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Microscopic structure and dynamics of a partial bilayer smectic liquid crystal
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Cyanobiphenyl§nCB'’s) represent a useful and intensively studied class of mesogens. Many of the peculiar
properties of nCB’Ye.g., the occurence of the partial bilayer smeéticphase 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-
phase of 4-octyl-4-cyanobipheny(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 ih;SBGB, 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 nunier61.30-v,64.70.Md

I. INTRODUCTION the development of improved molecular models and on the
simulation of larger systems over greater spans of time.
Liquid crystals(LC’s), broadly defined as state of matter The main fundamental obstacle t'o the quantitative model-
intermediate between crystalline solid and isotropic liquiding of LC phases is the need for highly accurate models of
are fascinating materials both from a fundamental and afolecular interactions, due to the sensitivity of LC properties
applied point of view[1]. Due to their rich phase behavior, t0 details of molecular structure. The central aims of this
resulting from the delicate interplay of fluidity and self orga- Paper are to develop and validate the computational infra-
nization, LC’s play an important role in biological systems Structure for achieving realistic modeling of LC materials,
(for example, lipid membranggnd in technological appli- and to test methodologies for deriving suitable interaction
cations, in particular electro-optic displagilizing nematic ~ Potentials for LC's. For this purpose, a well-studied experi-
and, more recently, ferroelectric LC[2]). Despite its key menta] system is needed to check th.e. quantitative predictive
importance for the synthesis of LC materials having optimalcapalbIIItIes of our approach for specific LC compounds.

properties for specific technological applications, the rela- The partial bilayer phase (Si) of a of 4-octyl-

tionship of macroscopic properties to molecular structure ami -cyanobipheny|(8CB) as been chosen for this study be-
P pic prop ._Cause it is the prototypal partial bilayer smectic. The layer

MICToSCopIC organization s p.o.o.rly understood. Th_'s ISspacing of a partial bilayer smectic is intermediate between

mainly due to the extreme sensitivity of the LC properties Oihat of a monolayer smectial(-1, wherel is the molecular

small changes in the molecular architecture, itself a CONS@ength and a bilayer smecticd~21). The layer spacing is

quence of the intricate interplay of a variety of energetic andy_31 432 A atT= 24°C[27], which is approximatively 1.4

entropic effects responsible for the spontaneous formation gfes the fully extended molecular length of 22.1 A, ahd

mesophases. increases with increasing temperature, in contrast to most
Due to the rapid growth in available computer power, asmonolayer SmA materials. In fact, the Sfy-phase of 8CB

well as the development of efficient algorithms, Monte Carlojs the “fruit fly” of smectic LC science, being undoubtedly

(MC) and molecular dynamicMD) simulations of chemi-  the most studied smectic phase.

cally realistic molecular models hold considerable promise The chemical structure and phase diagram of 8CB is

for investigating the microphysics of LC’s and for illuminat- shown in Fig. 1. The most notable feature of the chemical

ing the relationship between molecular architecture and mac-

roscopic behavior. Owing to the technical challenges associ- 8CB

ated with atomistic simulation of LC’s, however, there have

been only a relatively limited number of atomistic simulation

studies of thermotropic LC'$3—26]. The quality of these NEC O O

studies varies widely, and whether or not specific studies

meet the criterion of “chemical realism” is debatable. An

early reported atomistic simulation of a thermotropic [3}

was of total duration 60 ps, far too short a time to equilibrate

even a small samplg6]. Subsequent work has focused on FIG. 1. Chemical structure and phase diagram of 8CB.
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reasonably accurate[29,30Q while implicit-hydrogen mod-
els for benzene perform poor[31-33.
Intra- and intermolecular interaction potentials are derived
using a combination oéb initio and empirical information
(for a more detailed review, sd84]). As we are mainly
interested in the statistical mechanics of 8CB and not in
spectroscopic properties, we choose a simple interaction po-
tential of the form:U(r™)=U g+ Upendt Uiorst Uinvt+ Uvaw

+Ugou- The first four terms decribe intramolecular interac-

FIG. 2. Schematic representation of the microscopic structure ofions, with Ug,, Upens, Uiors, and Uj,, representing bond
8CB, in which each smectic layer consists of two interdigitatedstretching, bond-angle bending, dihedral torsion, and “im-
polar sublayers. 8CB molecules are depicted as arrows, with thﬁroper” dihedral interactions, respectively. The last two

terminal cyano group corresponding to the head of the arrow.

