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Dipole Association of Polar Mesogens
in a Liquid Crystal Solvent

D. A. DUNMUR and K. TORIYAMA

Department of Chemistry and Centre for. Molecular Materials, University of Sheffield,
Sheffield, S3. 7HF, UK

( Received April 29, 1994: revised received August 1, 1994)

This paper reports results of a detailed examination of the low frequency dielectric properties of dilute
anisotropic solutions of two polar mesogens. 4-cyano-3-fluorophenyl-4’-propylbenzoate (C3FCN) and
4-cyanophenyl-4'-butylbenzoate (C4CN), as solutes in a non-polar liquid crystal solvent. At low concentra-
tions the effects of dielectric screening are minimised, and the association of mesogens due to dipole--dipole
forces can be studied. The measurements suggest that at very low concentrations the dipole- dipole
interactions result in a small increase in the effective dipole moment. while at higher concentrations local
antiferroelectric order becomes dominant. The results are fitted to an association model, which was originally
developed to describe the dielectric behaviour of isotropic solutions of polar solutes (alcohols) in carbon
tetrachloride solutions.
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INTRODUCTION

The dielectric properties of liquid crystals play an important role in determining
the electro-optical response of liquid crystal-based devices. Many of the liquid crystal
materials used have polar components, and the behaviour of device mixtures is
influenced by dipolar interactions between the constituent molecular species.! As
well as being of relevance in the development of new materials for applications,
dipolar interactions in liquid crystals are also of interest as a new probe of intermolecu-
lar interactions. Qur earlier studies? * of the dielectric and optical properties of
liquid crystal-forming solutes in isotropic solvents has revealed the importance of
apolar association, which leads to both parallel and anti-parallel organization of
molecular dipoles, the balance of which is determined by specific dipole-dipole
interactions. The interaction of molecular dipoles in anisotropic environments such
as liquid crystals introduces some new features such as an angle-dependent pair
distribution function, and if the local rotational symmetry is broken,® long-range
dipole-dipole energies vary as r~* instead of r~®. A recent model® for liquid crystal
molecules interacting with a potential consisting of a hard ellipsoidal core with
an imbedded dipole predicts that rod-like molecules with longitudinal dipoles will
develop short-range antiparallel dipole order, while rod-like molecules with transverse
dipoles will exhibit short-range ferroelectric order. Disc-shaped molecules having

131



Downloaded by [Tomsk State University of Control Systems and Radio] at 11:56 18 February 2013

132 D.A. DUNMUR AND K. TORIYAMA

a dipole along the symmetry axis are predicted to order ferfoelectrically, while if
the dipole is in the plane of the disc, the short-range order will be antiferroelectric.
Measurements on liquid crystals consisting of rod-like molecules confirm these predic-
tions for both longitudinal dipoies' * and transverse dipoles.* A recent study of
a dipolar discotic liquid crystal” indicates that in spite of theoretical predictions,
anti-parallel dipole organization is observed in both discotic nematic and columnar
phases. This is explained by tilting of the molecules due to the location of dipolar
groups at the edge of the core of the disc.

A new development in the study of dipolar interactions is the measurement of
the dielectric properties of polar solutes in aligned, non-polar liquid crystalline
solvents.® The advantage of such measurements is that dipole--dipole interactions
can be measured in a low dielectric constant environment, so the effects of screening
are reduced. I urthermore it is possible to measure the effective dipole moment
for interacting molecules as a function of both concentration and temperature. The
latter results enable the effect of the solvent order parameter on the dipolar organiz-
ation to be investigated. In this paper, we report the result of a detailed study
of the dielectric properties of two mesogens 4-cyano-3-fluorophenyl-4'-propylbenzo-
ate (C3FCN) and 4-cyanophenyl-4'-butylbenzoate (C4CN) as solutes in a non-polar
liquid crystal solvent. C3FCN has been reported®'® to show a very high dielectric
anisotropy, suggesting the existence of ferroelectric dipole organization. The import-
ance of the fluorine group in determining the dielectric properties of fluoro-esters
is investigated by comparing the behaviour of C3FCN with a non-fluorinated analogue
C4CN.

