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Molecular dynamics study of mesophase formation
using a transverse quadrupolar Gay-Berne model
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The effect of the transverse electric quadrupole moment on the formation of liquid-crystal mesophases was
investigated by means of a computer-simulation study. A simple model of the molecular interaction employed
the addition of a transverse, point quadrupole to a Gay-Berne potential. The transverse quadrupole was seen to
raise the temperature of onset of the smectic phase. A large magnitude quadrupole stabilized the smectic-A
phase over the temperature range studied compared to a Gay-Berne reference fluid. The presence of a large
quadrupole stabilized cubic smectic phases rather than the more usual hexagonal smectic-B phases.
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I. INTRODUCTION

Computer simulation is proving increasingly useful as
technique to relate complex molecular characteristics to
perimental measurement and theoretical prediction of m
rial properties. The electrical and optical properties of liqu
crystals make them of considerable technological importa
@1# in applications such as piezoelectric transducers and n
linear optics. As such they have been the subjects of an
creasing number of simulation and theoretical studies, p
ticularly of polar liquid crystals.

There has been considerable interest in understan
which molecular features of liquid crystals influence the f
mation of nematic, smectic-A and smectic-C phases. Theo-
retical studies are divided as to whether smectic-C formation
is determined by dipole interactions@2–4#, by quadrupole
interaction@5,6#, by steric interaction@7–9#, or by different
mechanisms in different systems.

Recent extensive simulation studies of polar liquid cr
tals have employed a point dipole together with a mesoge
potential, either a hard potential~e.g.,@10–12#! or a potential
that has attractive and repulsive terms such as the Gay-B
potential ~e.g., @13,14#!. The magnitude, direction, whethe
longitudinal or transverse, and location of the dipo
whether central or terminal, have been shown to hav
marked effect on the local molecular correlations in t
smectic layers@10–14#.

Less attention has been paid to the effect of the elec
quadrupole moment on liquid crystal phase behavior. It
been shown to have a significant effect upon the thermo
namic and structural properties of liquid benzene@15# and
upon its crystal structure. The molecules in the crystal
semble with edge-to-face pairs as well as pairs in which
molecular disks are parallel but displaced in a face-to-f
arrangement@16#. The presence of longitudinal electric qu
drupoles in discotic liquid crystals was offered as an exp
nation to account for many of the features of chemica
induced mixtures, including disruption of the column
phase@17#. There have been several computer studies~e.g.,
@18,19#! of the phase diagrams of quadrupolar molecules
one study@18# the quadrupole was found to stabilize so
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structures, which are not close-packed monoclinic or pla
crystal but rather orthorhombic ora-N2 , depending on the
quadrupole magnitude. This agrees with experimental e
dence that nitrogen and oxygen molecules with a small qu
rupole moment freeze into a plastic crystal whereas acety
and carbon dioxide molecules with a large quadrupole m
ment freeze into ana-N2 structure. The halogens Cl2, Br2,
and I2 with an intermediate quadrupole value, freeze into
orthorhombic structure. In the second simulation study o
soft spherical model with a point dipole the addition of
linear quadrupole@19# was seen to raise the density of th
isotropic to nematic and nematic to solid phase transitio
another packing effect.

A recent simulation study by the authors of a system
prolate Gay-Berne particles with longitudinal quadrupo
@20# demonstrated that the formation of the smectic phas
sensitive to the magnitude of the quadrupole. Conditions o
fixed temperature and pressure were employed and nem
smectic-A, smectic-C and smectic-B phases were observed a
the quadrupole was reduced in magnitude. A smectiC
phase for a quadrupolar Gay-Berne fluid with different p
rameters has also been observed@21#.

Following on from this, the paper reported here inves
gates the effect of the addition of a transverse quadrup
upon the phase diagram of a Gay-Berne fluid and solid. T
paper in organized as follows. In Sec. II we describe
model. The details of the simulation are discussed in Sec
and the results are presented in Sec. IV with conclusion
Sec. V.

II. MODEL

The interaction between the molecules was modelled b
biaxial potential comprising an anisotropic Gay-Berne@22#
potential together with a transverse point quadrupole@23,24#,
located at the center of the prolate ellipsoid, and takes
form:

U* ~ ûi ,ûj ,v̂i ,v̂j , r̂ i j !5UGB* ~ ûi ,ûj , r̂ i j !1UQQ* ~ v̂i ,v̂j , r̂ i j !,
~1!

where
©2000 The American Physical Society06-1
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UGB* ~ ûi ,ûj , r̂ i j !54«~ ûi ,ûj , r̂ i j !