terms describe intermolecular interactions, withy, and

U.ou representing van der Waals and Coulombic interac-
structure of 8CB is the terminal cyano group, which pos-tions, respectively. These contributions to the total potential

sesses a large dipole moment (4.05. Dhe microscopic
structure of SmA, 8CB is often represented by cartoons
such as that shown in Fig. @ee alsd28]), in which the
smectic layers consist of two well-defined and strongly inter-
digitated polar sublayers with oppositely oriented terminal
dipoles. The substantial interdigitation shown in such car-
toons (that leads tad<2l) is thought to be due to dipole-
dipole or dipole-induced dipole interactions, which tend to
place terminal dipoles next to one anotliand antiparallgl

or to place terminal dipoles next to the highly polarizable
biphenyl group. One objective of this paper is to move our
conceptual understanding of the microscopic structure of
partial bilayer smectics beyond the cartoon stage. We are
particularly interested in learning whether we are capable of

modeling 8CB at a sufficient level of physical realism to Uj,,=

reproduce the experimental layer spacing. This represents a
sensitive test of the interaction potential employed in the
simulation, and constitutes a zero-order requirement for
guantitative atomistic simulation of smectics.

The paper is organized as follows: In Sec. Il, we discuss
the methodology of the simulation with a special emphasis
on the development of interaction potentials. In Sec. Ill, we
present the results of the large-scale MD simulation of a
chemically realistiogatomistio model of 8CB in the SmAy
phase. A direct comparison with experimental measurements
on this system is presented, and a detailed picture of th(f_
microscopic organization and dynamical properties of 8CB
in the smectic phase are developed. In Sec. IV, we summa:
rize our results and discuss future work aimed at more sysg—b
tematic studies of LC behavior.

Il. METHODOLOGY

A. Interaction potential

The 8CB molecule is represented by spherically symmet-
ric interaction sites. A hybrid representation is used in which
hydrogen atoms in the alkyl tail are absorbed into carbon
atoms(methyl and methylene groups are treated as effective
atoms while hydrogen atoms in phenyl rings are kept explic-
itly in order to reproduce the geometry and charge distribu-

are defined as
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The primes on the sums in Eq®) and (6) indicate that

2, 1-3, and 1-4 intramolecular nonbonded interactions are
excluded from the sums. The internal coordinatgs ¢y,

ijkl and l/’ijkl are defined by

)

®

(C)

(10

tion in a realistic way. This choice is based on the empiricawherer;; is the distance between atomic siteandj, 6;; is
observation that implicit-hydrogen models are able to reprothe angle between bondp and jk and ¢y, is the dihedral
duce many of the thermophysical properties of liquid alkanegorsional angle arounik of bondsij andkl. ¢, measures
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TABLE |. Atom types.

Atom type Description

H_ Hydrogen

C_33 sp® carbon with three implicit hydrogens
C_32 sp® carbon with two implicit hydrogens
CR Resonant carbaofin pheny)

C_RB Bridging resonant carbon in biphenyl
c1 sp' carbon

N_1 Nitrogen

the angle between; and the plane defined by, andr;, for
three-coordinated atomis To retain a symmetric form for
the inversion potential, the total inversion potential for a FIG. 3. Initial () and final (b) configurations from a 8.06 ns
three-coordinated atorinis taken to be the average of three NPT MD simulation of 8CB in the SmA, phase.

