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Abstract

We explore with Monte Carlo simulations the NMR ®nding that solutes in special nematic liquid crystal mixtures

`feel' zero average electric ®eld gradient FZZ : The simulations involve solute±solvent mixtures of 1000 identical Gay±

Berne ellipsoidal particles with added electric quadrupoles of varying strengths placed at particle centres. As long as all

quadrupoles are su�ciently small, FZZ calculated at the particle centres is equal for all particles. For larger quadrupole

moments, interactions among quadrupoles alter the interparticle distribution and subsequently FZZ depends on

both solvent and solute quadrupoles; in general, the quadrupolar interactions produce a negative contribution to

energy. Ó 2000 Elsevier Science B.V. All rights reserved.

1. Introduction

There exists evidence that the molecular
quadrupole of small solute molecules (such as
molecular hydrogen, acetylene, benzene and hexa-
¯uorobenzene) plays an important role in their
orientational ordering in nematic liquid crystalline
solvents [1]. Estimates of the average electric ®eld
gradient, FZZ , experienced by D2 [2,3] have been
determined from deuterium NMR. Experiments
on larger methyl- and chloro-substituted benzenes
indicate that these larger solutes experience an FZZ

of the same sign but reduced magnitude compared
to that observed for D2 [4±6]. It is possible to
prepare mixtures of liquid crystals for which the
average FZZ experienced by small solutes is zero [7].

We refer to such mixtures as `magic mixtures'.
While there is dispute in the literature on the rel-
ative importance of quadrupoles compared to that
of other electrostatic interactions, there is good
reason to describe the magic mixtures as ones for
which only the size- and shape-dependent short-
range interactions play a role. Evidence for this is
given by the results of hard-body Monte Carlo
(MC) simulations of ellipsoidal solutes in a system
of ellipsoidal liquid crystal particles. The MC re-
sults are most closely accounted for by the same
phenomenological model that best rationalizes
NMR experiments on a collection of 46 solutes in
a `magic mixture' liquid crystal solvent [8,9].

MC simulations of hard-body 5:1 prolate el-
lipsoids containing a centred point quadrupole
and one solute whose dimensions and quadrupole
were varied have been reported [10]. The system
was investigated for several values of solute and
solvent quadrupoles. However, it was not possible

8 December 2000

Chemical Physics Letters 331 (2000) 455±464

www.elsevier.nl/locate/cplett

* Corresponding author.

E-mail address: elliot.burnell@ubc.ca (E.E. Burnell).

0009-2614/00/$ - see front matter Ó 2000 Elsevier Science B.V. All rights reserved.

PII: S 0 0 0 9 - 2 6 1 4 ( 0 0 ) 0 1 1 7 8 - 7



to reproduce the details of some NMR experi-
ments, such as those on molecular hydrogen and
acetylene, where the anisotropic interactions in-
volving the molecular quadrupole yield an oppo-
site sign of solute order parameter in the liquid
crystals N -(p-ethoxybenzylidene)-p0-n-butylaniline
(EBBA) and Merck ZLI 1132. In the simulations,
the presence of a solute quadrupole tends to in-
crease the solute orientational order for both signs
of solvent quadrupole, and the ®eld gradient ob-
served at a particle centre was found to be a
function of the quadrupoles of both solvent and
solute.

In order to investigate this di�erence between
NMR experiments and MC simulations, we
choose here for study a set of Gay±Berne (GB)
particles that are identical except for their quad-
rupoles. The GB potential incorporates both at-
tractive and repulsive terms, and is thus considered
more realistic than a hard-body potential. The aim
is to understand the role played by molecular
quadrupoles in liquid crystalline systems. In this
investigation all particles are characterized by
equal GB parameters; they di�er only in the sign
and magnitude of the quadrupole which is placed
at the particle centre.

2. Details of the simulations

Monte Carlo simulations are performed on a
total of 1000 GB 3:1 particles. In most cases the
`solvent' comprises NS particles containing centred
quadrupoles with major component Q�S and
NS0 � 970ÿ NS particles with Q�

S0 � ÿQ�S. The �
indicates a dimensionless variable that is de®ned in
the footnote to Table 1. The solvent is described in
terms of the mole fraction of S particles:
XS � 10ÿ3 � NS for our simulations on 1000 par-
ticles. The additional 30 particles constitute the
solutes, divided into three groups (o; p and q) of 10
particles each; two groups p and q have centred
quadrupoles of value +Q�p and Q�q � ÿQ�p, while
the third group has no quadrupole, Q�o � 0. Unless
indicated otherwise, the concentration of each
solute is Xo � Xp � Xq � 0:01.

