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Microscopic structure and dynamics of a partial bilayer smectic liquid crystal
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Cyanobiphenyls~nCB’s! represent a useful and intensively studied class of mesogens. Many of the peculiar
properties of nCB’s~e.g., the occurence of the partial bilayer smectic-Ad phase! are thought to be a manifes-
tation of short-range antiparallel association of neighboring molecules, resulting from strong dipole-dipole
interactions between cyano groups. To test and extend existing models of microscopic ordering in nCB’s, we
carry out large-scale atomistic simulation studies of the microscopic structure and dynamics of the Sm-Ad

phase of 4-octyl-48-cyanobiphenyl~8CB!. We compute a variety of thermodynamic, structural, and dynamical
properties for this material, and make a detailed comparison of our results with experimental measurements in
order to validate our molecular model. Semiquantitative agreement with experiment is found: the smectic layer
spacing and mass density are well reproduced, translational diffusion constants are similar to experiment, but
the orientational ordering of alkyl chains is overestimated. This simulation provides a detailed picture of
molecular conformation, smectic layer structure, and intermolecular correlations in Sm-Ad 8CB, and demon-
strates that pronounced short-range antiparallel association of molecules arising from dipole-dipole interactions
plays a dominant role in determining the molecular-scale structure of 8CB.

DOI: 10.1103/PhysRevE.64.051703 PACS number~s!: 61.30.2v,64.70.Md
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I. INTRODUCTION

Liquid crystals~LC’s!, broadly defined as state of matt
intermediate between crystalline solid and isotropic liqu
are fascinating materials both from a fundamental and
applied point of view@1#. Due to their rich phase behavio
resulting from the delicate interplay of fluidity and self org
nization, LC’s play an important role in biological system
~for example, lipid membranes! and in technological appli-
cations, in particular electro-optic displays~utilizing nematic
and, more recently, ferroelectric LC’s@2#!. Despite its key
importance for the synthesis of LC materials having optim
properties for specific technological applications, the re
tionship of macroscopic properties to molecular structure
microscopic organization is poorly understood. This
mainly due to the extreme sensitivity of the LC properties
small changes in the molecular architecture, itself a con
quence of the intricate interplay of a variety of energetic a
entropic effects responsible for the spontaneous formatio
mesophases.

Due to the rapid growth in available computer power,
well as the development of efficient algorithms, Monte Ca
~MC! and molecular dynamics~MD! simulations of chemi-
cally realistic molecular models hold considerable prom
for investigating the microphysics of LC’s and for illumina
ing the relationship between molecular architecture and m
roscopic behavior. Owing to the technical challenges ass
ated with atomistic simulation of LC’s, however, there ha
been only a relatively limited number of atomistic simulati
studies of thermotropic LC’s@3–26#. The quality of these
studies varies widely, and whether or not specific stud
meet the criterion of ‘‘chemical realism’’ is debatable. A
early reported atomistic simulation of a thermotropic LC@3#
was of total duration 60 ps, far too short a time to equilibr
even a small sample@26#. Subsequent work has focused o
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the development of improved molecular models and on
simulation of larger systems over greater spans of time.

The main fundamental obstacle to the quantitative mod
ing of LC phases is the need for highly accurate models
molecular interactions, due to the sensitivity of LC propert
to details of molecular structure. The central aims of t
paper are to develop and validate the computational in
structure for achieving realistic modeling of LC materia
and to test methodologies for deriving suitable interact
potentials for LC’s. For this purpose, a well-studied expe
mental system is needed to check the quantitative predic
capabilities of our approach for specific LC compounds.

The partial bilayer phase (Sm-Ad) of a of 4-octyl-
48-cyanobiphenyl~8CB! as been chosen for this study b
cause it is the prototypal partial bilayer smectic. The lay
spacing of a partial bilayer smectic is intermediate betwe
that of a monolayer smectic (d; l , wherel is the molecular
length! and a bilayer smectic (d;2l ). The layer spacing is
d531.432 Å atT524°C @27#, which is approximatively 1.4
times the fully extended molecular length of 22.1 Å, andd
increases with increasing temperature, in contrast to m
monolayer SmA materials. In fact, the Sm-Ad phase of 8CB
is the ‘‘fruit fly’’ of smectic LC science, being undoubtedl
the most studied smectic phase.

The chemical structure and phase diagram of 8CB
shown in Fig. 1. The most notable feature of the chemi

FIG. 1. Chemical structure and phase diagram of 8CB.
©2001 The American Physical Society03-1
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structure of 8CB is the terminal cyano group, which po
sesses a large dipole moment (4.05 D!. The microscopic
structure of Sm-Ad 8CB is often represented by cartoo
such as that shown in Fig. 2~see also@28#!, in which the
smectic layers consist of two well-defined and strongly int
digitated polar sublayers with oppositely oriented termi
dipoles. The substantial interdigitation shown in such c
toons ~that leads tod,2l ) is thought to be due to dipole
dipole or dipole-induced dipole interactions, which tend
place terminal dipoles next to one another~and antiparallel!
or to place terminal dipoles next to the highly polarizab
biphenyl group. One objective of this paper is to move o
conceptual understanding of the microscopic structure
partial bilayer smectics beyond the cartoon stage. We
particularly interested in learning whether we are capable
modeling 8CB at a sufficient level of physical realism
reproduce the experimental layer spacing. This represen
sensitive test of the interaction potential employed in
simulation, and constitutes a zero-order requirement
quantitative atomistic simulation of smectics.