3F S s0

r 2s~ ûi ,ûj , r̂ i j !1s0
D 12

2S s0

r 2s~ ûi ,ûj , r̂ i j !1s0
D 6G ~2!

and

UQQ* ~ v̂i ,v̂j , r̂ i j !5
3Qi* Qj*

4r 5 @112~ v̂i• v̂j !
225~ r̂ i j • v̂i !

2

25~ r̂ i j • v̂j !
2220~ v̂i• v̂j !~ r̂ i j • v̂i !~ r̂ i j • v̂j !

135~ r̂ i j • v̂i !
2~ r̂ i j • v̂j !

2#. ~3!

Here r i j is the vector linking the centers of mass of the tw
molecules,ûi and ûj are unit vectors along the molecula
axes of symmetry, andv̂i andv̂j are unit vectors perpendicu
lar to the molecular axes of symmetry.Qi* andQj* represent
the quadrupole moments of moleculesi and j, where Qi*
@5Qi /(4p«0P0s0

5)1/2# is the dimensionless moment an
P0 is the permittivity of free space. The streng
«(ûi ,ûj , r̂ i j ) and ranges(ûi ,ûj , r̂ i j ) anisotropy functions of
the Gay-Berne potential are defined in the Appendix. F
lowing previous studies@25–27# the exponents are assigne
the valuesm52, y51 and the ratio of the end-to-end t
side-to-side well depths«e /«s50.2. The shape anisotropy
given by the ratio of separations whenUGB50 for molecules
in the end-to-end and side-to-side configurations was
signed the valuese /ss54. This includes a region of stabil
ity for the smectic-A as well as the smectic-B phase@27# for
a Gay-Berne fluid. Utilizing parameters from a study ma
ping the Gay-Berne potential on top-terphenyl@28# we set
s053.65310210m and«0 /k54302 K. The quadrupole mo
ment for benzene has been measured to be23.0
310239C m2 @29#. This leads to an estimate ofQ* of 20.44
for benzene. It is difficult to assess the appropriate value
the quadrupole and in this simulation study a wide range
values ofQ* of 21.0, 20.5 and20.1 were utilized. Mag-
nitudes ofQ* of 0.1 and 0.05 were used in a recent study
mixtures of quadrupolar Gay-Berne discs@17#, overlapping
with the range of magnitudes considered here.

Figure 1 shows potential-energy contours for parallel p
ticles interacting via the total potential for values ofQ* of
20.1, 20.5, and21.0 as a function of their separation an
orientation with respect to the intermolecular vectorr i j , for
fixed ûi•ûj , v̂i• v̂j , v̂i•ûi , andv̂j•ûj . The shape of the mol
ecules may be defined as the closed contour correspondi
the change in potential energy from positive to negati
Since the quadrupolar contribution depends on the separa
between the particles, it has its greatest contribution, whe
positive or negative, when the molecules are in the side
side configuration. Whilev̂i•ûi5 v̂j•ûj50.0 for a transverse
quadrupole andûi•ûj51.0 for parallel particles, there ar
three possible combinations forv̂i and v̂j in which v̂i• v̂j
51.0 or 0.0:~a! parallel to each other andr̂ i j ∧ûj with v̂i
• v̂j51.0, ~b! parallel to each other and perpendicular
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r̂ i j ∧ûj with v̂i• v̂j51.0, and~c! one parallel tor̂ i j ∧ûj and one
perpendicular tor̂ i j ∧ûj with v̂i• v̂j50.0.