The GB parameters used in this work for all
particles are: the length-to-breadth ratio j � 3,

strength parameters j0 � 5, l � 1, and m � 3,
and the scaled number density q� � 0:30. These
parameters are chosen to ensure a fairly wide
nematic range 2:46 T �6 3:55 [11]. The dimen-
sionless temperature used here was T � � 2:8,
which is well within the nematic phase.

The initial MC con®guration for all runs was a
well-equilibrated GB con®guration with Q� � 0.
The order parameter was 0.81. Unless otherwise
indicated, 20 000 cycles were used for sample re-
equilibration after the addition of quadrupoles,
and averaging was performed over an additional
80 000 cycles. One long run (5 000 000 cycles using
XS � 0:500 with Q�S � 1:0, XS0 � 0:500 with
Q�

S0 � ÿQ�S, and Xo � Xp � Xq � 0) was carried out
to obtain su�ciently good statistics for the study
of correlation functions.

3. Results and discussion

Contribution to the electric ®eld gradient at the
site of particle i due to the point quadrupole mo-
ment tensor Q�j�lm of particle j is [12]:

F �ij�lm �
1

r5

h
ÿ 2Q�j�lm � 10Q�j�am r̂ar̂l � 10Q�j�la r̂ar̂m

� 5Q�j�ab r̂ar̂bdlm ÿ 35Q�j�ab r̂ar̂br̂lr̂m

i
; �1�

where r̂ is a unit vector describing the orientation
of the displacement (r) between the quadrupole
pair, and where we have used the Einstein sum-
mation convention for repeated indices. The
quadrupolar contribution to the interparticle pair
potential is a function of the electric ®eld gradient
due to particle j and the quadrupole tensor Q�i�lm of
particle i:

U �Q
�i�Q�j�� � ÿ1

3
Q�i�lmF �ij�lm : �2�

The quadrupolar energy of the system, U �Q�, is the
sum of all such contributions, taking care not to
count interactions twice [10].

The results of simulations with various solvent
and solute quadrupoles are presented in Table 1,
where we list the sample composition, the values of
solvent and solute quadrupoles, the average ®eld
gradient, F �ZZ;i, observed at the centre of particle i,
and the average contribution from quadrupole±
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quadrupole interactions to the energy of various
particles. Values of Q� are chosen to mimic those
expected of real nematogens. Using the de®nitions
in Table 1, Q� � 1 corresponds to Q � 6:6� 10ÿ26

esu, a typical value for small solute molecules, and
about 1/3 the value expected for a liquid crystal
molecule such as EBBA; F �ZZ � 1 corresponds to
FZZ � 2:1� 1011 esu, a number comparable to
those found by NMR in EBBA and ZLI 1132
[2±4,6].

Except for the sample with Q�S � 2, order
parameters of all particles (with one exception),
whether solute or solvent, were equal within sta-
tistical uncertainty in all simulations and were
0:807� 0:003. The one exception is the sample
with Q�S � 1 and Q�p � 2 for which Sq � 0:819�
0:006 in all mixtures, and Sp � 0:815 and 0.819 in
the XS � 0:740 and XS � 0:485 samples. These
slight increases in solute order parameters are
barely signi®cant. For the Q�S � 2 samples, as
shown in Table 2, all order parameters are slightly
larger than 0.807 for all particles. In general, in-
dependent of the sign of Q�, a larger Q� is associ-
ated with a slightly larger particle order parameter.
The most dramatic e�ect is for the Q�S � 2,
XS � 0:485 mixture where the order parameter
increases to 0.88.

However, for this Q�S � 2, XS � 0:485 mixture
the correlation function g�z�� shows a periodic
density wave indicating that this mixture has
formed a smectic phase. This is not surprising as
the interaction between two precisely side-by-side
quadrupoles of opposite sign is attractive, and
would be expected to favour the formation of
layers. It is interesting to note that a smectic phase
has been observed for mixtures of liquid crystals
whose components are nematic and for which the
solute D2 experiences ®eld gradients of opposite
sign in the components [13]. In addition, because
of the favourable interquadrupole interactions, a
discotic phase results from simulations of oblate
GB ellipsoids which contain quadrupoles of op-
posite sign [14]. The g�z�� for the XS � 0:960
samples with small or zero quadrupoles show
slight periodic density waves whose amplitude
decreases as the magnitude of Q�S is increased. This
is in agreement with a recent molecular dynamics
study of GB particles (using di�erent interactionT
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parameters than those used here, with all particles
containing identical quadrupoles) where it was
found that the presence of large quadrupoles tends
to destabilize smectic phases and to stabilize ne-
matic phases [15].