The paper is organized as follows: In Sec. II, we disc
the methodology of the simulation with a special empha
on the development of interaction potentials. In Sec. III,
present the results of the large-scale MD simulation o
chemically realistic~atomistic! model of 8CB in the Sm-Ad
phase. A direct comparison with experimental measurem
on this system is presented, and a detailed picture of
microscopic organization and dynamical properties of 8
in the smectic phase are developed. In Sec. IV, we sum
rize our results and discuss future work aimed at more s
tematic studies of LC behavior.

II. METHODOLOGY

A. Interaction potential

The 8CB molecule is represented by spherically symm
ric interaction sites. A hybrid representation is used in wh
hydrogen atoms in the alkyl tail are absorbed into carb
atoms~methyl and methylene groups are treated as effec
atoms! while hydrogen atoms in phenyl rings are kept expl
itly in order to reproduce the geometry and charge distri
tion in a realistic way. This choice is based on the empiri
observation that implicit-hydrogen models are able to rep
duce many of the thermophysical properties of liquid alka

FIG. 2. Schematic representation of the microscopic structur
8CB, in which each smectic layer consists of two interdigita
polar sublayers. 8CB molecules are depicted as arrows, with
terminal cyano group corresponding to the head of the arrow.
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reasonably accurately@29,30# while implicit-hydrogen mod-
els for benzene perform poorly@31–33#.

Intra- and intermolecular interaction potentials are deriv
using a combination ofab initio and empirical information
~for a more detailed review, see@34#!. As we are mainly
interested in the statistical mechanics of 8CB and not
spectroscopic properties, we choose a simple interaction
tential of the form:U(rN)5Ustr1Ubend1U tors1U inv1Uvdw
1Ucoul. The first four terms decribe intramolecular intera
tions, with Ustr, Ubend, U tors, and U inv representing bond
stretching, bond-angle bending, dihedral torsion, and ‘‘i
proper’’ dihedral interactions, respectively. The last tw
terms describe intermolecular interactions, withUvdw and
Ucoul representing van der Waals and Coulombic inter
tions, respectively. These contributions to the total poten
are defined as

Ustr5 (
bonds

i j

1

2
kr~r i j 2r eq!

2, ~1!

Ubend5 (
angles

i jk

1

2
ku~u i jk2ueq!

2, ~2!

U tors5 (
dihedrals

i jkl

(
n50

6

cnf cosnf i jkl , ~3!

U inv5 (
umbrellas

i jkl

kc~cosceq2cosc i jkl !
m m5H 1, ceq50

2, ceqÞ0,

~4!

Uvdw5(
i , j

8 4e i j F S s i j

r i j
D 12

2S s i j

r i j
D 6G , ~5!

Ucoul5(
i , j

8
qiqj

r i j
. ~6!

The primes on the sums in Eqs.~5! and ~6! indicate that
1-2, 1-3, and 1-4 intramolecular nonbonded interactions
excluded from the sums. The internal coordinatesr i j , u i jk ,
f i jkl , andc i jkl are defined by

r i j 5ur i j u5ur j2r i u, ~7!

u i jk5cos21F2
r i j •r jk

r i j r jk
G , ~8!

f i jkl 5cos21F ~r i j 3r jk!•~r jk3r kl!

ur i j 3r jkuur jk3r klu
G , ~9!

c i jkl 5sin21F r i j •~r ik3r i l !

r i j ur ik3r i l u
G , ~10!

wherer i j is the distance between atomic sitesi and j, u i jk is
the angle between bondsi j and jk andf i jkl is the dihedral
torsional angle aroundjk of bondsi j andkl. c i jkl measures

of

he
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MICROSCOPIC STRUCTURE AND DYNAMICS OF A . . . PHYSICAL REVIEW E64 051703
the angle betweenr i j and the plane defined byr ik andr i l for
three-coordinated atomsi. To retain a symmetric form for
the inversion potential, the total inversion potential for
three-coordinated atomi is taken to be the average of thre
umbrella torsion terms, corresponding to the three poss
choices of the unique bondr i j . Finally, the total rotational
potential about a bond is taken to be the sum of potentials
all distinct dihedral angles about the bond, divided by
number of dihedrals. Both of these conventions are borrow
from the Dreiding II force field@35#.

The remaining step in building the molecular model
fixing the interaction parameters. These parameters nee
be provided for every distinct combination of atom type
We must specify distinct atom types to account for sign
cant variations in geometrical parameters, torsional po
tials, etc., among chemically distinct compounds. The at
types used in the present study are given in Table I. T
derivation of parameters for 8CB is described in t
Appendix.

