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I. INTRODUCTION

The exact nature of the physical interactions that
lead to orientational order in liquid crystalline sys-
tems is not completely understood. Such under-
standing is of great importance in fields ranging
from the industrial use of display devices to the
understanding of structure and function in bio-
logical membranes. The liquid crystal molecules
themselves are large and flexible and can exist in
a number of different possible conformations. Be-
cause of the difficult statistical mechanical prob-
lem posed by the flexibility, it is usually ignored,

and the liquid crystal molecules are described in
terms of properties that are taken to be appropri-
ate averages over all conformations. Most theories
of orientational order assume the presence of some
mean field, but the exact nature of the field is not
specified. In spite of its simplicity, the mean field
theory of Maier and Saupe [lj remains one of the
most successful descriptions of orientational order
in pure nematics. However, this theory says noth-
ing of the exact nature of the intermolecular forces
causing orientation, and the liquid crystal mole-
cules are modelled as rigid rods where the different
possible conformations are ignored.
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The study of small solute molecules that can
exist in only one conformation presents an inter-
esting approach to the understanding of the in-
termolecular interactions responsible for orienta-
tional order in liquid crystalline systems. The
study of such solutes has led over the years to
several proposals for the mechanism of solute ori-
entation. The molecular properties suggested to
describe the orientation include dispersion forces
[2], the molecular polarizability anisotropy [3], the
moments of inertia of the molecule [4,5], and the
molecular size and shape [6]. As will be de-
scribed below, our recent studies on hydrogen and
methane and their deuterated analogs have given
great insight into the intermolecular interactions
between these solutes and the liquid crystal sol-
vent. These studies have shown that detailed in-
vestigation of small solutes about which a great
deal of physical information is known can lead to
quite specific information about the mechanisms
of orientational ordering.

II. NMR Background and Theory

The high resolution NMR spectrum of an isotropic
liquid is governed by the isotropic chemical shifts
of the nuclei and by the indirect spin-spin cou-
pling constants between nuclei within the same
molecule.

The high resolution NMR spectrum of a mole-
cule partially oriented in a nematic liquid crys-
tal solvent contains in addition information on
anisotropic interactions and yields a wealth of use-
ful information. In particular, interactions such as
the direct dipole-dipole coupling, the quadrupole
coupling and the anisotropies in the chemical shift
and indirect spin-spin coupling can be measured.
From previous knowledge of molecular properties,
these anisotropic interactions can be used to ob-
tain information about the average orientation of
the molecule. For this purpose, the direct dipole-
dipole coupling and the quadrupole coupling are
most useful because they are most easily related
to molecular structure information.

The direct dipole-dipole coupling between two

spins observed at high field is

72*-)<rtr3(3cos2 0{j - 1 ) ) / 2 (l)

where 0,y is the angle between the ij and the mag-
netic field directions, r^ is the distance between
nuclei i and j and the angle brackets denote aver-
aging over intramolecular and intermolecular mo-
tions. If the average over internal molecular mo-
tions and molecular reorientation can be done sep-
arately, eqn.(l) can be written

where
ij = (3cos20,;-l}/2

(2)

(3)
is the order parameter for the ij direction in the
molecule.

For nuclei of spin greater than 1/2 in a
molecular-fixed axially symmetric electric field
gradient, —eg, the quadrupole coupling is

where eQi is the nuclear quadrupole coupling con-
stant. Eqn. (4) applies for the case where internal
and reorientational motions are separable. Then
S{ is the order parameter describing the average
orientation of the direction associated with the
symmetry axis of the electric field gradient ten-
sor at nucleus i.

The high-field spin Hamiltonian is then

+ E E Ay(3/«/,i - * • Iy)
t y<t »

(5)
where f, is the resonance frequency of nucleus i
and Jij is the indirect scalar coupling constant
between nuclei i and j . The term i/t- contains a
contribution from the anisotropy-of the chemical
shielding. In this paper we shall not be concerned
with such effects. The effect of anisotropies in in-
direct coupling constants J,-y is to modify the ob-
served value of Dij. We shall be concerned mainly
with indirect couplings involving protons. These
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couplings arise principally from spherically sym-
metric Fermi contact terms, and the anisotropies
can safely be neglected.