E�ects of the di�erent solvent and solute
quadrupoles are conveniently observed in plots
(Fig. 1) for constant solvent quadrupoles of the
average ®eld gradient observed at the various
particle centres as a function of the value of solute
quadrupole Q�p (where solute q has quadrupole
Q�q � ÿQ�p and solute o has Q�o � 0). In Fig. 1, a
separate line is used for each solvent composition
to plot the F �ZZ observed by each solute particle in
the system. As the quadrupoles of solvent particles
S and S0 and of solute o �Q�o � 0� are constant for
each plot, it would be expected (as observed within
the experimental error) that they give lines of zero
slope. For clarity the lines for solvent S and S0

particles are not shown.
NMR experiments have suggested that, in a

given liquid crystal solvent, all solutes experience
roughly the same FZZ . This is thought to be par-
ticularly true for the so-called magic mixtures for
which FZZ (as `felt' by D2) is zero. In this study all
particles are described by the identical GB pa-
rameters, and can thus be thought of as having
identical sizes and shapes. In analogy with the
NMR experiments they would all be expected to
`feel' the same F �ZZ . In particular, F �ZZ is anticipated
to be zero in the XS � 0:485 sample which has
equal numbers of solvent quadrupoles of opposite
signs: a zero value is found for F �ZZ for the Q�o � 0
solute, as required by symmetry. Thus, this
XS � 0:485 mixture is designed to mimic the magic
mixture liquid crystal of the NMR experiments.
However, a quick glance at Fig. 1 shows (in
agreement with the simulations on hard 5:1
ellipsoidal systems [10], but in contradiction with
the NMR results) that di�erent solutes experience
quite di�erent F �ZZ 's, even in the XS � 0:485
sample.

Although the simulation results appear to con-
tradict the NMR ®ndings, we do note some in-
teresting trends. First, when both liquid-crystal
and solute quadrupoles are small, all solutes do
experience roughly zero F �ZZ in the XS � 0:485
samples; and they also experience roughly the

same non-zero F �ZZ in the XS � 0:740 system (and a
di�erent non-zero F �ZZ in the XS � 0:960 system).
This is most evident for Q�solute � 0:2 in the graph
for Q�S � 0:2. This observation is consistent with
the trends observed in NMR experiments which
have been interpreted in terms of all solutes ex-
periencing the same FZZ which is taken to be a
solvent property, and which is taken independent
of the value of the solute quadrupole moment [1].
As the Q�S is increased from 0.2 to 1.0, the F �ZZ at
the centre of solutes with zero Q�o values varies
linearly with Q�S in the XS � 0:740 and XS � 0:960
samples, and remains zero in the XS � 0:485 mix-
ture. However, the actual change (with solvent and
solute quadrupoles) in F �ZZ at solutes with non-zero
quadrupoles is quite dramatic, and depends on the
absolute value of the solvent quadrupole and
on both the sign and magnitude of the solute
quadrupole.

Secondly, an examination of the sets of lines
corresponding to XS � 0:960;XS � 0:740, and
XS � 0:485 for a given solute Q�p shows that the F �ZZ
at the solute changes in a manner that is consistent
with the NMR experiments, i.e., the change in F �ZZ
is proportional to the solvent Q�S for Q�S6 1. This
result is independent of the sign and magnitude of
the solute quadrupole Q�p. In other words, there is
a clear prediction that the F �ZZ values should
change with mixing liquid crystals in a manner
that is independent of the sign and magnitude of
the solute quadrupole. Such an e�ect is consistent
with the observed change with liquid crystal of the
experimental order parameters of solutes such as
acetylene, benzene, hexa¯uorobenzene, methyl
¯uoride, and D2; however, it does not explain the
negative order parameters observed for acetylene
and D2 in EBBA.