B. Simulation methodology

We carried out a 8.06 nsNPT ~constant particle number
constant pressure, and constant temperature! MD simulation
of a system containing 100 8CB molecules, atP51 atm and
T5290 K, followed by a 2 nsNVT ~constant particle num
ber, constant volume, and constant temperature! MD simula-
tion. Most thermodynamic averages presented below w
computed from the 2 nsNVT simulation. Note that the simu
lation is performed at a temperature slightly below t
crystal–Sm-Ad transition. Preliminary simulations indicate
that the Sm-Ad– N transition temperature for our model
shifted downward with respect to the experimental value~the
equilibrium mass density for the simulated system is a
lower than the experimental mass density at the same
perature!, so we carried out our simulations at a temperat
slightly below the Sm-Ad phase range to ensure stable sm
tic ordering.

We utilize a highly optimized multiple-timestep MD
(r -RESPA! @36,37# scheme with five distinct intervals o
force evaluation, corresponding to bond stretching~0.417 fs!,
bond-angle bending~0.833 fs!, dihedral torsion, and out-of
plane bending~1.667 fs!, short-range nonbonded~5 fs! and
long-range nonbonded interactions~10 fs!. The weak-
coupling algorithm of Berendsenet al. @38# was used to
maintain constant temperature and pressure~for NPT MD!.

TABLE I. Atom types.

Atom type Description

H_ Hydrogen
C_33 sp3 carbon with three implicit hydrogen
C_32 sp3 carbon with two implicit hydrogens
C_R Resonant carbon~in phenyl!
C_RB Bridging resonant carbon in biphenyl
C_1 sp1 carbon
N_1 Nitrogen
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As mentioned in the previous section, methylene (CH2)
and methyl (CH3) groups were treated as effective atom
~i.e., single spherically symmetric interaction sites!, but full
atomic detail is employed otherwise. In particular, hydroge
attached tosp2-hybridized carbons in the phenyl rings we
included explicitly. However, we set the hydrogen ma
equal to that of carbon in this case, to avoid introducing
distinct timestep for fast intramolecular vibrational mod
involving hydrogen. This has no effect on the equilibriu
distribution, but does modify the dynamics. Specifically, t
use of ‘‘heavy’’ hydrogens modifies the intramolecular v
brational spectrum~which is not accurately reproduced b
our simple force field in any case! and, more importantly,
slightly modifies the overall timescale of the dynamics.

Long-range Coulomb interactions were evaluated to h
accuracy using the particle-mesh Ewald~PME! method
@39,40#, and a standard long-range correction for van d
Waals interactions@41# was employed to account for pa
interactions beyond the real-space interaction cutoff of 10
The PME technique, which is derived from the convention
Ewald method@42,43#, makes use of the fast fourier tran
form ~FFT! to efficiently compute the long-range part of th
electrostatic interaction. The resulting PME algorithm is
order O(M LogM ).O(M ), where M is the number of
charged sites, which must be compared to the optimi
Ewald method that scales asO(M3/2) @44,45#. We used in
this study a highly optimized version of the PME with
relative accuracy of 1024.

A bilayer (Sm-A2–like! initial condition, shown in Fig.
3~a!, is used, with perfect polar ordering of 8CB molecul
within each half of the bilayer. As can also be seen from t
figure, a rather unusual placement of smectic layers wit
the unit cell is employed, in which each bilayer connects
the adjacent bilayer across the periodic boundaries. Thu
reality, there is only a single continuous smectic bilay
present in the system. This is done to promote homogen
of ordering within each distinct smectic sublayer and
minimize finite-size artifacts related to the effective co
straint of a constant number of molecules per smectic s
layer ~the timescale for permeation of molecules betwe
smectic layers is long compared with the timescale of

FIG. 3. Initial ~a! and final ~b! configurations from a 8.06 ns
NPT MD simulation of 8CB in the Sm-Ad phase.
3-3
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YVES LANSAC, MATTHEW A. GLASER, AND NOEL A. CLARK PHYSICAL REVIEW E64 051703
simulation!. In this situation, a monoclinic unit cell must b
employed if ordinary periodic boundary conditions are us
~i.e., if one wishes the cell edge vectors to be Bravais lat
vectors!. Alternatively, one could employ an orthorhomb
unit cell, with shifted periodic boundary conditions.

III. RESULTS

The final configuration of theNPT simulation~after 8.06
ns! is shown in Fig. 3~b!. Although smectic layering is stil
apparent, the organization of the layers is quite complex
fairly disordered, bearing essentially no resemblance to
cartoon of Fig. 2. The essential question is: how faithfu
representation of the microscopic organization of the SmAd
phase of 8CB is this? To begin to answer this question,
have compared the properties of the simulated system
experiment.

