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N.M.R. investigations and the molecular field theory of
nematic mixtures

by S. GRANDE, A. KUHNEL and F. SEIFERT

Sektion Physik, Karl-Marx-Universitit Leipzig, Karl-Marx-Platz 10,
Leipzig 7010, G.D.R.

(Received 11 April 1988; accepted 3 December 1988)

N.M.R. measurements have shown that the mixture E5 can be described by a
single order parameter. Based on molecular field theory the nematic-isotropic
transition and the temperature dependence of the order parameter in the nematic
phase are considered for a binary mixture of nematogens. Guided by the results
of the N.M.R. measurements the binary mixture is treated as an effective medium
characterized by a single order parameter. Soft attractive forces are taken into
account as well as the excluded volume. The coexistence of nematic and isotropic
phases in the phase transition region is discussed in detail.

1. Introduction

Mixtures of nematic liquid crystals have been investigated extensively, in par-
ticular, in connection with their use in liquid crystal displays. The microscopic theory
of nematic mixtures has been developed from different starting points. Humphries,
James, and Luckhurst [1] extended the Maier-Saupe theory for pure nematogens to
multicomponent nematogenic mixtures. Usually, an order parameter for each com-
ponent of a mixture is introduced, and these order parameters are, in general, different
from each other. However, our N.M.R. measurements have shown, that the order
parameters of the components of the five component mixture ES of cyanobiphenyls
(see table 1) are equal to each other; in consequence the mixture as a whole can
be described by a single order parameter S. It is the aim of this paper to use a
simple model describing a mixture with a single order parameter to understand the
experimental data. The mixture ES consists of two and three components, which are
very similar to each other, and we may consider this mixture as a binary one.
Therefore, we formulate our model for a binary mixture to avoid unnecessarily
complicated formulae.

We first (§1) present the N.M.R. measurements of the order parameters of the
mixture E5 and discuss the experimental results which are the background of the
theoretical considerations described in the following sections. In §3, we follow the
theory of binary mixtures of nematic liquid crystals developed by Humphries, James,
and Luckhurst [1] and further by Palffy-Muhoray, Dunmur, Miller, and Balzarini [2],
but we introduce only one order parameter for the whole mixture treating it as an
effective medium. Applying the results of Palffy-Muhoray et al. [2] to the mixture ES5,
we find two different order parameters which are clearly distinct from each other. In
addition to the model considered in [2], we take into account the effect of the excluded
volume of the rigid rod-like molecules, following Nakagawa and Akahane [3]. In §4
we present the results of the calculations. At the end of the paper, we discuss the use
of a single order parameter to describe a binary mixture in the molecular field
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Table 1. Composition of the mixture ES, nematic-isotropic transition temperatures and the
molecular lengths of the components.

Substance Concentration/% Tn/°C Molecular length/A
C5H11C6H4C6H4CN 40 35 15'4
C,H;C,H,C,H,CN 25 42 17-5
C,H,,0C,H,C,H,CN 10 675 15:9
C,H;;OC(H,C,H,CN 10 75 18-0
C8H170C6H4C6H4CN 10 80 19'5

approximation and we mention some physical mechanism which might explain
microscopically why we see only one order parameter in our N.M.R. spectra.

We do not consider the problem of the steeper descent of the experimental curve
for the order parameter near the phase transition in comparison with the curve
predicted with the molecular field approximation. In this respect, we remain within
the framework of Maier-Saupe theory and are not able to obtain complete agreement
between theory and experiment; a discussion of this problem is found in [4].

2. Experimental results

We have used *C N.M.R. spectroscopy to measure the orientational order of the
molecules in the nematic phase. The cross-polarization technique with proton
decoupling assures a high sensitivity and a good resolution of the spectra in the
nematic phase. The position of the sharp spectral lines is determined by the shielding
tensors 0,4(0,,, 65, 033). The components vary between — 100 ppm and + 100 ppm
for the aromatic carbons and only —20 to + 20 ppm for the aliphatic carbons. We
concentrate our attention therefore on the shifts of the lines of the central aromatic
rings. The line shift of a carbon i in an axially symmetric phase is given by [5]

V. = Vo = —WlogS + 30 — 0,,)D + 05, Sy, + 3058 + $03:S,) (D)
The measuring frequency v, was 22:64 MHz. The derivation of this expression
includes a separate averaging of internal motions and orientational fluctuations. For
the central part of the molecule only hindered rotations of the benzene rings about
the para axis are possible. This results in identical lines for the two ortho and meta
carbon positions (see figure 1 (@)). It seems to us justified to assume a time independent
molecular frame ((, 5, £) and to perform the separate averaging.