III. Spectra of H2, HD and D2 as
solutes in nematic phases

The molecule H2 exists in two different modifica-
tions, one with total spin I — 1 which combines
with odd-numbered rotational states J (ortho-H2)
and the other with total spin 7 = 0 and even-
numbered rotational states (para-H2). No NMR
spectrum is observable for the / = 0 species of H2.
For D2 the para species has total spin 1 = 1 and
J odd and the ortho species has / = 0 or 2 with J
even. The exchange time between ortho and para
species is very long.

The NMR spectrum of ortho-H2 dissolved in
the isotropic phase of a nematic liquid crystal is
a single line and that in the nematic phase is a
doublet with splitting 3 DJJH (Figure 1).

The deuteron NMR spectrum of D2 is shown in
Figure 2. The analysis of the spectrum using eqn.
(5) has been reported previously. Lines arising
from the para species are labelled with *'s in the
figure. It is worth noting that the scalar coupling
between the two equivalent deuterons (each with
spin 1) is observable in the spectrum when both
Bi and D^ are non zero. This is in contrast to pro-
ton NMR where the scalar coupling between fully
equivalent protons is not observable. The spectral
line positions and intensities can be explained with
only one set of relative sign combinations of Dij,
B{ and JtJ. The absolute signs of all couplings can
be related to the sign of JDD which is known to
be positive [7].

Unlike H2 and D2, HD only exists as one
species. The proton NMR spectrum consists of
three equally intense lines with splitting 2DHD +
JHD (Figure IB). The deuteron NMR spectrum is
a doublet of doublets (all lines with equal inten-
sity) with splittings 2BD and 2DHD + JHD- The
spectrum is independent of the relative signs of
the two splittings.

The spectra of larger spin systems are more
complicated, and can be analysed using eqn. (5),

usually with the aid of a computer. The spec-
tral analysis yields values of Bi and Dij which can
in turn be used to obtain order parameters from
eqns. (2) and (4).

IV. The orientation of H2, HD and
D2 in nematic phases

Analysis of the spectrum of partially oriented
molecular deuterium gives values for the dipolar,
quadrupolar and scalar coupling constants DDD->
BD and JDD- The spectrum of H2 gives the abso-
lute value of the dipolar coupling constant DHH-
The spectrum of HD yields the absolute values
of both BD and 2DHD + JHD- If the signs of
the coupling constants in H2 and HD are assumed
to be the same as for D2, values for DHH, BD
and DHD are obtainable. Results of the analysis
of spectra of molecular hydrogen and its deuter-
ated analogs dissolved in the two liquid crystals p-
ethoxybenzylidene-p'-n-butylaniline (EBBA) and
the commercial mixture Merck ZLI-1132 (1132)
are given in Table 1. The order parameter for the
internuclear axis, S, determined from the dipolar
coupling constant (eqn. 2) is also given.

Several points are interesting about the num-
bers in Table 1. First, the magnitude of the or-
der parameter is isotope dependent in such a way
that in a given liquid crystal the molecule with the
longer average bond length (H2) has the smaller
average orientation. It is interesting to observe,
however, that all the lines in the spectrum of D2
are fit by the coupling constants listed in the ta-
ble. This means that within experimental error
the order parameters of ortho- and para-D2 are
equal. This also applies to experiments measured
down to 220 K in supercooled 1132 and also in
supercooled Merck Phase V. Second, the sign of
the orientation of the hydrogens differs in the two
liquid crystals. Third, the ratio of the quadrupo-
lar to dipolar coupling constants (B/D) for D2
and HD differs from sample to sample. If B and
D are due to only intramolecular properties, and
if the effects of vibrations can be separated from
those of molecular reorientation, then eqns. (2)
and (4) apply. In this case the ratio B/D should
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Figure 1. (A) Continuous wave 100 MHz (Varian HA-100) proton nmr spectra of molecular hydrogen
dissolved in the isotropic phase (140°C, top) and the nematic phase (80°C, bottom) of the nematic liquid
crystal mixture 60% p'-ethoxy-p-hexanoyloxyazobenzene and 40% p'-ethoxy-p-valeryloxyazobenzene. The
extra peaks in the isotropic phase spectrum are from the liquid crystal solvent. Sufficient hydrogen to
generate an overpressure of about 60 atm was condensed (using liquid helium) into a thick walled 5 mm
o.d. nmr tube containing the liquid crystal, and the tube was flame sealed [22,23].