Before doing so, however, we need to verify that t
simulated system is equilibrated. In Fig. 4, we have plot
several instantaneous thermodynamic and structural pro
ties as a function of time over the course of theNPT simu-
lation. These include the mass densityr, the potential energy
U, and the eigenvalues of the instantaneous nematic orde
tensorQ. The ordering tensor is defined as

Qab5
1

N (
i 51

N S 3

2
uiauib2

1

2
dabD , ~11!

whereui is a unit vector coincident with the instantaneo
long axis of moleculei ~defined as the minimum-momen
principal axis of the molecular inertia tensor!, a,b5x,y,z,
and the sum ranges over allN molecules. The largest eigen
value of the ordering tensor defines the nematic order par
eterS, and the corresponding eigenvector defines the nem
director n @46#. All quantities appear to have reached

FIG. 4. Time evolution of mass densityr ~a!, potential energyU
~b!, and eigenvalues of the nematic ordering tensorQ ~c!, over the
duration of an 8.06 nsNPT MD simulation of 8CB.
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steady state by the end of theNPT simulation, aside from a
slight decrease in the nematic order parameter over the la
ns of the simulation. The layer spacingd, shown in Fig. 5,
shows a more significant long-term variation, although it
approximately constant for the last 2 ns of theNPT simula-
tion.

The average layer spacing for the last 2 ns of theNPT
simulation is^d&531.9 Å, in good agreement with the me
sured layer spacing ofdexp531.432 Å atT524 °C @27#. The
average simulated mass density,r51.018 g/cm3, is also
quite close to the experimental density ofrexp51.027 g/cm3

at T528 °C @47#.
It is particularly useful to compare the results of the 2

NVT simulation with experimental measurements that pro
the orientational distribution of specific functional groups
8CB. The average nematic order parameter for the LC c
defined as the largest eigenvalue of the tensor^Qc& ~com-
puted using Eq.~11!, with ui being the long axis of the
biphenyl core! givesSc50.78, in very good agreement wit
Raman and optical dichroism measurements, which y
Sc50.77 atT528 °C @48#. We have also made comparison
with deuteron magnetic resonance measurements@49# of the
nematic order parameters for C-D bonds in the alkyl tails
partially deuterated 8CB,

Si
CD5^P2~vi

CD
•z!&. ~12!

Here,P2(x)5@3 cos2(x)21#/2 is the second Legendre poly
nomial, vi

CD is a unit vector along a C-D bond connected
the i th carbon in the alkyl tail, andz is a unit vector normal
to the plane of the layers. In Fig. 6, we plot the calculat
Si

CD as a function ofi, where increasingi corresponds to
increasing distance from the core~see insert!. As hydrogen
atoms in the alkyl tail are not explicitly included in the sim
lation, we deduce the positions of the hydrogen~or deute-
rium! atoms from the positions of the backbone carbo
assuming tetrahedral geometry. With the exception of
terminal methyl group, all of theSi

CD are negative, as C-D
bonds are approximately perpendicular to the long molec
axis~and thus the layer normal!. Also shown in Fig. 6 are the
experimental results of Bodenet al. @49# for two tempera-
tures in the Sm-Ad phase. The simulated order paramete

FIG. 5. Time evolution of smectic layer spacingd over the
duration of an 8.06 nsNPT MD simulation of 8CB.
3-4
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MICROSCOPIC STRUCTURE AND DYNAMICS OF A . . . PHYSICAL REVIEW E64 051703
are uniformly larger than these from experiment, althou
the qualitative trend as a function ofi is well reproduced.
The discrepancy between simulation and experiment ma
due to the small size of the simulated sample~finite-size
effects will tend to increase the degree of ordering! or to
some inaccuracy in the torsional potentials for the alkyl
or the tail-core linkage.

The conformations of the flexible alkyl tail can be exam
ined in more detail. The probability that a given rotatab
bond in the tail is in thetrans ~planar! configuration rather
than one of thegauche~bent! statesPj

t is plotted as a func-
tion of bond numberj in Fig. 7, where bond numbering i
defined in the figure insert. There is a pronounced even-
effect, with a relatively high probability ofgauchebends
~relatively low Pj

t ) about even bonds. This may be simp
understood by noting that the even-numbered bonds
those that are nearly collinear with the core~at least in the
all-transconformation!, andgauchebends about these bond
result in more-or-less linear molecular configurations, wh
are not too energetically unfavorable in terms of their ste

FIG. 6. Order parametersSi
CD as a function of carbon labeli for

C-D bonds in the alkyl tail of 8CB:d results from MD simulation
(T523 °C); h NMR measurements atT511.5 °C; n NMR mea-
surements atT521.5 °C. The labeling of carbon atoms is shown
the inset.

FIG. 7. Probability to find rotatable bonds in the alkyl tail
8CB in thetrans ~planar! conformation, as a function of bond labe
~the bond labeling is shown in the inset!.
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interactions with surrounding molecules.Gauche bends
about odd-numbered bonds, on the other hand, lead
strongly bent molecular configurations, which are energ
cally unfavorable because they fit poorly into the steric ca
formed by neighboring molecules. In fact, simple sing
molecule mean-field models account well for this even-o
effect ~see, for example,@50#!.