In ~a! the quadrupoles remain parallel to one another w
varying r i j , whereas in~b! they vary from end-to-end to
side-to-side configurations, and in~c! the quadrupoles re
main in a ‘T’ or cross configuration. The quadrupole pote
tial favors the ‘T’ configuration with negative interaction en
ergy. The end-to-end, cross and side-to-side interactions
have positive interaction energy. Figure 1~d! shows a refer-
ence Gay-Berne interaction for comparison purposes. F
ures 1~c!~i–iii ! show the effect of the addition of transvers
quadrupoles in the ‘T’ configuration for various magnitude
of Q* . The central energy minimum is deepened with
creasingQ* compared to the Gay-Berne potential without
quadrupole. This is illustrated by the closer spacing of
potential-energy contours in 1~c!i with Q* 521.0 compared
to 1~c!ii with Q* 520.5; little effect is seen forQ* 5
20.1. Figures 1~b!~i–iii ! illustrate the effect of the addition
of the positive end-to-end and side-to-side interaction of
transverse quadrupoles. The central energy minimum is
duced in all cases and replaced with two energy mini
displaced parallel to the major axis of the molecules. F
Q* 521.0 the positive contribution of the quadrupole r
places the central minimum with a small central positi
potential indicated by the innermost contour. The effect
the side-to-side and end-to-end contributions of the quad
poles when perpendicular tor̂ i j ∧ûj is less marked than whe
parallel as seen in Figures 1~a!~i–iii !. With Q* 521.0 the
central minimum is replaced with two minima displaced p
allel to the major axis, howeverQ* 520.5 and20.1 merely
reduced the depth of the central minimum. The biaxial nat
of the combined potential favors the ‘T’ configurations illus-
trated in Figs. 1~c! with differing effects on the final solid
structure, and we will return to this in the discussion of t
results.

III. MOLECULAR-DYNAMICS SIMULATIONS

Simulation studies reported here were undertaken in
isothermal-isobaric ensemble~NPT! for systems ofN5500
particles in a cubic box. Periodic boundary conditions we
employed and all simulations were undertaken at a redu
pressureP* (5Ps0

3/«0) of 2.0. NPT studies to enable struc
tures formed within the box to adjust so that they are co
mensurate with their periodic boundary images and are
artifacts of the boundary conditions. A reduce
pressure of 2.0 was selected since at higher pressure
nematic phase is stable@27#. A reduced time step
Dt* @5Dt(ms0

3/«0)# of 0.0075 was employed together wit
a cutoff of 5.5s0 and a list radius of 5.8s0 . Further details
of the molecular-dynamics technique are provided elsewh
@20#.

The starting point for theuQ* u51.0 simulations was an
isotropic Gay-Berne fluid withuQ* u50.0. The magnitude of
Q* was increased to 1.0 atT* (5kBT/«0) of 5.5 and the
system equilibrated for a sufficient period to determine tha
was an isotropic state point. Each starting configuration w
taken from the previous temperature and the temperature
lowered in steps of 0.5 until it reachedT* 51.0, and then
6-2
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FIG. 1. Potential-energy contours calculated for parallel molecules interacting via the Gay-Berne potential (ûi•ûj51.0) together with an
additional transverse quadrupole for~a! the quadrupoles parallel to each other andr̂ i j ∧ûj with v̂i• v̂j51.0,~b! the quadrupoles parallel to eac
other and perpendicular tor̂ i j ∧ûj with v̂i• v̂j51.0, and~c! one quadrupole parallel tor̂ i j ∧ûj and one perpendicular tor̂ i j ∧ûj with v̂i• v̂j

50.0; for ~i! Q* 521.0, ~ii ! Q* 520.5, and~iii ! Q* 520.1, and for~d! a reference Gay-Berne fluid.
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finally lowered to 0.9. Extremely long equilibration runs
up to 1.53106 steps were undertaken where required in
regions where a phase transition was occurring to al
metastable states to equilibrate. A similar procedure was
dertaken for the quadrupolar Gay-Berne fluids withuQ* u of
0.5 and 0.1. Cooling was undertaken through a more lim
range of temperatures before a crystal phase was obtain
the latter two cases.

In order to provide a comparison with a system w
01170
e
w
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d
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uQ* u50.0, an isotropic configuration atT* 52.0 obtained
from previous work was taken as a starting point and
system cooled toT* 51.0 in steps of 0.1.

Analysis of the orientational structure was undertaken
use of the second rank order parametersQ20

2 andQ22
2 evalu-

ated using theQ tensor defined by

Qab5
1

N (
i 51

N 3ui
aui

b2dab

2
, ~4!
6-3
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FIG. 1 ~Continued!.
e

r

le
whereui
a is the a component of the unit vector along th

symmetry axis of the moleculei. Q20
2 was defined as the

ensemble average of the largest eigenvalue of theQ tensor
@30# and the director as the corresponding eigenvectoê.
Taking this as the laboratoryZ direction the biaxial ordering
was calculated following the method outlined in Ref.@31#
from

Q22
2 5 K 1

2
~11cos2 u!cos 2f cos 2c2cosu sin 2f sin 2c L ,

~5!
01170
whereu, f andc are the Euler angles of a typical molecu
with respect to the laboratory axes.