(B) 400 MHz proton nmr F.T. spectra of H2 and HD dissolved in the nematic phase of a 60 wt% 1132
mixture of the liquid crystals EBB A and 1132 at 295K. The improved signal to noise ratio over that in
Figure 1A is a result of the higher magnetic field and the use of F.T. methods on the modern Bruker
WH-400 spectrometer.
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Figure 2. 61.4 MHz deuteron nmr spectrum of D2 partially oriented in the nematic liquid crystal 1132 at
298K. The *'s label the lines from para-D2.

be a molecular property and thus have the same
value in all samples. Moreover, the ratio should
be the same as that measured in the gas phase by
molecular beam magnetic resonance [8].

The understanding of these three observations
leads to a great deal of information about the
orientation of the hydrogens and consequently of
other small molecules in liquid crystal environ-
ments. The isotope effect on the orientation is
a quantum effect. A calculation to first order in
perturbation theory correctly predicts the isotope
dependence [9,10]. The calculation assumes that
the hydrogen experiences a mean field which inter-
acts with the molecule via some molecular prop-
erty of second rank tensorial form. The interaction

potential is assumed to be of the form
U{Q) = A(3cos20-l)/2 (6)

where 0 is the angle between the principal molec-
ular symmetry axis and the uniaxial direction of
the liquid crystal. This field lifts the degeneracy
of the mj rotational states and leads to a non-
zero average orientation. The isotope dependence
arises because the spacing between rotational lev-
els is quite different for H2, HD and D2. In the
calculation, both the wave functions and the ener-
gies are expanded to first order in the perturbing
field U(d). The probability that a given quan-
tum state is occupied is calculated according to
its Boltzmann factor. In our first publication
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Table 1. Experimental coupling constants and order parameters for H2, HD and D2. For HD, results
from proton nmr are labelled HD and from deuteron nmr ED. (From ref [9]).

Liquid T
crystal (K)
EBBA 298

320

1132 298

320

Mole-
cule
H2
HD
ED
D2
H2
HD
ED
D2
H2
HD
ED
D2
H2
HD
ED
D2

Da

(Hz)
3059.3±0.5
506.7±0.7
506.5±0.5
83.1±0.2
2632.0±0.3
433.8±0.2
434.9±0.4
71.2±0.1
-2340.9±0.3
-382.07±0.15
-382.5±0.6
-63.27
-1796.1±0.3
-291.24±0.09
-292.8±1.6C

-48.0±0.8L"

B
(Hz)

-1817.2±0.5
-1943.6±0.5

-1556.7±0.4
-1654.1±0.4

1351.8±0.6
1461.49

1029.0±0.1c

1106.8±1.4c

B/D6

-23.37±0.03
-23.40±0.06

-23.32±0.02
-23.23±0.03

-23.05±0.04c

-23.07±0.03d

-22.89±0.12c

-23.1 ±0.4c

SxlO3

(from D)
-10.630±0.002
-11.45 ±0.02
-11.443±0.012
-12.19±0.03
-9.151±0.001
-9.806±0.005
-9.831±0.010
-10.459±0.015
8.134±0.001
8.631 ±0.003
8.642±0.015
9.29±0.03
6.244±0.001
6.583±0.002
6.62 ±0.04
7.05±0.12

aDno is obtained by using JHD = +42.7 Hz, as measured from the 2H nmr of HD in the isotropic
phase of 1132 at 385 K.

fcB/D values for HD scaled by a factor IH/ID-
cAverage over three independent spectra at 298 and 299 K.
d Average over five independent spectra at 298 to 300 K, two of which are from a separate tube containing

only D2.

on this effect, the complete exponential form of
the Boltzmann factor was used in the calculation
[9j. The theory then predicted the isotope depen-
dence of the order parameters. However, it also
predicted slightly different order parameters for
ortho- and para- deuterium whereas experiments
give the same value down to 220K. The reason
for the discrepancy is that use of the exponential
form of the Boltzmann factor is inconsistent with
the energies and eigenfunctions being expanded to
only first order in the perturbing field. In fact, if
one solves the rotational Schroedinger equation in-
cluding interaction (6) exactly rather than using
first order perturbation theory, the small differ-
ences predicted for the orientation of ortho- and
para-D2 disappear [11]. Of course the perturba-
tion calculation says nothing of the form of the

mean field interaction that is responsible for the
orientation of hydrogen, but does produce a value
for both the sign and magnitude of the mean field
A. It is quite interesting that in hydrogen quan-
tum effects are observable at room temperature.