DIELECTRIC PROPERTIES OF NEMATIC SOLUTIONS

Our approach to the mterpretiition of static dielectric measurements on aligned
nemaltic solutions of polar solutesin non-polar hguid erystalline hosts has been givenin
previous papers.” 1t iy based on the Maiwer and Meier equations for the principal
permittivities of a nematic, assumes an isotropic internal electric field, and results in an
expression for the effective mean square dipole moment (y,,'"?) of the solute for
directions parallel (i = ) or perpendicular (i = 1) 10 the director. this equation is given
below, and corrects in carlier typographical error {ref. K. Fg. (4)]:

9, kT2 4 n3)° (e, D\, M, LM

! - - s ST T
fen Noyx,ny 8 2 2e+ 1) ud

AM e, 1 3IGMauns, o) ()
d2e 4 d (28 + n3)
Subscripts 1 and 2 refer to the solvent and solute respectively: M, & n. d and x are

molecular weight, permittivity. refractive index, density and mole fraction; variables
without number subscripts are for the solution. The effective moment can be expressed
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in terms of anisotropic Kirkwood correlation factors (¢\") defined by:
e =070+ 28) + pt(1 = 8)]
B = g\ = )+ 2 (1 + S/2)] (2)
where § is the orientational order parameter of the solute defined as:
S=<{iBcos?0-1)) (3)

() is the angle between the major molecular axis and the director, and g, and y, are
dipole moment components parallel to and transverse to the major molecular axis.
For flexible molecules a fixed major molecular axis cannot be defined, and the
order parameter is in some sense defined by the technique used to measure it.
In this work we use measurements of refractive indices to determine the order
parameter. which therefore relates to a conformationally averaged axis of maximum
polarizability. The dipole correlation factors parallel and perpendicular to the director
refer 1o the correlation between the molecular dipole components projected onto
laboratory fixed axes, they can be defined in terms of the appropriate dipole correlation
functions as:

[ <O )

= 4
OO0 @

gP'=14+V

where (i) refers to the parallel and perpendicular directions,

EXPERIMENTAL AND RESULTS

Information on the solutes and solvent used in this work s listed in Table I. The
solutes were dipolar mesogens that we have previously studied as dilute sotropic
solutes' *, so that information was available on the free-molecule dipole moments:
diclectric and opucal properties of the solvent have been reported in an earlier paper. '
Measurements of principal permittivities. refractive indices and deasities ol solutions of
the mesogens m the non-polar hquid crystal solvent. 220 were carried out as a function
of temperature and composition using methods previously described ™'t The solvent
122 1y particularly suitable for studies of dipolar interactions 1in anisotropic environ-
ments since it has a low mean permittivity of 3.0, thereby minimising the dielectric
screening between solute molecules, and o permitinvity anisotropy of zero. so that the
diclectric anisotropy resultung from the solute s readily, measurable even at low
concentrations.

Our result for the free molecule dipole moment of CIFCN s 11 good agreement with
other expertmental results (g, = 6.6DY). and also with a caleulated value of u, = 6.59D
based on group dipole moments.'? Similarly our measured free molecule dipole
moment for C4CN of 5.770 is also in good agreement with a previous recorded valve
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TABLLE |

Materials studied and molecular dipole moments

struekure and acronym Transition Dipole
temperatures - T: C moment/Debyes
k N ! Mo 1, Hy
Hy
c/CO-QCQH’ 1 640 1.38 0% 136
* 1 * . * X . K
CaNgRTHZ F ’
122
.o F
GyH C. 703 { o k)
3 70 O~<:>~CN » 70 (18) * 6.59 6.2 2106
C3FCN
o
e )< R @« 577 552 168
C4CN

*temperatures 117 brackets indicate o menotropic nematic-to-isotropic transition
[ Debyve = 3336 x 10 7 Cm

of 5.8 1.7 In order to obtain the correlation factors from measurements of the effective
dipolc moments through Eguation 2. it was necessary to determine the order par-
ameter S, The order parameters of the solutions were obtained by fitting measured
refracttve indices 1o 4 mean field expression using the Tough-Bradshaw procedure.!!
It was also necessary to assume that the solute order parameter was equal to that
derived from solution measurements; in practice the derived order parameters were
independent of concentration for equal reduced temperatures, indicating that the
solute had hittle effect on the onentational order of the solvent. At the low concentra-
tigms uscd 1n this work, there was only a small change in the nematic-to-isotropic
tramsition temperatures of the solutions from the pure solvent value, indicating that
solvent-solute interactions were relatively unimportant.

