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Thermal Stability Enhancement of Liquid-crystal Phase by Charge-

transfer Interaction in Binary Mixtures.

Application

of Solid-solution Model
Yoichi Iipa
Department of Chemistry, Faculty of Science, Hokkaido University, Sapporo 060

Synopsis. Phase transition in liquid crystal of bi-
nary mixture consisting of electron donor and acceptor
was examined by using modified solid-solution model. The
charge-transfer interaction between donor and acceptor is
essential for parallel molecular arrangement in liquid crystal,
resulting in thermal stability enhancement of mesophase
in binary mixture.

Much attention has been paid to a great number
of liquid crystals, which show intermediate state be-
tween crystalline solid and isotropic liquid.)) Inter-
molecular attractions appear to be essential for pro-
ducing the parallel molecular arrangement character-
istic of such a state. Binary systems have been often
used to achieve extended liquid crystalline temperature
ranges.>»3) Usually, the mesophase—isotropic liquid
transition temperature of binary mixture varies lin-
early with composition. However, large deviations from
such a linearity are observable, if molecular complex
formation takes place between the components of the
binary system. Complex formation due to electron
donor-acceptor (charge-transfer) interaction may be
effective for parallel molecular arrangement in liquid
crystals. Park et al. examined nematic phase—iso-
tropic liquid transition temperature (7y;) in the binary
system of N-(p-methoxybenzylidene)-p-n-butylaniline
(MBBA) and 4-cyano-4’-pentylbiphenyl (CPB) and
in several closely related binary mixtures, because
there was a possibility of a weak charge-transfer in-
teraction between a donor of MBBA and an acceptor
of CPB.?» As is shown in (a) of Fig. 1, the experi-
mental relation of 7; to composition of MBBA-
CPB mixtures exhibits a broad curve whose maximum
is located near 1:1 mole ratio, and Ty; of mixture
is higher than the straight line joining T'y; of the two
components ((c) of Fig. 1). In the present paper,
using modified solid-solution model, we shall show
that the attractive forces between donor and acceptor
due to charge-transfer interaction is essential for such
a thermal stability enhancement of liquid-crystal phase.

In the following, we discuss nematic phase induced
by charge-transfer interaction in binary mixtures com-
posed of rod-like donors and acceptors. Let us denote
mole fractions of donors and acceptors as x, and x,,
(¢p+x,=1), respectively. The nematic—>isotropic
transition temperatures of pure donor and acceptor
components are indicated by Ty, and T, respectively.
In general, nematic phase has a high degree of long
range orientational order of the molecules, but no
long range translational order. The molecules are
spontaneously oriented with their long axes approxi-
mately parallel. In the present paper, we only con-
sider how Gibbs free energy of nematic phase is in-
fluenced by the manner of mixing of donors and ac-
ceptors. For this purpose, we examine a three-di-
mensional lattice where molecules are oriented with
their long axes parallel. It is assumed that such
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Fig. 1. Phase transition temperature of binary system

of N-(p-methoxybenzylidene)-p-n-butylaniline (MBBA)
and 4-cyano-4’-pentylbiphenyl (CPB). (a) indicates
the experimental relation of nematic—isotropic tran-
sition temperature (T'y;) to mole fraction of CPB
(xa), as given by Ref. 2; (b), the theoretical relation
of order—disorder transition temperature (T',) to x4;
(c), the straight line joining Ty; of the two com-
ponents. See text.

a lattice can be subdivided into two sublattices D
and A, and that one site of D or A sublattice is sur-
rounded by 2z equivalent nearest neighbor sites of
A or D sublattice, respectively. Then, if the charge-
transfer interaction between donor and acceptor is
essential for parallel molecular arrangement to induce
nematic phase, the nematic—isotropic phase transition
should correspond to order—disorder phase transition
for mixing of donors and acceptors. In other words,
if the order of molecular arrangement of donors and
acceptors remains, the system is supposed to be in
nematic phase, while if the order is lost, it goes to
isotropic liquid.

In order to show this situation more clearly, we
take an approach of solid-solution model. Let us
denote the numbers of sites of D and A sublattices
as N/2 and NJ2, respectively. The total number of
donor and acceptor molecules in binary mixture is
N, so that each site of D and A sublattices is occupied
by either donor or acceptor. It is assumed that charge-
transfer interaction acts in (1:1) manner between near-
est neighbor donor and acceptor. In the system of
pure donors (x,=1.00), all the sites of D and A sub-
lattices are occupied by donors at temperature T,
while in the system of pure acceptors (x,=1.00),
by acceptors at temperature 7°,. For binary mixtures,
let us denote the numbers of donors and acceptors
in D sublattice as [5] and [3], respectively, while
the numbers of donors and acceptors in A sublattice
as [4] and [i], respectively. We introduce order
parameter X, (0<X<1), in such a way that, if 0<x, <
1/2, [3]=(1/2)N xp(1+X), []=(1/2)N (x,—xpX),
[]=(1/2)N xp(1—X) and [2]=(1/2) N (x4 +xpX). In
other words, if X=1, all donors occupy sites of D
sublattice, while if X=0, donors and acceptors occupy
sites of D and A sublattices randomly. Similar ex-
pressions can be obtained in the case of 0<x,<1/2.
The state of X=0 is called disordered phase with
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respect to mixing of donors and acceptors, while X=
1, ordered phase. For order parameter X, the entropy
for mixing donors and acceptors in binary mixture
with composition (xp, %,) is then calculated as
N
by X
2 2
BEHENENE
N
= — —2-k{xD(1 +X> ln xD(l +X)