The variation of the sign of the order parame-
ter of hydrogen compared to the sign of the liquid
crystal order parameter is now explained by allow-
ing the sign of the mean field to vary among liquid
crystals. This says nothing of the physical nature
of the field. However, it does show that the inter-
action that dominates the orientation of hydrogen
is different from the one that dominates the ori-
entation of the liquid crystal itself. Therefore the
presence of at least two orientational mechanisms
in these nematic phases is indicated.

The fact that the ratios B/D depend on liq-
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Table 2. Average electric field gradients in various liquid crystals (from ref [12]) together with mean
fields A calculated from Fzz (eqn.(8)) and from D (refs [9] and [10]).

Liquid
crystal0

EBBA

1132

V
1167

T
(K)
298
320
298
320
298
310
330

FzzflO11 esu6)
from HD
-6.39±0.13
-5.68±0.11
6.15±0.16
5.05±0.39
-5.72±0.23
-3.00±0.02
-2.68±0.08

from D2
-6.42±0.32
-6.20±0.17
6.07±0.l7
4.7 ±1.3
-5.63±0.48
-2.96±0.04
-2.5 ±0.3

A (10~15 erg)
from Fe

zz
2.09
1.94
-1.99
-1.59
1.85
0.97
0.84

from Dd

2.854
2.594
-2.171
-1.753
2.492
1.088
0.933

"See ref. [9] for more information on the liquid crystals.
61 esu = 1 statvolt cm""2 = 2.998xlO6 V m~2.
Trom eqn. (8) using the average of the Fzz values from HD and D2. The values Qzz = 0.649 x 10~26

esu for D2 and 0.6555 x 10~26 esu for HD (ref. [24]; the value taken for HD is the average of those reported
for D2 and H2) have been used.

dFrom Table 1 of ref [10] where A = -GA0/3.

DEUTERIUM NMR OF D2
49.3 WT% 1132

76.0 WT» 1132

400
-1 1 1 i r

200 -200 Hz

Figure 3. 61.4 MHz deuteron nmr spectra of D2 dissolved in nematic mixtures of EBBA and 1132 at 310
K. (From ref [17]).
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uid crystal and differ from gas phase values leads 10
to information on the nature of one of the inter-
molecular interactions present in the liquid crystal
environment [12]. The dipolar coupling constant
D (eqn. 2) depends on the interatomic distance
in the hydrogen molecule. It is unlikely that this
distance will vary with environment, and thus the 5
variation of B/D does not arise from effects on
D. However, the quadrupole coupling constant
B (eqn. 4) depends on the average electric field
gradient experienced by the deuteron. It is quite
likely that this gradient will depend on environ-
ment, and that the laboratory fixed average field ^
gradient Fzz at the deuteron can be written as O

0

Fzz = Fzz(intermolecular) — eqS (7) X

Thus the experimentally observed value of B is

Bobs = -(3eQD/4h)Fzz =

-(3eQD/4h)(FZz(intermolecular) - eqS) (7a)

Since D does not depend on environment, the ex-
perimental value of D in conjunction with the vi-
brationally averaged value of (r~3) can be used to
give the value of the molecular order parameter
5. This value of 5 together with the experimen-
tal value of Bof,s is used to obtain the value of
Fzz{intermolecular) from eqn. (7a). The value
used for eg is from theoretical calculations [12,13],
and the value used for QD = (0.2860 ± 0.0015) x
10~26 cm2 [13] is derived by combining the ex-
perimental value of e2qQjj from molecular beam
experiments [8] with the theoretical value for the
field gradient eq [13]. That is, we have used the
difference between the measured value of B and
that predicted by the molecular beam magnetic
resonance measurements to get an estimate of the
average field gradient present in the liquid crystal
solution.