Results of permittivity measurements for solutions of various compositions are given
in Figures 1 and 2. and the corresponding values for the Kirkwood correlation factors
¢\, ¢') calculated from Equation 2 are given in Figures 3 and 4 as a function of
composition. For both C3FCN and C4CN. the factor ¢}’ shows an unexpected
behaviour against concentration: for concentrations less than 0.1 mole-fraction ¢ > |
which indicates the presence of parallel dipole association, but with increasing concen-
tration this parallel association apparently decreases giving ¢’ < 1 at higher concen-
trations. The correlation factor ¢\ which 1s less accurately determined. is less than
1 over the concentration range investigated. Equation 2 indicates that there should be
a linear dependence of yi, on the order parameter, but this neglects the possible
temperature dependence of ¢' ' and ¢i'". Results for ug, normalized by p are given as
a function of order parameter in Figure S for C3FCN and in Figure 6 for C4CN. For
the materials studied uZ,, 1 varies approximately linearly with order parameter as
predicted; also plotted on the figures are theoretical results assuming no correlation.
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FIGURE 1 Permittivity components (paraliel and perpendicular) of C3FCN/I22 solutions for different
weight fractions. For clarity the temperature scales for different solutions are shifted, successively by 20°. In
reality the nematic-to-isotropic transition temperatures are very nearly equal for all solutions.

(A): wjw = 0.0268, (®): w/w=0.0401, (+): w/w = 0.0635, ({J): w/w = 0.1304.

The effect of fluorine-substitution ortho to the nitrile group is to increase the transverse
dipole component and dielectric anisotropy of C3FCN relative to C4CN. Dipole
correlation factors measured for C3FCN show a larger concentration dependence,
which suggests that the fluorine atom is influencing the intermolecular interactions
and association rather strongly. Overall there seems to be less association of C4ACN
molecules in 122 since the g-factors tend to their uncorrelated values at low tempera-
tures and high concentrations.



Downloaded by [Tomsk State University of Control Systems and Radio] at 11:56 18 February 2013

136 D. A. DUNMUR AND K. TORIYAMA

Og

>
x
2 ) R
= =
= ¢ o0 “a
o
5 4 — ®osg0c M Bm ¢
A 20C 20C L A @
a g o
i <|> l o . DA
008 o Aamal a0 a
3
2
| | 1 [

10 30 b0 70 90 110
temperature/ C

FIGURE2 Permittivity components (parallel and perpendicular) of C4CN/I122 solutions for different
weight fractions. (O): w/w = 0.0265, (A): w/w = 0.0344, (OJ): w/w = 0.0795

DISCUSSION AND CONCLUSIONS

An important observation from our results is that both C3FCN and C4CN solutions
in the nematic solvent 122 have a markedly different behavior from their solutions
in isotropic solvents. As we have already reported in our previous studies,' 3
the Kirkwood correlation factor g, for those cyano-ester compounds (C3FCN
& CACN) in p-xylene has a strong concentration dependence, rapidly decreasing
from unity at very low concentrations and reaching a relatively constant value (0.7
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FIGURE3 Kirkwood correlation factor of C3FCN solutions as a function of mole-fraction in 122
solutions at different temperatures. (+): 20°C, ( x ): 30°C, (A): 40°C, (A): 50°C

for C4CN and 0.8 for C3FCN) for concentrations greater than 0.2 mole-fraction (see
Figure 1 in Ref. 2). This behaviour is in contrast to that of weakly associating cyano-
mesogens such as alkylcyanobicyclohexanes (CCHn),'? for which g, decreases slowly
with increasing concentration.? The association behaviour of mesogens in isotropic
solutions can be interpreted by a model which proposes the existence of both parallel
and anti-parallel associated dimers having different equilibrium constants.