The values of the shielding tensors are not well known for all carbons in different
substituted aromatic rings and they cannot be calculated theoretically. We attempt
therefore, to guess the location of the principal axis system of the ordering matrix.
Then the off-diagonal elements in equation (1) are zero and there only two parameters
are left: the orientational order S and the biaxiality of the orientational fluctuations
D, which we are able to determine from measurement of the shifts of four spectral
lines. For the biphenyls the para axis may be identified with the molecular long axis
{. Small deviations from this direction influences the values of S and D but has no
consequences for the question of different order parameters of the molecules in the
mixtures. The components of the mixture ES investigated are listed in table 1 together
with the nematic-isotropic transition temperatures of the pure materials and their
molecular lengths.

The most important requirement is an equivalent molecular sub-unit in all of the
components and this is given by the benzonitrile ring in all five compounds. The
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Figure 1. “C N.M.R. spectra of the mixture E5 in (a) the isotropic and (b) the nematic phase
and the corresponding positions of the carbons.

corresponding shielding tensors for the six carbons in this ring (positions 5-8) are
identical. The shielding tensors of the other ring (positions 1-4) are different for the
substitution of an alkyl or alkoxy chain. This behaviour is reflected in the isotropic
shift values o, in figure 1 (a). The shift of the corresponding lines from the benzo-
nitrile ring depends, according to equation (1), on the S and D values of that species
and through ({, 5, &) on the orientation of the molecular frame in the molecule.
Inspection of figure 1(b) shows that the lines from positions 5-8 are not broadened
or split whereas the different shielding tensors of the alkoxybiphenyl produce clearly
separate lines 1’, 2, 4.

If a biaxiality parameter D exists its value is very small (D = 0-05[6, 7]). Together
with comparably small values of o,; and o,,—0,, for the para positions 1, 4, 5, 8 the
neglect of the D term gives only a very small change in S equal for all positions and
species. Ignoring this negligible effect we find
Vi - viiso = _VOGCCS (2)
instead of equation (1). According to the resolution shown in figure 1(b) and the
values for — v,a,; in the range of 1000 to 1800 Hz differences in S of 0-01 for the five
species should produce a line splitting large enough to be observed but actually not
seen in the experimental spectra. Within this limit the orientational order parameter,
S, is the same for all five molecular species in the mixture. It is most unlikely that for
all five components an imaginable variation of the { axis in the molecule connected
with a change in of; is compensated by an opposite change in S.

The calculation of the orientational order parameter S was made using for o}, the
values —93-5, — 88, —92-5, —98-5 ppm for the positions 1, 4, 5 and 8, respectively,
and assuming o}, = o} (the { axis being parallel to the para-axis). The resulting S
values are shown in figure 7 together with theoretical curves calculated using the
model described in the following section [2].
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3. Molecular field theory for binary nematic mixtures

When treating mixtures of nematic liquid crystals, usually, different order param-
eters are introduced for different components of the mixture. After some approxi-
mations the phase diagrams and order parameters can be calculated as functions of
composition and temperature. Most frequently, the molecular field approximation is
applied in molecular theories of nematic mixtures. In order to find a model for the
equal order parameters determined for E5, we look at a mixture of liquid crystals from
another point of view. We assume that the mixture can be considered as an effective
medium described by a single order parameter. This point of view corresponds to the
virtual crystal approximation for disordered solids, which is an approximation used
in treating disorder, roughly speaking, on the same level as the molecular field
approximation is in calculating thermodynamic quantities. In our approach, the
molecules of the different components of the mixture should not differ from each
other too much. All components should therefore be nematogens.

The following approach is based on the theory of Luckhurst er al. [1] and
Palffy-Muhoray et al. [2]. As suggested by the experimental data presented in §2 we
propose a simplified version of the theory [1, 2] and start with a free energy Fy for the
nematic phase which is a function of only one effective order parameter S (the capital
letters N, I as indices indicate the nematic and the isotropic phase, respectively)

SZ

FN = ? Z ]VI,NQm,N Uy,
Im=1.2
1 1
+ ZZ Nnfv+ B‘ln QN B—InZ BSwo1n + un0:n) | - 3
1=1,
where B is 1/kT. The number densities are defined by
o = N g o N
I N VN ) 1 V[

where N,y (N,;) is the number of the /th kind of molecules in the nematic (isotropic)
phase, and V4 (V) are the corresponding volumes. For simplicity we assume