The most distinctive feature of the data exhibited in Fig
is its ‘‘stair-step’’ appearance. This is a well-studied featu
of the aliphatic tails of LC’s materials that can be explain
in part with the help of the probability distribution of bon
conformation discussed above. If we suppose that the a
tail is nearly aligned with the layer normal~i.e., the director
of the Sm-Ad phase!, it is clear that agauchebond around an
even-numbered bond keeps the relative orientation of
C-D bonds sharing the bond mainly unchanged with resp
to the director. However agauchebond around an odd
numbered bond changes the orientation~from a plane nearly
perpendicular to the director to a plane nearly parallel to
director! of the C-D bonds connected to the even-numbe
carbon. As discussed previously,gauchebonds about odd-
numbered bonds are not very probable but they neverth
contribute to the overall decrease of the order parameter
the C-D bonds connected to even-numbered carbons.
methyl group~carbon number 8! has a geometry such tha
one of the three C-D bonds is nearly parallel to thez axis
while the other two are nearly perpendicular, so that
overall order parameter computed from the three individ
order parameters is very small.

A more detailed picture emerges from an examination
the probability of various conformations of the alkyl ta
listed in Table II. The all-trans conformation is the mos
probable~accounting for nearly 23% of conformations!, and
conformations havinggauchebends about even-numbere
bonds predominate. Again, the sequence of conformer p

TABLE II. Probabilities of the most populous conformations
the alkyl tail in Sm-Ad 8CB.

Conformation Probability (%)

tttttt 22.9
tg6tttt 10.8
tttttg6 10.5
tttg6tt 8.0
ttttg6t 5.9
tg6tttg7 3.6
tttg6tg7 3.5
tg6tg7tt 3.3
tg6tttg6 3.1
tttg6tg6 2.9
tg6tg6tt 2.3
ttg6ttt 2.2
tg6ttg7t 1.7
tg6ttg6t 1.4
tg6tg6tg6 1.2
tg6tg7tg6 1.2
ttg6tg7t 1.1
3-5
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YVES LANSAC, MATTHEW A. GLASER, AND NOEL A. CLARK PHYSICAL REVIEW E64 051703
abilities is well accounted for by mean-field theory@50#. The
33 conformations listed account for 85.6% of the total co
formations found — 290 distinct conformations account
the other 14.4%.

To characterize the structure of the smectic layers in m
detail, we have computed mass and number density pro
along the layer normalz. These are shown in Fig. 8. Th
overall mass density profile, shown in Fig. 8~a!, is approxi-
mately sinusoidal. As we would expect the electron-den
profile to be quite similar, it is not surprising that only
single Bragg peak is observed in the x-ray diffraction patt
for 8CB. The molecular center of mass number density p
file, shown in Fig. 8~b!, is roughly in accord with the notion
of a bilayer: molecules with their terminal dipoles directed
the 2z direction ~dot-dashed curve! are largely confined to
the upper half of the layer, while molecules with termin
dipoles pointing in the1z direction ~dashed curve! reside
mainly in the lower half of the layer. However, there is
significant probability of finding a molecule having a give
polarity in the ‘‘wrong’’ half of the layer. The number den
sity profile for cyano groups, shown in Fig. 8~c!, indicates
that the cyano groups are reasonable well localized in
middle of the layer, with a slight offset of the distribution o

FIG. 8. Mass density profile~a!, molecular center of mass num
ber density profile~b!, and cyano group number density profile~c!
for Sm-Ad 8CB. Also shown in~b! and~c! are the partial number
density profiles for molecules or cyano groups with C[N bonds
oriented in the1z direction~dashed curves! and2z direction~dot-
dashed curves!.
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cyano groups with the C[N bond pointing in the2z direc-
tion ~dot-dashed curve! relative to 1z-directed cyano
groups. An interesting feature of the overall cyano num
density profile is the appearence of two peaks. The origin
this feature is unclear, although it is suggestive that the
tance between the two peaks is approximately the length
the biphenyl group.

To shed light on the role of dipole-dipole interactions
determining the structure of the Sm-Ad phase of 8CB, we
measured positional and orientational correlation functio
for terminal cyano groups. Specifically, we consider the pa
correlation function

gCN~r !5
1

rN K (
iÞ j

d~r2r i j
CN!L ~13!

and the polar orientational correlation function

g1
CN~r !5

1

rNgCN~r ! K (iÞ j
P1~ui

CN
•uj

CN!d~r2r i j
CN!L ,

~14!

wherer i
CN is the position of the center of thei th C[N bond,

ui
CN is a unit vector directed along thei th C[N bond,r is

the molecular number density,P1(x)5cos(x) is the first
Legendre polynomial, and the sums range over all pairs
molecules.

In practice, we work either with fully angle-averaged co
relation functions, e.g.,

gCN~r !5
1

4pE dVgCN~r ,V!, ~15!

or with cylindrically-averaged correlation functions, e.g.,

gCN~r i ,r'!5
1

2pE0

2p

dfgCN~r i ,r' ,f!. ~16!

Here, r i and r' denote the components ofr parallel and
perpendicular to the reference cyano bond, i.e.,r i5r•uCN

andr'5ur2(r•uCN)uCNu, andf is the azimuthal orientation
of r about uCN3g1

CN(r ) and g1
CN(r i ,r') are defined in an

analogous way.
In Fig. 9 we show the angle-averaged correlation fun

tions gCN(r ) andg1
CN(r ). gCN(r ) @Fig. 9~a!# exhibits a peak

at r 53.7 Å, but is otherwise essentially featureless. T
prominent negative feature ing1

CN(r ) @Fig. 9~b!# indicates
that cyano groups in the first coordination shell surround
a given cyano are, with a high (;90%) probability, antipar-
allel to the central cyano group@the minimum value of
g1

CN(r ) is less than20.8, as compared with the maximum
negative value of21.0#.