The presence of this field gradient presents an
interesting possibility. The field gradient should
interact with the molecular quadrupole moment
Qzz of the hydrogen molecule to produce an
average orientation. For an axially symmetric
molecule in a uniaxial environment the interaction
can be described in a second order tensorial form
as given by eqn. (6) above. In this case

-5

-10

THEORETICAL Se f g

EXPERIMENTAL S

-5 0 -..
Fzz X 10 esu

Figure 4. Experimental and calculated order pa-
rameters of D2 as a function of Fzz for D2 in ne-
matic mixtures of EBBA and 1132 at 310 K. (From
reffl7f).

A = -FzzQ.,1'2 (8)
Hence the field gradients estimated above can be
used to calculate values of A, and these calculated
values are compared with those required to explain
the observed order parameters in Table 2. The val-
ues agree amazingly well for both liquid crystals.
Hence, in the case of hydrogen the external field
gradient estimated from the discrepancy between
gas and liquid crystal phase values of the ratio
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BjD explains most of the molecular orientation.
An additional experiment that confirms the

presence of a non-zero electric field gradient in
these liquid crystals involves the study of the ser-
ies of deuterated methanes as solutes. In these
experiments up to 13 dipolar and 4 quadrupolar
coupling constants were measured [14]. The dipo-
lar couplings are explained in terms of a second
order tensorial mechanism involving the interac-
tion of a mean field with some property of the
methane molecule. This property must be a func-
tion of the deviation from tetrahedral symmetry as
the molecule vibrates. The interaction of the mean
field and this property induces a coupling between
rotation and vibration in the methane molecule
which leads to a correct prediction of all 13 dipo-
lar couplings [3,10]- Extension of the calculation
to the quadrupole couplings involves two molecu-
lar properties: (i) the value of the field gradient
at the deuterium nucleus taken at the equilibrium
geometry and (ii) the variation of this quantity
with the CD bond stretch [10,15,16]. The second
parameter is found to be liquid crystal dependent
if no external average field gradient is assumed to
be present. However, if methane is assumed to ex-
perience the same field gradient as estimated for
deuterium in the same liquid crystal, the varia-
tion in the second parameter with liquid crystal
disappears [10,15]. This is strong evidence that
methane and hydrogen experience the same field
gradient.

The fact that the field gradient is of opposite
sign in EBBA and 1132 suggests that it should be
possible to produce a liquid crystal with zero field
gradient by mixing 1132 and EBBA in the cor-
rect proportion (17,18). Such a mixture is quite
appealing as it provides a system for studying ori-
entational order where one important mechanism
no longer exists. Spectra of D2 in several mixtures
of these two liquid crystals are presented in Fig-
ure 3. From the figure it is seen that the spectrum
is indeed strongly influenced by the mixing ratio
of the two component liquid crystals. Analyses
of these and additional spectra yield values for B
and I? as a function of liquid crystal mixing ra-
tio. From values for these coupling constants, val-

12

ues for the external electric field gradient are esti-
mated as was done above for the component liquid
crystals. In Figure 4 we present these results in the
form of a plot of the hydrogen order parameter as
calculated directly from the dipolar coupling con-
stant vs the electric field gradient. The solid line
represents the order parameter that would be ob-
served if the field gradient/molecular quadrupole
moment mechanism were the only orienting mech-
anism. From the figure it is seen that the field gra-
dient mechanism explains most of the orientation.
However, the experimental and theoretical points
are not in complete agreement. This disagreement
is not too surprising, and indicates the presence of
an additional orientational mechanism. Of special
interest is the experiment for which the field gra-
dient is zero. (Note this is the mixture for which
the experimental ratio B/D equals the gas phase
value). This sample contains 55 wt% 1132 at 301.4
K. For this mixture, the order parameter of D2 is
— 8.5 x 10~4. This number gives an estimate of the
magnitude of the extra orientational mechanism
which contribules about 10 percent of the total
orientation in the component liquid crystals.

In Figure 5 we present spectra of HD (indicated
by *'s) and D2 for one composition (60 wt% 1132)
as a function of temperature. As can be seen from
the figure, the spectra of both D2 and HD have a
strong temperature dependence. Note especially
that at 296K the D2 spectrum appears to consist
of a single line. The value of B for D2 is posi-
tive below and negative above this temperature.
Over the temperature range shown the field gra-
dient as estimated from the spectrum of HD is
roughly constant at 5 x 1010 statvolt cm"2. Analy-
sis of these spectra indicates that the two orienting
mechanisms are associated with different temper-
ature dependences.