The actual change (with solvent and solute
quadrupoles) in Fig. 1 of F �ZZ at solutes with non-
zero quadrupoles is a major e�ect that appears
contradictory to the NMR results. It is clear that
this major e�ect depends on both the solute and
solvent quadrupoles. Note especially that when
Q�solute 6� 0, F �ZZ is not zero in most magic mixture
simulations. One might say that the only real
magic mixture is the left part of the Q�S � 0:2
(upper-left) panel of Fig. 1, up to the point that the
curves for a given XS start to diverge.
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Fig. 1. Average electric ®eld gradient at solute particle centre, F �ZZ , as a function of Q�p, the quadrupole moment for solute p. The results

for solutes p, q �Q�q � ÿQ�p�, and o (Q�o � 0) are presented. The plots are labelled according to values for the positive solvent quadrupole

components Q�S � 0:2, 0.5, 1.0 and 2.0. Note that the graphs have di�erent vertical scales.

Table 2

Solvent and solute order parameters for samples with Q�S � 2a

XS Q�S Q�p SS SS0 So Sq Sp

0.960 2.0 0.2 0.831(4) 0.840(11) 0.813(6) 0.815(7) 0.814(7)

0.960 2.0 0.5 0.826(8) 0.831(12) 0.810(11) 0.814(5) 0.812(6)

0.960 2.0 1.0 0.827(7) 0.836(9) 0.809(10) 0.817(7) 0.816(7)

0.960 2.0 2.0 0.827(6) 0.836(7) 0.812(9) 0.838(14) 0.827(6)

0.740 2.0 0.2 0.837(7) 0.853(6) 0.823(9) 0.823(8) 0.822(8)

0.740 2.0 0.5 0.835(7) 0.851(9) 0.820(9) 0.822(10) 0.819(8)

0.740 2.0 1.0 0.834(5) 0.850(5) 0.819(5) 0.829(5) 0.821(6)

0.740 2.0 2.0 0.837(6) 0.853(6) 0.823(10) 0.851(6) 0.838(6)

0.485 2.0 0.2 0.885(5) 0.885(4) 0.863(9) 0.864(8) 0.863(8)

0.485 2.0 0.5 0.882(3) 0.882(3) 0.861(5) 0.860(7) 0.861(4)

0.485 2.0 1.0 0.882(2) 0.882(3) 0.860(4) 0.865(4) 0.866(3)

0.485 2.0 2.0 0.883(3) 0.882(3) 0.862(7) 0.882(4) 0.882(3)

a Order parameters are averages of numbers obtained from eight di�erent 10,000 cycle calculations. Numbers in parentheses are

103 � standard deviations of these averages, and thus are estimates of error in the least signi®cant digits reported.
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In order to examine the results in a di�erent
way, we present in Fig. 2 a plot of the F �ZZ at a
solute divided by the absolute value of the solvent
quadrupole, jQ�Sj, versus the solute quadrupole (for
clarity the XS � 0:740 results have been omitted).
This representation of the results brings out some
interesting features. For a given XS value, the
curves for Q�S � 0:2 and Q�S � 0:5 essentially
overlap, and the curves for XS � 0:960 are a con-
stant amount below those for XS � 0:485. To be
completely consistent with the NMR experiments,
the curves should also be horizontal lines (the
constant distance between the sets of curves is
consistent, while the positive slope represents a
disagreement). The deviations for larger XS values
are most likely associated with the restructuring of
the solvent that eventually leads to the formation
of a smectic phase in some cases. The deviation
from the predicted horizontal line in F �ZZ�at solute�=
jQ�Sj is generally larger than the di�erence associ-
ated with solvent composition. This graph shows
dramatically the extent to which F �ZZ�at solute�

=jQ�Sj depends on the solute quadrupole, with the
sign of F �ZZ�at solute� usually being equal to the
sign of the solute quadrupole. The positive slope is
consistent with the energies given in Table 1, which
are all either negative or very close to zero, inde-
pendent of the signs of the quadrupoles involved.
In other words, the e�ect of the quadrupole±
quadrupole interaction is to modify in a subtle
manner the local distribution of particles around a
chosen particle such as to lower the quadrupole
contribution to the total energy.

In order to understand these results, it is inter-
esting to examine the e�ect that the interactions
between point quadrupoles have on local struc-
turing around the particles. An informative picture
is obtained by examining pairwise correlation
functions such as gSS0 �r�� and gSS0 �z��, and the
pairwise contribution to the quadrupolar energy,
U ��Q�

SS0 , where z� � z=r0. Such comparisons for the
XS � 0:500; Q�S � 1:0 system are presented in
Fig. 3. The top-left panel presents gSS�r��, the
radial distribution of the like S solvent particles