A more detailed picture emerges when we consider
two-dimensional correlation functionsgCN(r i ,r') and
g1

CN(r i ,r'), shown in Fig. 10. The reference cyano group
situated at the origin, with the C[N bond directed along the
1r i direction@see Fig. 10~c!#. Note that there is a ‘‘correla-
tion hole’’ for 218 Å,r i,4 Å and r',3 Å that roughly
defines the excluded volume of the central molecule. T
3-6
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other prominent feature of the data is a ridge of high pr
ability nearr'54 Å extending fromr i5215 Å to r i53 Å.
Along this ridge are three peaks, the most prominent
which is atr i'0.5 Å, r''3.5 Å. This peak reaches a heig
of six, corresponding to a density of C[N groups six times
their average density. Examination ofg1

CN(r i ,r') @Fig.
10~b!# reveals that the C[N groups associated with this pea
have a strong tendency to be antiparallel to the centra
[N group. Thus, the most significant correlations betwe
cyano groups can be traced to their strong antiparallel a
ciation at short distances. The other features of Fig. 10~b! are
quite complex, and much more difficult to interpret, but it
clear that the significant correlations do not extend mu
beyond the first coordination shell.

To study in-layer ordering, we have calculated the
layer pair-correlation function

g~R!5
1

rN K (
iÞ j

d~R2Ri j !L , ~17!

and the in-layer sixfold bond-orientational correlation fun
tion

g6~R!5
1

rNg~R! K (iÞ j
c6ic6 j* d~R2Ri j !L . ~18!

Here,Ri is the in-layer position of moleculei, obtained by
projecting its center-of-mass position along the long mole
lar axis into the midplane of the sublayer to which it belon
and the local bond-orientational order parameterc6i is de-
fined as

FIG. 9. Angle-averaged pair-correlation functiongCN(r ) ~a! and
polar orientational correlation functiong1

CN(r ) ~b! for terminal cy-
ano groups in the Sm-Ad phase of 8CB. The prominent negativ
feature ing1

CN(r ) nearr 53.5 Å reveals a strong antiparallel corre
lation of cyano groups in the first coordination shell.
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k51
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ei6u ik, ~19!

where the sum runs over theni nearest neighbors of mol
ecule i @51#, and u ik is the orientation of the ‘‘bond’’ be-
tween moleculesi andk with respect to an arbitrary axis~in
this case, theX axis, defined as the axis perpendicular to t
layer normal and the unique axis of the monoclinic unit ce!.
As before, we also compute the angle-averaged correla
functions, e.g.,

g~R!5
1

2pE0

2p

g~R,Q!dQ, ~20!

where R5uRu, and Q is the polar orientation ofR in the
plane of the layer.

The angle-averaged in-layer correlation functionsg(R)
andg6(R) are shown in Fig. 11. The in-layer positional co
relations appear to be liquidlike~short ranged!, but g6(R)
@Fig. 11~b!# approaches a nonzero constant for largeR,
which suggests that system possesses some degree of
orientational order. A more complete picture of the in-lay
structure can be obtained from the full two-dimensional c
relation functionsg(X,Y) and g6(X,Y), shown in Fig. 12.
These correlation functions exhibit sixfold anisotropy, pe
haps due to the fact that the simulated structure is not
thogonal. In fact, we measure a small but finite average
angle of ^Q&56.6°, defined as the angle between t
maximum-eigenvalue eigenvector of the average orde

FIG. 10. Two-dimensional pair-correlation functiongCN(r i ,r')
~a! and polar orientational correlation functiong1

CN(r i ,r') ~b! for
terminal cyano groups in the Sm-Ad phase of 8CB. The definition
of r i and r' is shown schematically in~c!.
3-7
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tensor ^Q& and the layer normalz. Further work will be
required to determine whether this is a real feature of
local structure of 8CB.

Finally, we have measured the mean-squared displ
ment and diffusion constants for 8CB molecules both pa
lel and perpendicular to the smectic layer normal from
Einstein relations D5 lim

t→`
^@r (t)2r (0)#2&/(6t), D'

5 lim
t→`

^@r'(t)2r'(0)#2&/(4t), and D i5 lim
t→`

^@r i(t)

2r i(0)#2&/(2t), wherer i(t) is the molecular center-of-mas
position at timet projected onto the layer normal, andr'(t)
is the molecular center-of-mass position projected into
plane perpendicular to the layer normal.

FIG. 11. In-layer angle-averaged pair-correlation functiong(R)
~a! and bond-orientational correlation functiong6(R) ~b!.