' = o Nin + %, Nyn,

where ,, v, are the molecular volumes of species 1 and 2, respectively. Furthermore,
1, 72 are the single particle energies in the isotropic phase and the function Z(x) is
defined by

1

200 = f exp PO, Po(0) = 32C — 1),

Equation (3) follows from the corresponding equations of Palffy-Muhoray et al. [2]
by setting S; = S, where S, and S, are the distinct order parameters of both com-
ponents in this theory. We choose the simplified model S; = S, because it describes
the experimental results of §2 better then the more general model where S, # S,.
Concerning the phase diagram it is almost irrelevant, whether S, = S, or §; # S,.
The following considerations apply to both models, only the results for the order
parameters are actually different for the two models.

The u,, are the mean energies of the anisotropic interaction between the moiecules
of kind / and m. If we assume u,, = #,, where &, obeys the geometric mean rule

hy = #y = (i) in)" 4)
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then the phase diagram showing the transition temperature versus the volume fraction
is a straight line {8)]. In a very recent paper, Kloczkowski and Luckhurst [9] showed
that the transition temperature does exhibit a small negative deviation (< 1 per cent)
from the linear behaviour. This deviation is too small to explain the majority of
experimental data [3] which indicate that the coexistence curve (neglecting the width
of the coexistence region) is convex from below. According to these experimental
results we introduce a new parameter é in our theory by

Uy = Uy = (uu“zz)l/2 + 0. (%)

The dependence of the coexistence curve on ¢ is shown schematically in figure 2. In
a recent paper, Attard and Luckhurst [10] discussed the pretransitional behaviour in
nematogenic mixtures. For mixtures of rods and rods, they obtain a diagram for the
composition dependence of the divergence temperature of the field-induced second
rank order parameter which exhibits the same dependence on the deviation 6 from the
geometric mean rule as the transition temperature shown in figure 2.

Figure 2. Phase diagram of a binary nematic mixture for different values of the excluded
volume parameter J. x, is the volume fraction of component 1.

From [3] it is known that deviations from the rule (4) may be connected with the
intermolecular repulsion forces due to the finite volume of the molecules. Starting
with a generalized van der Waals approach [11] the interaction constants u,, can be
written approximately as [3]

hY/4

2 Av,, (0)kT, (6)

Uy, = "-‘lm +
where Aw,, represents the pair-excluded volume effect resulting from the hard-core
intermolecular repulsions and the i, are associated with the anisotropic attractive
potential. Av,, is completely determined by the geometry of the constitutents. Assum-
ing equation (4) for #,,, in general, the geometric mean rule does not hold for the u,,.
In this sense, a non-vanishing é may be interpreted as an effect of the finite volume
of the molecuies. Assuming the molecules to be hard spherocylinders Av,, is given by

[3]

1 4 orf
Aﬂ,m = I——E [4r + § l—l—E A] lllm, (7)
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where 2r is the effective diameter of the molecules (roughly equal for both kinds), /,
is the length of the ith molecule, g, D, 4 are the averaged particle density, molecular
volume and molecular surface area, respectively. Taking into account that the u,
are related to the nematic-isotropic transition temperature T; of the pure components
via

uy = 4-541530,kT), ®)

which is known from simple Maier-Saupe theory [12], we can calculate from (5)—(8)
the value of § if some effective molecular parameters are known.
It is convenient to introduce dimensionless quantities as follows:

A = __° T = ! \
" 4-540,kT,’  4-54T,pk’
_ v T l _ $

c = a+ <\/<va2) + sz>(l a), )
_ ul L _

0= (&) -2)ar Fa-o

The volume fractions a (b) of component 1 in the nematic (isotropic) phase are defined
by
a = DN b = v,
l—a = vn | —b = 90
To estimate the magnitude of A we give an example with T,/T, = 1.2, T =1,
Nin = Ny, 0D = 0-35,1/2r = 41n table 2. According to table 2 A is approximately
in the range —1073-10"" for reasonable values of the molecular parameters. Since

these parameters are not well known and the temperature dependence of A is weak
we will treat A merely as an arbitrary parameter.

Table 2. A as a function of the ratio /,/2r for the example described in the text.