Fig. 2. Average electric ®eld gradient at the solute particle centre divided by the absolute value of solvent quadrupole, jQ�Sj, as a

function of solute quadrupole. The values for solutes with quadrupole moments Q�p, Q�q � ÿQ�p, and Q�o � 0 are all included.
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(dotted line shifted up by 0.4), and gSS0 �r��, the
radial distribution of particles of type S0 (negative
quadrupole) around particles S (positive quadru-
pole, solid line). At ®rst glance there appears to be
almost no di�erence in the distribution of the like
(SS) and unlike �SS0� particles around a particle S.
However, there are signi®cant (albeit small) dif-
ferences between the curves, and these are best
observed by examining the di�erence gSS0 �r��ÿ
gSS�r��, presented in the lower-left panel. It is
clearly seen that particle S0 has a preference for the
smallest possible r� value of 1.0 (one molecular
diameter, unlike quadrupoles attract each other
for a parallel side-by-side con®guration), while
particle S prefers a slightly larger r� value (like

quadrupoles repel each other for a parallel side-by-
side con®guration). In this context, it is interesting
to note that for very large like quadrupoles in this
GB potential, particles tend to form dimers. For
example, in a simulation using XS � XS0 � 0:495,
solvent quadrupole Q�S � 1:0, and 10 solute parti-
cles with quadrupole Q�p � 20, there are solute±
solute dimers formed that are described with
r� � 0:9, hp � hp0 � 58° and hpp0 � 22° (hp is the
angle between the long axis of particle p and r̂; hpp0

is the interparticle dihedral angle). In this case
particles with large quadrupoles have placed
themselves in a negative energy con®guration; the
low value for r� is indicative of the strength of the
quadrupole interactions between such large

Fig. 3. Correlation functions (gij�r�� and gij�z��) and quadrupolar energies U ��Q�ij �r�� for a simulation of a 500/500 mixture of particles

with quadrupole moments +1 and )1. The graphs are an average over 5 000 000 cycles of the system. The upper graphs show the

contributions to correlation functions and quadrupolar energies for ij � SS and ij � SS0 interactions, while the lower graphs for the

correlation functions are the di�erence between the two upper graphs, and for the quadrupolar energies are the sum of the two upper

graphs. We estimate the error to be within 10ÿ3. The SS graphs are o�set for clarity. S0S0 functions are equivalent to SS functions.
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quadrupoles. Angles for this con®guration are
probably similar to those associated with the fa-
vourable interactions between like quadrupoles in
Fig. 3 where the lower quadrupole±quadrupole
interaction energy leads to r� > 1:0.

Graphs for the comparison of gSS�z�� and
gSS0 �z�� are presented in Fig. 3 (centre panels), and
the preference for the like particles to slide a little
along the z axis, while the unlike particles favour
an adjacent alignment, is easily noted in the dif-
ference plot of the lower centre panel. The
favourable energy con®guration corresponding to
the shift for like particles compared to unlike is
noted in the radial energy distribution plots of the
right panels of Fig. 3. The summed plot of the
lower right panel emphasizes that the di�erent
signs associated with the energies of S±S and S±S0

interactions tend to cancel the quadrupolar con-
tribution to the energy at large r�; the negative dip
at small r� values emphasizes the attraction be-
tween unlike and the repulsion between like par-
ticles that leads to an excess of unlike pairs at small
r� values.

E�ects of the structuring caused by the quad-
rupole interaction can perhaps be more e�ectively
demonstrated in a two-dimensional plot of par-
ticle distribution as a function of both inter-
particle separation r� and cosine of the angle
between the interparticle axis and the director,
cos br, as presented in the di�erence plot Fig. 4
for the XS � 0:500; Q�S � 1:0 simulation. The ef-
fect of interactions between quadrupoles is evi-
dent in the preference for SS0 interactions at small
r� values with br � 90°, and the preference for
like interactions shown by the positive bump in
the graph.

In this study we have examined 3:1 ellipsoidal
GB particles, and have measured the F �ZZ at their
centres. As found in the previous simulations, the
presence of quadrupoles has essentially no e�ect
on the order parameter of solutes of the same di-
mension as the liquid crystal; however, large
quadrupoles do enhance orientational order.
Magic mixtures can be simulated as long as
both solvent and solute quadrupoles are kept
su�ciently small. For larger quadrupoles, the
simulations agree with the earlier ones that employ
hard-body ellipsoids [10]. Interactions between

particles that contain large quadrupoles lead to a
rearrangement of the surrounding quadrupolar
particles so as to lower the energy: this e�ect even
applies to particles with the same sign of Q�.
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