umbrella torsion terms, corresponding to the three possible

choices of the unique bond; . Finally, the total rotational As mentioned in the previous section, methylene §CH
potential about a bond is taken to be the sum of potentials fosnd methyl (CH) groups were treated as effective atoms
all distinct dihedral angles about the bond, divided by the(j.e., single spherically symmetric interaction sjtelsut full
number of dihedrals. Both of these conventions are borrowegtomic detail is employed otherwise. In particular, hydrogens
from the Dreiding Il force field 35]. attached tos p?-hybridized carbons in the phenyl rings were
The remaining step in building the molecular model isincluded explicitly. However, we set the hydrogen mass
fixing the interaction parameters. These parameters need {Qual to that of carbon in this case, to avoid introducing a
be provided for every distinct combination of atom types.distinct timestep for fast intramolecular vibrational modes
We must specify distinct atom types to account for signifi-inyolving hydrogen. This has no effect on the equilibrium
cant variations in geometrical parameters, torsional potengistribution, but does modify the dynamics. Specifically, the
tials, etC., among Chemica”y distinct Compounds. The atomuse of “heavy” hydrogens modifies the intramolecular vi-
types used in the present study are given in Table I. Th¢yrational spectrunfwhich is not accurately reproduced by
derivatiqn of parameters for 8CB is described in thegyr simple force field in any cas@nd, more importantly,
Appendix. slightly modifies the overall timescale of the dynamics.
Long-range Coulomb interactions were evaluated to high
accuracy using the particle-mesh EwalBME) method
[39,40, and a standard long-range correction for van der
We carried out a 8.06 NPT (constant particle number, Waals interactiong41] was employed to account for pair
constant pressure, and constant temperafdi2 simulation  interactions beyond the real-space interaction cutoff of 10 A.
of a system containing 100 8CB moleculesPat1 atm and The PME technique, which is derived from the conventional
T=290 K, followed ly a 2 nsNVT (constant particle num- Ewald method 42,43, makes use of the fast fourier trans-
ber, constant volume, and constant temperatM@ simula-  form (FFT) to efficiently compute the long-range part of the
tion. Most thermodynamic averages presented below werelectrostatic interaction. The resulting PME algorithm is of
computed from the 2 NV T simulation. Note that the simu- order O(M LogM)=0O(M), where M is the number of
lation is performed at a temperature slightly below thecharged sites, which must be compared to the optimized
crystal-SmA, transition. Preliminary simulations indicated Ewald method that scales &(M®?) [44,45. We used in
that the SmA4—N transition temperature for our model is this study a highly optimized version of the PME with a
shifted downward with respect to the experimental vdthe  relative accuracy of 10°.
equilibrium mass density for the simulated system is also A bilayer (Sm-A,—like) initial condition, shown in Fig.
lower than the experimental mass density at the same ten3(a), is used, with perfect polar ordering of 8CB molecules
peraturg, so we carried out our simulations at a temperaturewithin each half of the bilayer. As can also be seen from this
slightly below the SmA, phase range to ensure stable smecdigure, a rather unusual placement of smectic layers within
tic ordering. the unit cell is employed, in which each bilayer connects to
We utilize a highly optimized multiple-timestep MD the adjacent bilayer across the periodic boundaries. Thus, in
(r-RESPA [36,37 scheme with five distinct intervals of reality, there is only a single continuous smectic bilayer
force evaluation, corresponding to bond stretchibig17 f9, present in the system. This is done to promote homogeneity
bond-angle bending0.833 f9, dihedral torsion, and out-of- of ordering within each distinct smectic sublayer and to
plane bending1.667 f9, short-range nonbonddg® fs) and  minimize finite-size artifacts related to the effective con-
long-range nonbonded interactiond0 fg). The weak- straint of a constant number of molecules per smectic sub-
coupling algorithm of Berendseert al. [38] was used to layer (the timescale for permeation of molecules between
maintain constant temperature and presstoeNPT MD). smectic layers is long compared with the timescale of the

B. Simulation methodology
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0 2000 4000 6000 8000 steady state by the end of thNP T simulation, aside from a

t (ps) slight decrease in the nematic order parameter over the last 3
ns of the simulation. The layer spacindg shown in Fig. 5,
shows a more significant long-term variation, although it is
approximately constant for the last 2 ns of th& T simula-

tion.

The average layer spacing for the last 2 ns of KT
imulation is(d)=31.9 A, in good agreement with the mea-
ured layer spacing @fe,,=31.432 A atT=24°C[27]. The
%verage simulated mass densify=1.018g/cm, is also
quite close to the experimental density mf;=1.027 g/cm
atT=28°C[47].

It is particularly useful to compare the results of the 2 ns
NVT simulation with experimental measurements that probe
The final configuration of th&l P T simulation(after 8.06  the orientational distributi(_)n of specific functional groups of
ns) is shown in Fig. &). Although smectic layering is still 8CB. The average nematic order parameter for the LC core

apparent, the organization of the layers is quite complex anéefined as the largest eigenvalue of the ter(€y) (com-

fairly disordered, bearing essentially no resemblance to thButed using Eq(11), with u; being the long axis of the

cartoon of Fig. 2. The essential question is: how faithful abiphenyl cor¢ givesS;=0.78, in very good agreement with

representation of the microscopic organization of the §m- Raman and optical dichroism measurements, which yield

phase of 8CB is this? To begin to answer this question, wé&:=0.77 atT=28 °C[48]. We have also made comparisons

have compared the properties of the simulated system withith deuteron magnetic resonance measurenjésisof the

experiment. nematic order parameters for C-D bonds in the alkyl tails of
Before doing so, however, we need to verify that thePartially deuterated 8CB,

simulated system is equilibrated. In Fig. 4, we have plotted oD cD

several instantaneous thermodynamic and structural proper- ST=(Pa(vi-2)). (12

ties as a function of time over the course of the T simu-

lation. These include the mass dengifythe potential energy B

U, and the eigenvalues of the instantaneous nematic orderifgMial: Vi is a unit vector along a C-D bond connected to
tensorQ. The ordering tensor is defined as theith carbon in the alkyl tail, and is a unit vector normal