A —0-118 — 0048 ~0-007 —0-003 —0-054 —0-199
L/2r 25 3 35 4 45 5

From equations (3) and (9) we find the total free energy of the system as

_ F +F o B s
F = 4-54kT, Nin [263 + T(lna —tn Z T

+ Ny [%dSz + T(n(l — a) — InZ (d—ﬁ))]
+T{(Nio — Nipn)ind + (Nyo — Nyp)In(l — b)), (10)

where N, = Ny + N;; and N,o = N, + N,;. The order parameter S is the
solution of the equation dF/0S = 0 and after some algebra we obtain

1 = Noo .= (xd)]
S = cS(x) + —=—=—dS|{— )|,
c + (Nz,o/Nl.o)dl: ) Nio c

cS/x.

an

T
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Equation (11) is a parametric representation of the function S(T'). The function S(x)
is defined by

S(x)

d
- In@(),

1

- j Py(0) exp [xP (D)L,

The number of molecules in both phases is determined by minimizing F with respect
to N, and N, . The phase transition occurs if the chemical potentials

oF, o

N = m, Hy = 3N,,,’ (12)

are equal to each other in the nematic and isotropic phase. It is straightforward to
write down equations (12) explicitly, but it is rather complicated to solve them.
Therefore, we have minimized F numerically with standard routines taking into
account the result in equation (11).

We expect the following behaviour of the system. Above an upper temperature 7y,
the nematic phase vanishes and N,y = N,y = 0 minimizes F. Between a lower
temperature T, and T the two phases coexist and equation (12) can be solved with
0 < Nin < Nio;0 < Ny < N,. Below T the unique solution of equation (12)
is Ny = Nyo; Nyn = N, and the mixture is purely nematic. This behaviour and
some numerical examples are discussed in the next section.

4. Theoretical results
In this section we discuss the results of the effective medium theory of binary
nematic mixtures with the help of some computations. Our model contains
three essential parameters, namely T,/T,, v,/v, and the value of A. We choose
those parameters either to be close to the NMR experiments on the mixture ES (see

N2.0
.
/,
A
&
Z 8.
z A
/ A
Y/
0
0 N~ Nio

Figure 3. Particle number N,y of component 2 in the nematic phase versus N,y for two
different values of A within the coexistence region (A, A = —0-15;B,A = —0:05). The
arrows indicate the solution of equation (12) in temperature steps of 0-002; 7'/T, = -5,
v, /v, = 1-5, the volume fraction x, of the mixture is 0-6 of component 1.



15:26 26 January 2011

Downl oaded At:

632 S. Grande et al.

§2) or to compare the results with the corresponding calculations of Palffy-Muhoray
et al. [2].

The typical behaviour, as described in the last section, may be illustrated in
figure 3 by considering a mixture consisting of 50 mole per cent of component 1, with
T,/T, = 1'5 = v, /v, as in [2] but with non-vanishing A. Because of the molecular
volume ratio of 1-5 the corresponding volume fraction of component 1 in the total
mixture x, = v, N, o/(v, N, o + v, N,0) is 0-6. The two transition temperatures are
7, = 08260, Ty, =08426 (A= —0-05 and T; = 07623, T, = 07923
(A = —0-15) and the arrows indicate the solution for N, y and N,y in temperature
steps of 0-002. These points differ only slightly from the straight line N,y = N\ xyN, 0/
N, o for which the composition in both phases are equal (¢ = b). Since the arrows
become closer for larger absolute values of A it is evident that the width ¢ — b of the
coexistence region increases as illustrated in figure 4 for another set of parameters.

A more significant effect caused by a non-vanishing A occurs in the phase diagram.
As expected from figure 2 the coexistence curves are convex from below if A is

a-b

04}

.02 \

-1 1 A

Figure 4. The composition difference (@ — b) at the transition temperature 7, as a function
of A: T\/T, = 12, v, /v, = I']l, x, = 0-5.

T/T4

14

08
1 0

Xy
Figure 5. Calculated phase diagram for (A) A = —0:05and (B) A = —0-15; T, /T, = 12,
v, /v, = 1-1. The lower (upper) curve of each diagram is the volume fraction a (b) of the
nematic (isotropic) phases.
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negative (see figure 5). This behaviour agrees with the majority of experiments and
coincides with the predictions of the simpler theories when the coexistence region is
neglected [3, 4]. Assuming that a non-vanishing A results from the finite volume of the
molecules (that is the presence of repulsive forces) A should be negative [3] (see
table 2), Thus the theory gives a consistent description of the nematic—isotropic
transition of a binary mixture. However it is more convenient to consider A as an
arbitrary parameter because little information about the anisotropic molecular forces
is available.