FIG. 12. Two-dimensional in-layer pair-correlation functio
g(X,Y) ~a! and bond-orientational correlation functiong6(X,Y)
~b!.
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The mean-squared displacement as a function of tim
shown in Fig. 13, together with linear fits. The resulting d
fusion constants areD i53.3231027 cm2 s21 ~the diffusion
constant parallel to the layer normal!, D'57.5231028 cm2

s21 ~the diffusion constant perpendicular to the layer n
mal!, andD51.6131027 cm2 s21 ~the total diffusion con-
stant!. Although we are not aware of measurements of dif
sion constants for Sm-Ad 8CB, these diffusion constants ar
at least of the same order of magnitude as tracer diffus
constants in the nematic phase of 8CB@52#. Notice thatD i is
larger thanD' — an interesting question is whether th
situation will still hold on timescales long enough that t
molecules have diffused a distance comparable to the la
spacing. The effectiveD i on the permeation timescale ma
be smaller than the short-timeD i , owing to the free-energy
barrier encountered by molecules diffusing from layer
layer. The timescale at which this crossover should occur
be estimated from the measured diffusion constants as
time required for molecules to diffuse one layer spacin
;30 Å, corresponding to a mean-squared displacemen
;900 Å2. Using the measuredD i , we estimate that this
would take;140 ns. Accessing this dynamical regime w
obviously require a substantially greater computational
fort.

IV. SUMMARY

We have modeled the Sm-Ad phase of 8CB in a long MD
simulation of more than 10 ns. We observe the spontane

FIG. 13. Mean-square displacement as a function of time
8CB molecules both parallel (^@r i(t)2r i(0)#2&) and perpendicular
(^ur'(t)2r'(0)u2&) to the layer normal. The total mean-square d
placement (̂ur (t)2r (0)u2&) is also shown. The dashed lines a
linear fits from which the diffusion constants are derived.

TABLE III. Van der Waals parameters.

Atom 1 e ~kcal/mol! s (Å)

H_ 0.030 2.420
C_33 0.226 3.930
C_32 0.093 3.930
C_R 0.070 3.550
C_RB 0.070 3.550
C_1 0.150 3.650
N_1 0.170 3.200
3-8
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FIG. 14. 8CB molecule with
substructures used to parametri
our interaction potential~counter-
clockwise from top: benzonitrile,
biphenyl, ethylbenzene, and bu
tane!. Bottom:ab initio ~symbols!
and fitted ~solid line! rotational
potentials for biphenyl, ethylben
zene, and butane.
r
g

or
a
a

m
a

ha

u
he
a
s
b
be
ct
,

les

le-
d a
r-

s
r-
ex-
in

cy-

lar
yer
t

formation of the Sm-Ad partial bilayer phase from a bilaye
initial condition, with an equilibrium smectic layer spacin
close to the experimental value. The equilbrium density,
entational order parameters, and diffusion constants are
in reasonable quantitative agreement with experiment,
though the simulated orientational-order parameters for
thylene groups in the alkyl tail are systematically higher th
those obtained from experiment.

Overall, the results suggest that our model for interatom
interactions in 8CB captures the main physical effects t
govern the self organization of cyanobiphenyls~similarly
good quantitative agreement with experiment has been fo
in simulations of other LC materials in which essentially t
same methodology for deriving interatomic potentials w
employed @26,53#!. Specifically, the present study implie
that the molecular-scale structure of 8CB is dominated
excluded volume interactions and specific interactions
tween permanent electric dipoles, with induction effe
playing a secondary role@54#. This is physically reasonable

TABLE IV. Bond-stretching parameters.

Atom 1 Atom 2 r eq (Å)

C_32 C_32 1.53
C_33 C_32 1.53
C_R C_32 1.51
C_R C_R 1.39
C_R H_ 1.08
C_RB C_RB 1.49
C_R C_RB 1.39
C_R C_1 1.45
C_1 N_1 1.14
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as the dipole-dipole interaction energy for two cyano dipo
~treated as point dipoles with dipole moment 4.05 D! with
3.5 Å separation isudip55.5 kcal/mol (udip /kB52770 K!,
which is more than a factor of eight larger than the dipo
induced dipole interaction energy for a cyano dipole an
phenyl ring~treated as a point polarizable center with pola
izability 10.0 Å3) with 3.5 Å separation,uind50.64 kcal/mol
(uind /kB5320 K!. Moreover, the dipole-dipole interaction
are highly directional, while the dipole-induced dipole inte
actions are more isotropic. For both reasons, one would
pect dipole-dipole interactions to play a dominant role
determining short-range intermolecular correlations in
anobiphenyls.

This study also provides a detailed picture of molecu
conformation, intermolecular correlations, and smectic la
structure in Sm-Ad 8CB. In particular, our results show tha

TABLE V. Bond-angle-bending parameters.

Atom 1 Atom 2 Atom 3 ueq (°)

C_32 C_32 C_32 113.1
C_33 C_32 C_32 113.1
C_32 C_32 C_R 112.8
C_32 C_R C_R 120.0
C_R C_R C_R 120.0
C_R C_R H_ 120.0
C_R C_R C_RB 120.0
C_R C_RB C_R 120.0
C_R C_RB C_RB 120.0
C_RB C_R H_ 120.0
C_R C_R C_1 120.0
C_R C_1 N_1 180.0
3-9
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TABLE VI. Torsional parameters~kcal/mol!, whereX represents any atom.