Additionally the radial distribution functiong(r * ) and the
longitudinal and transverse pair distribution functionsgi(r i* )
andg'(r'

* ) were calculated:

g~r * !5
V

N2 K (
i

(
j Þ i

d~r2r i j !L , ~6!

gi~r i* !5
V

N2 K (
i

(
j Þ i

dU@~r2r i j !•ê#U L . ~7!
6-4
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FIG. 1 ~Continued!.
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A spherical cutoff was used forg(r * ) while a cylindrical
volume was used forgi(r i* ) andg'(r'

* ) with the axis of the
cylinder along the system directorê, and r i* and r'

* <r max.
This enables the correlation between particles in adjac
layers to be considered ingi(r i* ) and g'(r'

* ) and removes
the weighting towards particles in the same layer.

IV. RESULTS AND DISCUSSION

Here the results are presented in two parts. In the first
the results for the quadrupolar fluid withQ* 521.0 are pre-
01170
nt

rt

sented followed in the second part by those for the flu
with Q* 520.5 and20.1.

A. Quadrupolar Gay-Berne rods with Q*ÄÀ1.0

The variation in order parametersQ20
2 andQ22

2 as the sys-
tem was cooled in shown in Fig. 2~a! and the corresponding
variation in density is shown in Fig. 2~b!. In order to provide
a comparison with a Gay-Berne reference system with z
quadrupole, variations of the order parameterQ20

2 and of
density for this reference fluid are shown in the same figu
Brown et al., @27# identified an isotropic phase, a narro
6-5
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nematic region, and a smectic-A and a smectic-B region for a
Gay-Berne fluid with an elongation ofse /ss54.0. Two
state points taken from their study~Table I! were found to
agree closely with the results of the simulation of the ref
ence fluid reported here. The state point atT* 51.5 was just
above the isotropic-nematic transition.

The phases of the reference fluid for a fixed pressure
P* 52.0 can be distinguished by examining the order para
eters and distribution functions. The Gay-Berne refere
fluid exhibits an ordered phase atT* of 1.460.1 when the
order parameterQ20

2 increases to 0.738. The phase was id

FIG. 2. The dependence of~a! orientational order parameters
and ~b! density as a function of scaled temperatureT* for quadru-
polar Gay-Berne rods withuQ* u of 1.0(nQ20

2 ;lQ22
2 ),uQ* u of

0.5(Q20
2 s) and uQ* u of 0.1(Q20

2 h) and for the nonpolar referenc
system~1!. Two results labeled by3 are additional results referre
to in the text.

TABLE I. State points for reference Gay-Berne fluid. The r
sults labeledD were obtained from Ref.@27# by Monte Carlo tech-
niques.

Pressure,
P*

Density,
r*

Order Parameter,
Q20

2
Temperature,

T*

2.0 D 0.1828~1! 0.201~2! 1.5
2.0 0.1894~20! 0.24~4! 1.5
2.0 D 0.1638~1! 0.070~2! 2.0
2.0 0.1649~20! 0.06~2! 2.0
01170
-

of
-
e

-

tified as nematic from the distribution functions in Fig. 3~a!–
~c!. The orientationally averaged pair distribution functio
g(r * ) in Fig. 3~a! shows liquidlike behavior and there is n
structure apparent ing'(r'

* ) andgi(r i* ). A smectic-A phase
has been established at a temperature ofT* 51.3 since oscil-

FIG. 3. ~a! Pair distribution functions,~b! longitudinal pair dis-
tribution functions gi(r i* ), and ~c! transverse pair distribution
functions g'(r'

* ) for the Gay-Berne reference system with ze
quadrupole at a number of different temperatures~labeled on the
plots!.
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lations can be seen in the longitudinal pair distribution fun
tion gi(r i* ) in Fig. 3~b! but the behavior ofg'(r'

* ) in Fig.
3~c! remains liquidlike. A third transition to a smectic-B
phase is seen at temperatures less than 1.2 as indicated b
onset of additional transverse ordering shown in Fig. 3~c! for
T* 51.0. At the same time, structural features became ap
ent in the pair distribution functiong(r * ) @Fig. 3~a!# with a
split in the second peak atr * '2.0 and 2.3 characteristic o
the second- and third-shell neighbors in a smectic-B phase.
Crystal and hexatic variants of the smectic-B phase are dis-
tinguished by long-range and quasi-long-range positional
der but the size of the simulation is such that no distinct
can be made between the two.

