of the SmAy4-NR line is opposite to the
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one shown in figure 4.9 (the thick line in the inset). As such, it is unlikely that the

possible change of slope is associated with the development of N;-Ng transition.

In all the above calculations, the value of C in equation 4.20 was taken to be 10
cgs units on the basis of experimental data on 5CB. The dielectric measurements on
the 60CB-80CB mixture used in the experiment [8] clearly indicate that the
susceptibility y has a value ~3 x10" near the Ng -SmA transition temperature. The
larger value shows that the concentration of parallel pairs is relatively high in this
mixture, compared to that in 5CB, as it should be for the occurrence of the reentrant
nematic phase. This value of y is about 8 times the earlier value used to estimate C
(see discussion under assumption -5, section 4.2.1). Hence, in the next calculations we
assume that C = 8 x10°® cgs units in equation 4.20. We have made calculation on the
influence of the electric field on the phase diagram for the following set of parameters,
R; = 15, Ry(0)= 0.6, Q = 0.55, aa = 0.95 and P = Y =1, which gives a SmA;-SmAy
transition associated with double reentrance, as shown in chapter-3 (see section

3.4.2.2).The phase diagram obtained is shown in figure 4.10.
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Figure - 4.10. Calculated phase diagram showing the SmMA;-SmA4
transition line meeting the Ng-SmAy transition line at £'~700 esu and at
Tr =0.618 for R; = 15, Ry(0) = 0.6, Q =0.55, aa =0.97, P = Y =1 and
C=8x10"® cgs units. Note that the temperature scale for the SmAg-N
transition is different from that for the Ng-SmAy transition. The inset
shows the topology near the meeting point on an exaggerated scale.
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Both the SmA4-SmA; and SmA;-Ng transition temperatures increase with field.
However, the SmA; range decreases and finally the SmAg-SmA; and SmA;-Ngr

transition lines meet at £~ 700 esu. At higher fields, only an SmA4-Ng transition is

realised. The change of slope of the smectic to Ng transition line (thick line in the
inset of figure 4.10) is now similar to that seen in the experimental diagram (see
figure 4.3). X-ray studies have been conducted by Cladis [23] on the mixture used in
generating the experimental diagram shown in figure 4.3. However, X-ray
measurement is not accurate enough to have detected a smectic A to smectic A
transition. It would be interesting to look for such a transition in the system
investigated. We should however note that in view of the approximations made in
developing the molecular model and in particular with the mean field approach,
quantitative agreement between the theoretical calculations and experimental data

cannot be expected.

4.3 Conclusions

In this chapter, we have included the effect of an electric field in our molecular
model of reentrant phases in highly polar compounds, in which the mutual orientation
of near neighbour molecules changes from an antiparallel (A) to a parallel (P)
configuration as the temperature is lowered. It is argued that the A to P cross-over
temperature increases with field which accounts for the observed trends. By using a
combination of linear and quadratic couplings of the orienting potential with field, we
have shown that, as the field is increased, the first order nematic-paranematic as well
as the Ni-Ngy transition temperatures increase and the SmAy phase gets bounded.
Comparison of the results with the available experimental data shows that the linear
coupling with field for P-type of pairs does not have significant influence on the
nematic-paranematic transition since the concentration of the P-type of pairs (Xp) is
small near the transition. On the other hand, Xp is quite high near the N;-Ngy transition.
Thus, the linear term has significant influence on the N;-Ngy transition. This results in a
large increase of the N;-Ng transition temperature, especially at low fields. For
suitable values of parameters, we have shown that either a nematic-nematic transition
line can branch off from the SmA4-Ng line or a SmA1-SmA transition line can meet

the SmA¢-Nr line at an appropriate field. In the latter case, the smectic to Ng
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transition line has an associated slope change which is consistent with the available

experimental data.
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