to the plane of the layers. In Fig. 6, we plot the calculated
SiCD as a function ofi, where increasing corresponds to
1 (11) increasing distance from the cofsee insejt As hydrogen
atoms in the alkyl tail are not explicitly included in the simu-
lation, we deduce the positions of the hydrogen deute-
whereu; is a unit vector coincident with the instantaneousrium) atoms from the positions of the backbone carbons,
long axis of moleculd (defined as the minimum-moment assuming tetrahedral geometry. With the exception of the
principal axis of the molecular inertia tengot, 3=X,Y,Zz, terminal methyl group, all of th§|CD are negative, as C-D
and the sum ranges over &lilmolecules. The largest eigen- bonds are approximately perpendicular to the long molecular
value of the ordering tensor defines the nematic order paranaxis (and thus the layer normalAlso shown in Fig. 6 are the
eterS and the corresponding eigenvector defines the nematiexperimental results of Bodeet al. [49] for two tempera-
director n [46]. All quantities appear to have reached atures in the SmA, phase. The simulated order parameters

FIG. 4. Time evolution of mass density(a), potential energy
(b), and eigenvalues of the nematic ordering ter@dic), over the
duration of an 8.06 ndlPT MD simulation of 8CB.

simulation. In this situation, a monoclinic unit cell must be
employed if ordinary periodic boundary conditions are usecﬁ
(i.e., if one wishes the cell edge vectors to be Bravais lattic
vectorg. Alternatively, one could employ an orthorhombic
unit cell, with shifted periodic boundary conditions.

Ill. RESULTS

Here, P,(x)=[3 cog(x)—1]/2 is the second Legendre poly-

1N /3 1
Qa'B:Ni:Zl Euiauiﬁ_iaaﬁ

051703-4



MICROSCOPIC STRUCTURE AND DYNAMICS OF A. .. PHYSICAL REVIEW B4 051703

TABLE II. Probabilities of the most populous conformations of
03l the alkyl tail in SmA, 8CB.
Conformation Probability (%)
— o2} ttttt 22.9
5 tg~tttt 10.8
@ tttttg™ 105
0.1 tttgitt 8.0
ttttg=t 5.9
tg=tttg™ 3.6
0.0 - L tttg=tg” 35
"0 1 2 3 4 5 6 7 8 9 tg*tgtt 33
carbon number tg=tttg™ 3.1
) ) tttg=tg™ 2.9
FIG. 6. Order paramete®" as a function of carbon labefor tg*tg tt 23
C-D bonds in the alkyl tail of 8CB® results from MD simulation ttgttt 2'2
(T=23°C); 0 NMR measurements dt=11.5°C; A NMR mea- s '
surements af =21.5 °C. The labeling of carbon atoms is shown in tg:ttg+t Ly
the inset. tg ttg-t 14
tgTtgTtg™ 1.2
are uniformly larger than these from experiment, although tg—fg;tg— 1.2
the qualitative trend as a function ofis well reproduced. ttgtgrt 11
The discrepancy between simulation and experiment may be

due to the small size of the simulated samffieite-size _ _ )

effects will tend to increase the degree of Orde)'i% to interactions with SUrrOUndlﬂg molecule$sauche bends

some inaccuracy in the torsional potentials for the alkyl tailabout odd-numbered bonds, on the other hand, lead to

or the tail-core linkage. strongly bent molecular configurations, which are energeti-
The conformations of the flexible alkyl tail can be exam- cally unfavorable because they fit poorly into the steric cage

ined in more detail. The probability that a given rotatableformed by neighboring molecules. In fact, simple single-

bond in the talil is in therans (planay configuration rather

than one of theyauche(ben statesP! is plotted as a func- effect(see, for example[50]).