At the moment we do not understand the sec-
ond mechanism for the orientation of hydrogen. In
addition, we should point out that the first order
perturbation treatment does not predict exactly
the difference in order parameters among H2, HD
and D2. We are currently investigating the role
that vibration/rotation interaction might play in
the hydrogen experiments.
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V. Other molecules

293

60 0 - 6 0 Hz

Figure 5. 61.4 MHz deuteron nmr spectra of D2
dissolved in a 60 wt% 1132 nematic mixture of
EBB A and 1132 at several temperatures. The
lines arising from the spectra of HD (a doublet of
doublets) are marked by a *. In the spectra of HD,
the smaller splitting is 2B and the larger splitting
is 2DHD + JHD. For HD B is positive at 293K and
negative at the higher temperatures, and DHD is
negative at 293K and 296K and positive at 299K
and 303K. For D2 B is positive at 293K, ~ 0 at
296K, and negative at 299K and 3O3K.

The quantum treatment of the orientation of hy-
drogen is necessary because of the large spac-
ing between the rotational energy levels of this
molecule. For other molecules a classical calcu-
lation of the order parameter is sufficient and for
an axially symmetric molecule in an axially sym-
metric environment is given by

K

where U(0) describes the interaction of the solute
particle with the liquid crystal. In this paper we
shall write U(9) as the sum of short range and long
range interactions:

U{9) = USR{0) + ULR{9) (10)
The experiments on hydrogen and methane

outlined above have yielded a wealth of informa-
tion about the intermolecular interactions respon-
sible for the anisotropic couplings observed in the
NMR spectra of these molecules. As hydrogen
and methane appear to experience the same elec-
tric field gradient, it is reasonable to assume that
other small solutes will also experience the same
field gradient. If this were the only mechanism, the
orientation of a collection of small solutes should
be predictable from knowledge of their molecular
quadrupole moments. In Figure 6a we present a
plot of measured order parameter versus molecu-
lar quadrupole moment for a collection of small
solutes in EBBA. The curved line is the order
parameter predicted from the field gradient esti-
mated from spectra of D2 in the same liquid crys-
tal. Such a plot represents a sensible explanation
of the negative order parameters found for mole-
cules such as hydrogen and acetylene. Previously
the negative order parameter for acetylene was ex-
plained in terms of specific interactions between
the solute and the liquid crystal solvent [19]. A
similar plot for experiments in 1132 is presented
in Figure 6b. In both plots the correlation between
theory and experiment is poor for most molecules.
Hence, the story is not yet complete.

We recall that the experiments on methane and
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Figure 6. Theoretital and experimental order parameters as a function of molecular quadrupole mo-
ment, Qzz, for several solutes at 301.4 K. The solid curve represents the theoretical result obtained from
eqn. (9) where U{0) includes only the molecular quadrupole moment - electric field gradient interaction.
The labelling of the points refers to the molecules indicated in Table 3. The horizontal line for each point
is an indication of the uncertainty in the value of Qzz.

(A) Results for the liquid crystal EBBA.
(B) Results for the liquid crystal 1132.

hydrogen indicate the presence of at least one ad-
ditional orienting mechanism. One difficulty with
trying to interpret experiments in EBBA and 1132
is that values of molecular quadrupole moments
are only poorly determined for many molecules.
This fact results in the large error bars in Figure
6. To remove this problem, we choose to study a
mixture of EBBA and 1132 for which the electric
field gradient (as estimated by experiments with
D2) is zero. In Table 3 we present results for sev-
eral solutes in such a mixture. A brief examina-
tion of the results indicates that the magnitude of
the order parameters correlates, at least roughly,
with the molecular size and shape. For example
oblate molecules have negative and prolate mole-
cules positive order parameters. The one glaring

14

exception is hydrogen. This is a very small so-
lute with a small order parameter and quantum
effects are known to be important in the descrip-
tion of the orientation. The general correlation
with size and shape in the larger molecules sug-
gests that hard body interactions are important
for their orientation.

The exact description of the hard body repul-
sive interactions in a system as complicated as
a liquid crystal mixture is exceedingly difficult.
The sensible approach would seem to be to model
the system in a relatively simple but physically
meaningful manner. We choose [20] to model the
liquid crystal as an anisotropic continuum. The
anisotropic forces acting on a dilute solute are
modelled by replacing the liquid crystal by an elas-
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Table 3. Labelling of solute molecules and ex-
perimental order parameters obtained at 301.4 K
in a 55 wt% 1132 mixture of the liquid crystals
1132 and EBB A.