The quadrupolar system exhibits an isotropic phase
T* 55.060.5 but undergoes a weak first-order transition in
an ordered phase atT* 54.560.5. This is indicated by a
discontinuity in the density and an increase in the order
rameterQ20

2 to 0.786. It is apparent that the presence of
quadrupole has a marked effect on the temperature of
transition to an ordered phase, raising it considerably.
phase is identified as nematic since no oscillations are es
lished ingi(r i* ) andg'(r'

* ) remains liquidlike as shown in
Fig. 4~b! and 4~c!, respectively. The transition occurs at
higher density of 0.2325~1! in the quadrupolar fluid com
pared to 0.2074~1! for the reference fluid. This agrees wit
the trend@19# shown in the simulation of a soft spheric
dipolar fluid on the addition of a quadrupole. The side-
side configuration for quadrupoles effectively occupies
higher volume because of the central maximum and m
account for this trend. As the temperature is lowered
smectic-A phase is clearly established in the temperat
range from 4.0 to 1.5. Pronounced oscillations are seen in
longitudinal distribution functiongi(r i* ) shown in Fig. 4~b!.
The amplitude of the oscillations remains constant over
temperature range. The transverse pair distribution func
g'(r'

* ) also remains liquidlike over this extended regi
@Fig. 4~b!#. Thus the region is identified as an extend
smectic-A phase.

When the temperature is lowered to 1.0 the onset of or
in the transverse pair distribution function occurs, as sho
in Fig. 4~c!. At the same time structural features beca
apparent in the pair distribution functiong(r * ) @Fig. 4~a!#. In
this case the second- and higher co-ordination shells are
dicated by a second peak atr * '1.6 and a split third peak a
r * '2.222.3. This pattern is characteristic of cubic rath
than hexagonal packing. Figure 5~a! illustrates a plan view of
the vectorsv̂i acting through the centers-of-mass of the m
ecules and perpendicular to the molecular axes of symm
ûi . It is apparent that the quadrupolar fluid has a final cu
structure in comparison to the more usual hexagonal st
ture. The structure of cubic packing allows the transve
quadrupoles to form in-plane ‘T’ configurations, with fa-
vored negative interaction energy. The proposed structur
illustrated in a plan view in Fig. 5~b! looking down the major
axis of the particles. It comprises two subcells of lattic
with alternating quadrupoles in ‘T’ configurations. Overall
the structure then has net zero biaxiality in a given plane
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no significant overall biaxiality was observed for any of t
phases of the quadrupolar fluid.

At present few compounds@32,33# are known to exhibit a
cubic lattice and little is known about the detailed molecu
arrangement. They should probably be labeled ‘D’ rather
than smectic-‘D’ if the phase has overall cubic symmetr
Some compounds@32# have a strong, lateral ring-NO2 or CN

FIG. 4. ~a! Pair distribution functions,~b! longitudinal pair dis-
tribution functionsgi(r i* ), and~c! transverse pair distribution func
tions g'(r'

* ) for the quadrupolar Gay-Berne system with quad
pole Q* 521.0 at a number of different temperatures~labeled on
the plots!.
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dipole and associated quadrupole that may be critical in
termining the structure.

The simulation results indicate that a large transve
quadrupole has a dramatic effect on the stability of
smectic-A phase formed by the Gay-Berne fluid and sta
lizes a final cubic lattice allowing the formation of ‘T’ ar-
rangements of quadrupoles in-plane. In contrast the side
side configuration shows a marked change in shape of
zero contour. Figures 1~b!~i! illustrates the replacement o
the central minimum with a central maximum and two ad
cent minima, and hence the side-to-side arrangement of
drupoles is strongly disfavored as an in-plane configurat

B. Quadrupolar Gay-Berne rods with Q*ÄÀ0.5 andÀ0.1

The variation in order parameterQ20
2 as the weakly qua-

drupolar fluid systems were cooled is shown in Fig. 2~a! and
the corresponding variation in density is shown in Fig. 2~b!.
They both exhibit an isotropic phase atT* 55.560.5 but
undergo a first-order transition into an ordered phase atT*
54.560.5 andT* 55.060.5, for uQ* u of 0.5 and 0.1, re-
spectively. This is indicated by a discontinuity in the dens