Together with the phase diagram, the theory predicts the temperature dependence
of the effective order parameter, S. Since the order parameter S at the transition varies
only slightly with composition and the value of A (see figure 6) their influence on the
temperature dependence of the order parameter S(7') is only weak. Accordingly the
function S(T') is similar to that of the original Maier-Saupe theory with its known
disadvantages of a molecular field treatment. If we had assumed S; # S; we should
have found the results obtained by Palffy-Muhoray ef al. [2]; the influence of A on the
order parameters is very small.

42r
1 X, 0
Figure 6. Order parameter at the transition Sy, = S(7}) as a function of the volume fraction
of component 1 for (A) A = —015, BYA = —-10, (C) A = —005; I,/T, = 12,
v /v, = 11,

We are now going to compare the results of our effective medium model with the
calculations of Palffy-Muhoray et al. [2] which take into account the different order
parameters for the components applying both models to a realistic example (see
figure 7). The differences of the effective order parameter S and the component order
parameters S; and S, are much larger then the errors of our N.M.R. experiment.
From this we were persuaded to use only one order parameter for both components
and for this reason our simplified model fits the experimental data better than the
more general model with its different order parameters.

" The quantitative agreement with experiment is rather poor; this may be explained
by the failure of such simple molecular field theories which only take into
account P,{cos (0)) terms as in pure nematogenic systems. Nevertheless our approach
describes some features of experimental relevance in a simple manner.
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i 1 Il 3

1 8 9 TTh T

Figure 7. Order parameters S,, S, calculated from the Palffy-Muhoray et al. [2], order
parameter S of the effective medium theory and the measured order parameter (@) of the
mixture ES versus temperature. The parameters are calculated from the known data of
the mixture ES; T,/T, = 1-2, v, /v, = 105, x, = 0-3.

5. Discussion

Usually, a separate order parameter is introduced for each nematogen in a nematic
mixture [1-4, 13]. Applying the molecular field approximation, the free energy has to
be minimized with respect to the several order parameters, and, in general, as many
equations result as there are components in the mixture, e.g. two equations for a
binary mixture [2}. These two equations have unique solutions as given in {2}, if the
geometric mean rule (4) does not hold. In that case, the approach by Palffy-Muhoray
et al. [2] yields different order parameters for the different components of the mixture,
as long as v, T, Ju,T, # 1. On the other hand, supposing the validity of geometric
mean rule (cf. equation (4)), the two equations become linearly dependent, and there
is no unigue solution of them. Different order parameters are solutions of the resulting
equation as well as one single order parameter.

In our approach, we have treated the binary nematic mixture as an effective
medium describing it by only one order parameter. Therefore, we only have one
equation to determine this order parameter. This equation has always the unique
solution of equation (11). The question, whether we have to characterize a binary
mixture by one or two order parameters is decided a priori in the framework of the
molecular field order parameter choosing the model at the very beginning.

Our results do not contradict the numerical results of Hashim ez al. [14] who
obtained two clearly different order parameters for the two nematogenes in a binary
mixture. In [14] there was assumed, that the concentration of the component 1 is very
low, and any molecule of kind 1 is surrounded only by molecules of kind 2. To that
case the assumption of an effective medium does not apply, of course. The experi-
mental findings of Bates et al. [15] for a binary mixture of 4-n-pentyl-4’-cyanobiphenyl
and 4-n-pentyl-phenylthio-4'-octyloxybenzoate were interpreted in the frame-work of
the theory by Palffy-Muhoray er al. [2] where S, # S,. An interesting deuterium
N.Q.R. and proton N.M.R. study on the phase diagram and the component order
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parameters in a nematic mixture was made by Esnault ef al. [16). The results were
interpreted in terms of the theory [2]. The component order parameters S, and S, fulfil
the relation S, = 0-79S,. Unfortunately, S, and S, were determined by different
methods, and it is not clear from the paper [16] how reliable the absolute values of
S, and S, actually are. While the experiments [15, 16] indicate S; # S,, our experi-
mental results for the mixture E5 are described much better by one effective order
parameter then by different order parameters for the different components of the
mixture (see figure 7).

From the study of the smectic A phase it is known [17] that cyanobiphenyls tend
to dimerisation. The association of monomers to dimers and the decay of dimers into
monomers is a dynamic process. That might be as rapid that we see some effective
molecule by NMR, and then of course we expect only one order parameter for the
whole mixture E5. However, we are at present not able to give an actual physical
argument in favour of such a conjecture.

The problem of the steeper descent of the experimental curve in comparison with
that calculated in our approach (see figure 7) has not yet been considered. It might
be solved in the sense of Humphries, James and Luckhurst [4], however, then an
additional arbitrary parameter necessarily enters the theory.
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