Label
a
b
c
d
e
f
g
h
i
j
k
1
m
n
o

Molecule
benzene
1,3,5-trifluorobenzene
1,3,5-trichlorobenzene
1,3,5-tribromobenzene
hexafluorobenzene
2,4-hexadiyne
2-butyne
allene
bromomethane
iodomethane
hydrogen (D2)
acetylene
propyne
nitrous oxide
nitrogen

Order parameter S
-0.1810
-0.1996
-0.2114
-0.2149
-0.2189
0.3590
0.1402
0.1287
not measured
0.0221
-0.0009
0.0889
0.1604
not measured
not measured

tic tube. The solute molecules are assumed to be
rigid and to fit inside this tube by stretching it in a
direction perpendicular to the long axis while the
walls of the tube remain parallel to the long axis.
The restoring force acting on a solute molecule of
any symmetry whose orientation with respect to
the long axis of the tube is described by O is as-
sumed to be

dF = -k dc{U) (11)
where c(fi) is the distance that the tube is
stretched around its circumference (see Figure 7),
and k is an elastic constant. The potential energy
associated with the stretching is then

USR = kc2{n)/2 (12)

The value of c(H) depends on the model chosen
to describe the size and shape of the molecule.
We choose to model the molecule as a collection
of van der Waals spheres centered on positions
given by gas phase determinations of the molec-
ular structure. To calculate c(O) for some orien-
tation n we project the spheres onto the plane
perpendicular to the tube axis; c(O) is taken as
the shortest distance around the perimeter of the
array of projected circles. Next, for the mixture

where Fzz{intermolecular) = 0, we assume that
eqn. (10) can be written

= USR(0) (13)

and perform the average in eqn. (9) to obtain
a value for the solute order parameter. In the
present case, all solutes are of C$v or greater sym-
metry and require only one order parameter to
describe their average orientation. To emphasize
this we use the single angle 9 to specify the ori-
entation instead of the more general notation O
which is meant to represent the total orientation
of a molecule of any symmetry. However, the ap-
proach outlined above is general and can be ap-
plied to solutes of any symmetry.

The single parameter of the model, the force
constant fc, has been adjusted in a least squares
procedure to obtain optimal agreement between
the theoretical order parameters and the experi-
mental order parameters in Table 3. The result
of this fit is presented in Figure 8 as a plot of the
experimental versus the calculated order parame-
ters. As indicated by the line of unit slope the fit is
excellent. It is interesting to attempt to compare
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liquid
crystal

Figure 7. Elastic tube model for the short range interactions between solute and liquid crystal: c is
the minimum distance around the distorted tube, and fi is the angle between the molecule and liquid
crystal axis. The notation 0 is meant to describe the orientation of a molecule of any symmetry. The
molecules studied in this paper have Czv or greater symmetry, and the single angle 9 is used to describe
their orientation.

the value of the elastic constant obtained from the
fit, 5.0 dyne cm"1, with other properties of liq-
uid crystals. The distortions of the nematic phase
are usually described in terms of a macroscopic
theory involving only short-range forces and the
three elastic constants, K\ for splay, Ki for twist
and Kz for bend. Although our force constants is
not related to the elastic constants in any rigorous
manner, they do describe similar properties of the
liquid crystal and one might expect their magni-
tude to be related. A purely dimensional argu-
ment predicts the ff's to be of order Ufa where U
is a typical interaction energy between molecules
(~ 1.4 x 10"13 erg) and a is a molecular dimension
(~ 1.4 x 10"7 cm) [21]. The experimental value
of the if's of ~ 10~6 dynes is correctly predicted.
The same type of dimensional argument leads to a
predicted value of our k
ment with our result.