+ (%4 —%pX) In (x4 —%pX) +xp(1 —X) In xp(1 —X)
+(%a+xpX) In (x5 +xpX)} . (1)
Next, we examine the energy of our binary system
in terms of order parameter X. We take only into
consideration the intermolecular interaction energies
between nearest neighbor molecules. The terms oy,
vy, and vy, indicate the energies between a pair of
donor-donor, acceptor-acceptor and donor-acceptor
molecules in nearest neighbor sites, respectively. Note
that vy, and v,, are weak stabilization energies due
to van der Waals forces, while v;, corresponds to
stabilization energy due to charge-transfer interaction
which is much stronger than v,, and wv,,. Then,
v=1/2)(vpp+vsa) —¥ps=0. In terms of v, the energy,
E, of binary mixture is given by

S=kln

E = —;—N{UDDxD" + 2vDAxDxA + UAAxAz} - szD20X2 . (2)

For binary mixture, because of strongly attractive
charge-transfer interaction, the order parameter at
temperature xp,Tp+x,7, is assumed to be X=1. If
there is no volume change, Gibbs free energy of the
system is given by

G, =E, — (xDTD +xATA)So_v (3)
where E =zNvy,x,+(2/2)Nv,,(x,2—xp2) and S,=
— (NEJ2){2xp In 225+ (x,—xp) In (x,—xp)}. At tem-
peratures above xp,Ty+x,7,, we are only con-
cerned with how Gibbs free energy is changed by
the manner of mixing of donors and acceptors. For
this purpose, we consider G, at temperature x,77,+
%, T, as a standard. When temperature is elevated
from x, Ty +x,T,, the order parameter decreases from
X=1, and at certain temperature T >x,7Tp-+x,7T,,
the energy and the entropy of our system change
from E, and S, to E and § with order parameter 1>
X >0, as are given by Eqs. 2 and 1, respectively. As
long as we consider the effect of mixing upon free
energy change, we can only discuss the difference
of Gibbs free energy, AG, with respect to G,, so that
we obtain, at T >x,Tp+x,7T,,

AG = E — Ey — (T —xpTp—xsT3) (S—So). )

Eq. 4 means that, if temperature increases further,
the order parameter decreases progressively, and at
critical temperature T,, the system undergoes a phase
transition from ordered state with X =0 to disordered
state with X=0. In order to examine this condition,
we consider (0AG[dX)=0. The equation to deter-

mine X is given by
. xA+xDX> )

Zxpv 1 ( 1+X
xp —x%pX

k(T—xDTD —-xATA) X= Z‘ In 1-X
After some manipulation of Eq. 5, the transition tem-
perature is found to be T,=x,Tp+x,T,+4xpx,T,°,
where T,°=zu/2k. The magnitude of the thermal
stability enhancement of ordered phase, 4xpx,7,°,
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above temperature x, Ty, ~+x, T, is closely related to that
of v=(1/2)(vpp+v4s) —vpa=0. If v=0, then T,°=0,
T,=x,Tp+x,T, and we obtain no thermal stability
enhancement of ordered state. However, if greater
energy stabilization of v, occurs with parallel mole-
cular arrangement of donors and acceptors, both
v and T,° increase appreciably and the stability en-
hancement of ordered state occurs accordingly.
Let us examine how the order—disorder phase tran-
sition for mixing of donors and acceptors corresponds
to the nematic—isotropic phase transition of MBBA-
CPB mixtures reported by Park et al.? If we take
Tp,=43.5°C, T,=35.0°C, and T,=9.6°C, the
order—disorder transition temperature T,=x,7Ty+
2, T, +4xpx, T,° versus composition is given by curve
(b) of Fig. 1. This is compared with curve (a) of
the experimental relation of Ty; to composition. In
the composition range 0.4<x,<1.0, both curves are
found to agree quite well. The maximum tempera-
ture of T, occurs at x,=0.39, while that of Ty, at
x,=0.40, so that the agreement of both values is
very good. In the range 0.0<x,<0.4, T, is found
to be somewhat higher than Ty;. This discrepancy
implies that, in the range 0.0<x,<0.4, some specific
intermolecular interaction may take place in MBBA
and CPB, so that our solid-solution model is not enough
to describe that situation exactly. Except for this
little discrepancy, the relation of 7, to composition
appears to agree well with that of T'y; to composition.
Therefore, the order—disorder transition for mixing
of donors and acceptors corresponds well to the nema-
tic—isotropic phase transition in MBBA-CPB mixtures.
This means that the charge-transfer interaction be-
tween donor of MBBA and acceptor of CPB is es-
sential for parallel molecular arrangement to induce
nematic phase above temperature x,7p+x,7,. From
the value of 7,°=9.6 °C together with 7,°=zv/2k,
the magnitude of zv in the nematic phase of MBBA-
CPB mixture is estimated to be 0.16 kJ mol-1.
Finally, we have to say a few words about our solid-
solution model. As was mentioned, nematic phase
has a high degree of long range orientational order
of the molecules but no long range translational order,
whereas in solid-solution model, we consider a three-
dimensional lattice where not only orientational order
but also translational order are assumed. In the pre-
sent paper, however, we have only discussed how Gibbs
free energy of binary mixture is changed by the manner
of mixing of donors and acceptors. As long as the
problem is limited to such a difference in the degree
of mixing, the solid-solution model is still applicable
to liquid crystals where long range translational order
no longer exists.
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