IM=M,,
M =M,, (5)



Downloaded by [Tomsk State University of Control Systems and Radio] at 11:56 18 February 2013

138 D. A. DUNMUR AND K. TORIYAMA

14 - | - ]

1.3 —

& parallel

1.2
1.1 x o

1.0 - h o

0.9
0.8 —
0.7 - A

correlation factor gl

<>

0.4
0.3
0.2

J perpendicular

0.1

0.0 - | : |

0.00 0.05 0.10 0.15

mole fraction

FIGURE 4 Kirkwood correlation factor of C4CN solutions as a function of mole-fraction in 122 solutions
at different temperatures. (+): 20°C, ( x ): 30°C, (A): 40°C, (O): 50°C

The equilibrium constants for these dimerizations, K, (antiparaliel) and K, (paraliel),
are large for C3FCN and C4CN e.g. for C3FCN: K, = 10.60, K, = 4.75, but are much
smaller for weakly associating mesogens such as CCH5(K, = 0.85 and K, = 0.09). The
predominance of antiparallel over parallel dimers is determined by the ratio of K /K .
To understand the behaviour when an isotropic solvent is replaced by a nematic
solvent, we need to know how these equilibria are modified.

Our earlier results on compounds having large dipole moments perpendicular to the
long molecular axis (4HENO4 and 6HENO4*-%) indicated a non-linear dependence of
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g, on concentration in both isotropic and anisotropic solvents. This was particularly
marked in nematic solutions even at very low concentrations ( < 0.01 weight-fractions)
where g, increases rapidly from 1 to 2, and then remained fairly constant, increasing
slowly above 0.2 w/w. Dilute anisotropic solutions of the compounds C3FCN and
C4CN, which have large dipole components parallel to the long molecular axis, also
have g, values which differ from unity, however for these materials we observed
a change in sign of (g, — 1), indicating a change from a predominance of parallel to
antiparallel dipole organization. The simple equilibrium model developed for isotropic
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FIGURE 6 [u,,,/1t,]? as a function of order parameter § for C4CN: the full lines are those calculated from
Equation 2 assuming g, =1. (+): ww=0.02; (x) ww=004; (A) w/w=0.06; (O) w/w=008; (A)
w/w=0.1

solutions cannot predict a change from parallel to antiparallel association, and so
does not appear to be applicable to anisotropic solutions. The limiting value for g,
extrapolated to zero concentration has to be unity, so a change in sign of (g, — 1) from
positive to negative implies the existence of a maximum in g, at low concentrations.
The dielectric properties of very dilute solutions (less than 2 mole per cent) of alcohols
in non-polar solvents were investigated in references 14-16, and a maximum in g, was
observed. This result was explained by proposing the existence of small multimers
having a large dipole moment, while at increased concentrations, higher multimers
with a smaller dipole moment become dominant. The implication of these results is that
the equilibria between various kinds of multimers depend on the concentration, and it
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is not possible to use concentration-independent equilibrium constants. We may
conclude that the behaviour of strongly polar mesogens in non-polar solvents has some
similarities with other strongly polar systems,

One possible source of concentration dependent g-factors could be through the
anisotropic electric permittivity of the solution i.e. long-range screening effects. The
dipole—dipole interaction energy for an isotropic environment can be written as:

Byt
dmer’

Uy, = (2cosB,cosf, —sin 8, sin 0, cos ¢) (6)

where 6, 6, and ¢ are as defined in Figure 7, and ¢ is the isotropic permittivity. In
anisotropic solutions the result for the pair interaction energy is more complicated,*°
since the screening from the solution permittivity is angle dependent. For example the
screening between dipoles interacting perpendicular to the intermolecular vector will
be different from that for dipoles parallel to the intermolecular vector. Increasing the
solution permittivity results in a decrease in the dipole—dipole energy, but for solutions
at low concentration the dielectric screening will enhance the electrostatic interactions
associated with the anisotropic radial distribution function.

In an earlier paper® we have developed a mean-field theory of short-range dipole-
dipole correlation in anisotropic fluids. The basis of this theory is that angle
dependent repulsive forces favour particular configurations of interacting dipoles:

81

€

FIGURE 7 Interaction of two dipoles in an anisotropic environment: dipole 1 is assumed arbitrarily to be
along the director — 6, and 6, are the angles between the molecular dipoles and the intermolecular vector,
and ¢, and ¢, are permittivities of the solution parallel and perpendicular to the director.
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for calamitic molecules with longitudinal dipoles, anti-parallel dipole-dipole associ-
ation is predicted, while for transverse dipoles a parallel organization is preferred. Our
experimental results show that at low concentrations, g, > 1 indicating parallel
association of dipoles, while at higher concentrations the anisotropic short-range
radial distribution of the dipolar solute molecules asserts itself, and the resultant
behaviour is anti-parallel dipole association, as predicted by the theory. Clearly at
higher concentrations, multimer interactions must also be considered, and it is no
longer sufficient to describe the dielectric properties in terms of pair correlations
between dipolar solute molecules or simple equilibria between monomers and dimers.
In order to explain the change from g, > 1 at low concentrations to g, < 1 at high
concentrations it is necessary to introduce an additional mechanism for dipole-
dipole interactions. At low enough concentrations we can neglect short-range repul-
sion between solute molecules, and the resultant isotropic electrostatic interactions will
not favour parallel or anti-parallel dipole organization. However the solute molecules
are surrounded by an anisotropically polarizable solvent medium, and an indirect
dipole interaction can result through the induced dipole of the solvent molecules: the
so-called triple dipole interaction. This is predicted to result in a parallel dipole
configuration,'” which is consistent with our experimental results. At higher concen-
trations the direct dipole—dipole interaction becomes more important, including the
effects of dipole-screening, and the predicted anti-parallel organization results.

To explain the experimental observations that at a certain concentration the sign
of (g, — 1) changes from plus to minus, we cannot use a model with equilibrium
constants independent of solute concentration. Instead we propose a simplified
model which includes a mechanism for the reduction of the para-dimer species either
through interaction of the para-dimers themselves or with other monomers. We
postulate that at very low concentrations parallel dimers are formed, analogous to
the association of 1-heptanol in carbon tetrachloride.'® The para-dimers may be plate-
ike rather than rod-like'® and with increasing concentration they should favour
a parallel, head-to-tail alignment analogous to the case in the dielectric polarization
of small plate-shaped molecules in the gas phase.!® However at higher concentrations
this type of local ferroelectric organization must be internally compensated since
so far there is no experimental evidence for ferroclectric nematics. Two mechanisms
for the reduction in ferroelectric order are available: the screening effect of the
dielectric medium and the long-range dipole-dipole interaction discussed above. At
some critical concentration ¢, corresponding to g, =1, there is no preference for
parallel or antiparallel dipole correlation. This concentration can be estimated from
the permittivity versus concentration curves: a deviation from a linear dependence
at a certain concentration (typically around 0.1 mole-fraction) is observable, which
is close to the concentration at which ¢, — 1 changes sign. A possible microscopic
model which can explain the change in sign of (g, — 1) around the concentration
¢o involves a competition between the screening effect which destabilises the
parallel dimer, and association between the dimer and other monomers resulting in
a reduced effective dipole. Such a model involves equilibria described by the following
relations:

x;=Kyx} and x,=K,x] (7



Downloaded by [Tomsk State University of Control Systems and Radio] at 11:56 18 February 2013

DIPOLE ASSOCIATION OF POLAR MESOGENS 143

1.3

1.2 —

1.1

factor gl (parallel)

0.9 - []

0.8

correlation

0.7

0.6 | -

0.00 0.10 0.20
mole fraction

FIGURE 8 Kirkwood correlation factor of C4CN as a function of mole-fraction in 122 solutions at
40°C (W) and calculated values((J) from Equation 9.

where, x,, X, X, are mole-fractions of the monomer, paradimer, and multimer,
respectively, and K, and K, are equilibrium constants for the associations. It is
possible to estimate the contribution of this association to the effective dipole moment
as follows. Assuming that n=2 it is possible to derive a relation between the
total solute concentration (mole fraction x) and the concentration of contributing

species as:

Xyt 2x,+4Xx,
T 14 x,4+3x,
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and for the normalised effective dipole moment defined by g,:

2 2 2
Ho Uy Ho

x(1+x,+3x,)

g, = 9)

Thus given the solute concentrations it is possible to calculate the corresponding
correlation factors. Fitting the above equations to our results for the C3FCN-122
solution, with K; = 6 and K, = 30 as parameters, gives the results plotted as a theoreti-
cal curve in Figure 8. From these results the concentration at which g, =1 can be
estimated, and for the systems studied in this work it corresponds approximately to the
experimentally observed weight fraction of ¢, = 0.1.

In conclusion, we have demonstrated that even at low concentrations, there is
evidence of dipole—dipole association in liquid crystal solutions. The fact that such
systems are anisotropic means that extra information can be obtained from dielectric
measurements, and further investigation of the effects of anisotropic screening, and the
effects of different solute molecular shapes and the phase of the liquid solutions could
lead to a detailed understanding of dipole~dipole interactions in fluids.
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