16

7 dyne cm l, in agree-

Of course there are other possiblities for the
second mechanism, such as for example the inter-
action between the polarizability anisotropy of the
solute and the anisotropy in the mean square elec-
tric field due to the liquid crystal. Such a one
parameter least squares fit to the experimental
results is shown in Figure 9 as a plot of experi-
mental versus calculated order parameters. The
fit is very good. This does not necessarily mean
that the polarizability mechanism is actually op-
erational but might merely reflect the fact that
the electric polarizability (as well as many other
properties, e.g. moments of inertia) is to a good
approximation bond additive and hence closely re-
lated to the size and shape. In this context it
must be noted that the presence of an electric po-
larizability/mean square electric field mechanism
suggests another mechanism involving the electric
dipole moment. The absence of any clear cut cor-
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Figure 8. Size and shape model: Experimental
vs calculated order parameters in 55 wt% 1132.
T = 301.4 K, k = 5.0 dyne/cm, FZz = 0.0 esu.
The calculated order parameters have been fit by
the least squares method to the solid line of slope
1 (correlation coefficient = 0.985). The labelling
of the points refers to the molecules indicated in
Table 3.

Figure 9. Polarizability - Electric field squared
mechanism: Experimental vs calculated order pa-
rameters in 55 wt% 1132. T = 301.4 K , « £ f z ) -
(Exx))l/2 = 1-59X105 statvolt/cm, Fzz = 0.0 esu.
The calculated order parameters have been fit by
the least squares method to the solid line of slope
1 (correlation coefficient = 0.947). The labelling
of the points refers to the molecules indicated in
Table 3.

relation between orientation and molecular dipole
moments probably means, however, that mecha-
nisms involving the average square electric field
are not important.

To definitively distinguish among various pos-
sible mechanisms will be very difficult and will in-
volve very careful experiments and more detailed
theory. However, it is reasonable to expect that
short range repulsive interactions must play an
important role in liquids, and it is very encour-
aging that our model for these interactions pro-
duces such a good fit to experiment. Of course our
model will be expected to break down in the event

that specific solute/solvent interactions, such as
the formation of hydrogen bonds, become impor-
tant.

An important molecular property that is not
well correlated to size and shape is the molecular
quadrupole moment, and it is precisely the inter-
action between this property and the mean electric
field gradient that has been removed in the exper-
iments with this particular liquid crystal mixture.
In liquid crystals such as 1132 and EBBA where
both size and shape and field gradient/molecular
quadrupole moment interactions are expected to
be important, both USR{0) and ULR(Q) in eqn.
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Figure 10. Size and shape model: (A) Experimental vs calculated order parameters in EBBA. T = 301.4
K, k = 5.0 dyne/cm, FZz = -6.427 x 10u esu. The labelling of the points refers to the molecules indicated
in Table 3 and the solid line of slope 1 is drawn as a reference.
(B) Experimental vs calculated order parameters in 1132. T = 301.4 K, k = 5.0dyne/cm, Fzz = 6.067 x
10u esu. The labelling of the points refers to the molecules indicated in Table 3 and the solid line of slope
1 is drawn as a reference.

(10) must be included. It is interesting to com-
pare experiments in these two liquid crystals with
theory by fitting the results to a model with no ad-
justable parameters. If the external electric field
gradient is taken from experiments on D2, and if
the force constant determined in the 55 wt% 1132
mixture is used, eqns (9) and (10) can be used to
predict the order parameters. Plots with no ad-
justable parameters for solutes in these two liquid
crystals are shown in Figure 10. The agreement
is very good, although not as good as for the 55
wt% 1132 mixture. This is especially true when
one considers both that the force constant k has
arbitrarily been set equal in all three liquid crys-
tals, and that there is a large uncertainty in the
experimental values of molecular quadrupole mo-
ments as indicated by the error bars in the figure.

VI. Conclusion
From a study of hydrogen and its deuterated an-
alogs and from a series of axially symmetric so-
lutes in the liquid crystals EBBA and 1132 and
their mixtures we have learned quite a lot about
the mechanisms of orientational ordering of these
small solute molecules in their nematic environ-
ment. The mean electric field gradient present in
the liquid crystal interacts with the solute molec-
ular quadrupole moment causing partial orienta-
tion. This interaction dominates the orientation of
hydrogen and is important for the other solutes.
The presence of at. least one additional orienta-
tion mechanism is needed to explain the results.
A model that treats the liquid crystal as an elas-
tic tube into which the solute fits is quite success-
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ful in modelling the additional mechanism using
only one adjustable parameter. While at present
one cannot say with certainty that this additional
mechanism is due to short range interactions, it is
certain that whatever its nature, it varies as the
size and shape of the solute.
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