Atom 1 Atom 2 Atom 3 Atom 4 c0f c1f c2f c3f c4f c5f c6f

C_33 C_32 C_32 C_32 1.965 24.634 1.459 6.695 22.683 0.982 2.315
C_32 C_32 C_32 C_32 1.965 24.634 1.459 6.695 22.683 0.982 2.315
C_32 C_32 C_32 C_R 1.965 24.634 1.459 6.695 22.683 0.982 2.315
C_32 C_32 C_R C_R 20.464 4.387 1.309 28.342 21.249 5.024 20.763
C_R C_RB C_RB C_R 4.930 218.893 27.108 16.984 3.981 29.272 20.214
X C_R C_R X 25.0 0 225.0 0 0 0 0
X C_R C_RB X 25.0 0 225.0 0 0 0 0
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the microscopic organization of smectic layers in Sm-Ad
8CB is, not surprisingly, considerably more complex th
the simple cartoon representation of Fig. 2 would sugg
although strong antiparallel association of neighboring m
ecules is observed. The in-layer correlation functions rev
liquidlike structure with weak bond-orientational order, pe
haps induced by a small but non-negligible molecular tilt

Future work will focus on more systematic studies of t
cyanobiphenyl LC family. In particular, we plan to compu
a wider range of properties of this system~including phase
behavior, viscosity, and dielectric constants!, and to analyze
finite-size and finite-time effects. A longer-term goal is
develop polarizable models for cyanobiphenyls that will e
able us to explicitly probe the role of induction interactio
in these materials.
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APPENDIX: INTERACTION PARAMETERS

In this appendix, we describe the procedure used to
rametrize the interaction potential for 8CB, and list the int
action parameters. We make use of a combination ofab ini-
tio quantum chemistry and empirical data. The ba
procedure we employ has been described previously@34#.

The van der Waals dispersion/repulsion parameterss i j
ande i j are empirical parameters, taken from the literature
the present paper, we make use of parameters from O
@55#, with united atom parameters for CH2 and CH3 taken
from Siepmannet al. @29#. These parameters have been ch
sen to reproduce the thermophysical properties of small
ganic molecules in the liquid state, using MD or MC sim

FIG. 15. Site charges~in units of the electron charge! for the
8CB molecule, determined from electrostatic potential~ESP
CHELPG @57#! fits to semiempirical (AM1) charge densities.
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lation. Standard geometric combination rules were used
parametrize van der Waals interactions between unlike at
~i.e. e i j 5Ae i i e j j ands i j 5As i i s j j ). The relevant parameter
used to describe the intermolecular site interactions are li
in Table III.

As we are not aiming for an interaction potential of spe
troscopic accuracy, the bond-stretch and angle-bend sp
constantskr and ku are given generic values:kr5700 kcal
mol21 Å 22 for single bonds,kr51050 kcal mol21 Å 22 for
resonant bonds,kr51400 kcal mol21 Å 22 for double bonds,
andkr52800 kcal mol21 Å 22 for triple bonds, while a value
ku5100 kcal mol21 rad22 is used for all bond angles. Thes
values were taken from the Dreiding II force field@35#.

The geometrical parametersr eq andueq and the torsional
interaction parameterscnf are obtained fromab initio calcu-
lations. LC molecules are generally too large to attack
rectly using anab initio approach. In order to have resul
with a reasonable accuracy and computation time, we c
out ab initio studies of appropriate substructures of LC m
ecules, assuming that the interaction parameters derived
the substructures are transferable to the whole LC molec
The transferability hypothesis neglects any coupling betw
torsions about two adjacent rotatable bonds other than
arising from intramolecular nonbonded interactions.

The substructures used to obtain equilibrium bo
lengths, bond angles, and torsional parameters for the 8
molecule are shown in Fig. 14. Theab initio calculations
were done at the MP2/6-31G~d!//RHF/6-31G~d! level of
theory, which gives a reasonable quality/cost ratio, us
GAUSSIAN 94 @56#. The relevant parameters obtained are d
played in Tables IV, V, and VI, respectively, for bon
stretching, bond-angle bending, and dihedral torsion.r eq and
ueq are taken directly from optimizedab initio structures.
The coefficientscnf are obtained from fits to theab initio
torsional potentials, shown in Fig. 14. In addition, gene
values are used for noncritical torsional parameterscnf ~for
example, for dihedrals in phenyl rings!, and planarity of the
rings is ensured by including an inversion potential w
ceq50 andkc540 kcal mol21 rad22.

Long-range electrostatic interactions are considered
plicitly in our simulations. Site charges for substructures a
for 8CB are determined from electrostatic potential~ESP
CHELPG@57#! fits of a site-charge model to the electrosta
potential calculated from semiempirical (AM1) charge den-
sities for the 8CB molecule. This is done at this empiric
level because a higher-level computation of the site-cha
3-10
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distribution for the 8CB molecule is too computationally e
pensive, and because site charges are less transferable
other parameters. Figure 15 lists the values of the
charges used in this study.

It is important to note that in the present simulation, t
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induction interactions~the interactions between dipoles in
duced by the electric field produced by the original cha
distribution! are not considered explicitly, but are absorb
into the effective empirical van der Waals parameterse i j
ands i j .
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