FIG. 5. ~a! A typical configuration of a plan view of the vector
v̂i acting through the centers-of-mass of the molecules and per
dicular to the molecular axes of symmetryûi for the quadrupolar
Gay-Berne system with quadrupoleQ* 521.0 atT* 51.0; ~b! A
plan view down the major molecular axes of a proposed struc
for the arrangement of quadrupoles within a plane.
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FIG. 6. ~a! Pair distribution functions,~b! longitudinal pair dis-
tribution functionsgi(r i* ), and~c! transverse pair distribution func
tions g'(r'

* ) for the quadrupolar Gay-Berne system with quad
pole Q* 520.1 and20.5, at a number of different temperature
~labeled on the plots!.
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MOLECULAR DYNAMICS STUDY OF MESOPHASE . . . PHYSICAL REVIEW E 63 011706
and an increase in the order parameterQ20
2 to 0.97660.01

and 0.99760.001, respectively. It is apparent that the pre
ence of the weaker quadrupoles still considerably raises
temperature of the transition to an ordered phase. A n
generic Corner potential@34#, which generates a shape anal
gous to a uniaxial shape generated from Figs. 1~b!~i! or ~ii !
by rotation about the major axis also leads to a considera
rise in temperature of the onset of ordered mesophases.
disfavored side-to-side quadrupole configuration in combi
tion with the favored ‘T’ quadrupole configuration may be
influencing this transition. The side-to-side configuration
fectively occupies a higher volume at any given temperat
because of the central maximum, thus tending to a hig
temperature of onset of order. It is interesting to note that
thermotropic liquid crystals contain aromatic groups w
transverse quadrupoles, and that polar groups are prese
lyotropic liquid crystals such as the tobacco mosaic virus

Both systems undergo a transition into a highly order
system with hexagonal packing. This is apparent from
structural features in the pair distribution functiong(r * )
@Fig. 6~a!#. A split is seen in the second peak atr * '2.0 and
2.3, characteristic of the second- and third-shell neighbor
a smectic-B phase and similar to the lattice occupied by t
reference nonpolar fluid. It is apparent from Figs. 6~b! and
6~c! that no nematic or smectic-A phase is present, unlike th
reference Gay-Berne fluid or the strongly quadrupolar G
Berne fluid.

V. CONCLUSIONS

We have performed a study of the effect of the magnitu
of a transverse quadrupole upon the mesophase formatio
a quadrupolar Gay-Berne fluid. We have studied the effec
a range of quadrupole magnitudes similar to that seen
groups commonly found in liquid crystal molecules. W
have found that the presence of a quadrupole increases
temperature of onset of the nematic and smectic phase
large magnitude quadrupole stabilizes the smectic-A phase
and influences the final crystal structure forming a cu
rather than the more usual hexagonal structure. The qua
polar fluid effectively occupies a larger volume than t
equivalent reference fluid since the side-to-side quadrup
configuration is strongly disfavored.
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APPENDIX

The strength anisotropy function,

«~ ûi ,ûj , r̂ i j !5«0«1
n~ ûi ,ûj !«2

m~ ûi ,ûj , r̂ i j ! ~A1!

Here the powersm andn are adjustable exponents and«0 is
a constant.

The first component of«,

«1~ ûi ,ûj !5@12x2~ ûi•ûj !
2#21/2 ~A2!

and the second,

«2~ ûi ,ûj , r̂ i j !5F12
x8

2 H ~ r̂ i j •ûi1 r̂ i j •ûj !
2

11x8ûi•ûj

1
~ r̂ i j •ûi2 r̂ i j •ûj !

2

12x8ûi•ûj
J G . ~A3!

The parameterx8, is given by

x85@12~«e /«s!
1/m#/@11~«e /«s!

1/m# ~A4!

and reflects the anisotropy in the attractive forces wh
«e /«s is the ratio of the end-to-end and side-to-side w
depths.

The orientation dependent range parameter,

s~ ûi ,ûj , r̂ i j !5s0F12
x

2 H ~ r̂ i j •ûi1 r̂ i j •ûj !
2

11xûi•ûj

1
~ r̂ i j •ûi2 r̂ i j •ûj !

2

12xûi•ûj
J G21/2

. ~A5!

Herex is given by

x5@~se /ss!
221#/@~se /ss!

211# ~A6!

and reflects the shape anisotropy, wherese /ss is the ratio of
separations whenUGB50 for the molecules in the end-to
end and side-to-side configurations. For prolate ellipso
considered heres05ss .
.
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