tion of bond numbei in Fig. 7, where bond numbering is _The most distinctive feature of the data exhibited in Fig. 6

defined in the figure insert. There is a pronounced even-odt§ itS “stair-step” appearance. This is a well-studied feature
effect, with a relatively high probability ofauchebends

of the aliphatic tails of LC’'s materials that can be explained
(relatively low P}) about even bonds. This may be simply in part Wit_h the_ help of the probability distribution of bond
understood by noting that the even-numbered bonds al%qnformatlon @scussepi above. If we suppose tha.t the alkyl
those that are nearly collinear with the cde least in the tail is nearly ahgned' vy|th the layer norméle., the director
all-trans conformation, andgauchebends about these bonds ©f e SmAq phase, it is clear that @yauchebond around an
result in more-or-less linear molecular configurations, whic

reven-numbered bond keeps the relative orientation of the
are not too energetically unfavorable in terms of their stericc™P Ponds sharing the bond mainly unchanged with respect

to the director. However agjauchebond around an odd-
numbered bond changes the orientatifsom a plane nearly
1.0 ' ' ' ' ) perpendicular to the director to a plane nearly parallel to the
Ve directon of the C-D bonds connected to the even-numbered
Y2 ] carbon. As discussed previouslyauchebonds about odd-
\ numbered bonds are not very probable but they neverthless
% contribute to the overall decrease of the order parameters of
] the C-D bonds connected to even-numbered carbons. The
Vo "R methyl group(carbon number Bhas a geometry such that
v v A\ one of the three C-D bonds is nearly parallel to thexis
\ 1 while the other two are nearly perpendicular, so that the
: J overall order parameter computed from the three individual
order parameters is very small.
0.6 ’ : - : i A more detailed picture emerges from an examination of
the probability of various conformations of the alkyl tail,
listed in Table Il. The alkrans conformation is the most
FIG. 7. Probability to find rotatable bonds in the alkyl tail of probable(accounting for nearly 23% of conformatignsind
8CB in thetrans (planaj conformation, as a function of bond label conformations havinggauchebends about even-numbered
(the bond labeling is shown in the inset

bonds predominate. Again, the sequence of conformer prob-

molecule mean-field models account well for this even-odd

o
©

trans probability
o
[eo]

=)
N
:
—
—
gl
-

bond number
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1.50 cyano groups with the €N bond pointing in the-z direc-
tion (dot-dashed curye relative to +z-directed cyano
1.25 groups. An interesting feature of the overall cyano number
(O,E\ density profile is the appearence of two peaks. The origin of
% 1.00 this feature is unclear, although it is suggestive that the dis-
g tance between the two peaks is approximately the length of
* 075 the biphenyl group. _ _ _ o
To shed light on the role of dipole-dipole interactions in
0.50 determining the structure of the SAy phase of 8CB, we
& measured positional and orientational correlation functions
°L for terminal cyano groups. Specifically, we consider the pair-
> 0.003 : :
£ correlation function
c
®  0.002 1
5 / gc“(r)=—N<Z S(r—r™ > (13
2 0.001 [l PR
2 ' and the polar orientational correlation function
. 0.000
< 07(r) = oo | S Pau U a(r -1
:,; 0.003 1 pNgCN(r) < 104 j i )
‘@ (14)
C
® 0.002 CN . .
° wherer;" is the position of the center of théh C=N bond,
2 6.001 uN is a unit vector directed along thiéh C=N bond, p is
% wa S the molecular number densityy(x)=cosk) is the first
Z 0.000 " - Legendre polynomial, and the sums range over all pairs of
0 4 8 12 16 20 24 28 32 molecules.
z (A) In practice, we work either with fully angle-averaged cor-

relation functions, e.g.,
FIG. 8. Mass density profiléa), molecular center of mass num- 1
ber density profilgb), and cyano group number density profi® CNfpy— CN
for Sm-A4 8CB. Also shown in(b) and(c) are the partial number- g=(r) 47rf dQg=i(r.0), (15)
density profiles for molecules or cyano groups witke & bonds
oriented in thet z direction(dashed curvesand —z direction(dot-  Or with cylindrically-averaged correlation functions, e.g.,
dashed curves

1 (2=

0= 5= | degyr 0. 9
abilities is well accounted for by mean-field the¢b@]. The mlo
33 conformations listed account for 85.6% of the total con-
formations found — 290 distinct conformations account for
the other 14.4%. _ CNy, ,CN ; i i i

To characterize the structure of the smectic layers in morélner =Ir— g,\,' u C)Nu k andqéh',s the azimuthal .orlenjcatlon
detail, we have computed mass and number density profile(%f r aboutu™"xg;7(r) and g;™(ry,r,) are defined in an
along the layer normat. These are shown in Fig. 8. The analogt_Jus way. .
overall mass density profile, shown in Figag is approxi- In FC'% 9 we sfggw thecﬁngle-a_lveraged co_rr_elat|on func-
mately sinusoidal. As we would expect the electron-densifions g (r) andg;™(r). g=7(r) [Fig. %a)] exhibits a peak
profile to be quite similar, it is not surprising that only a &t r=3.7 A, but is otherW|s_ecﬁssent|filly featureless. The
single Bragg peak is observed in the x-ray diffraction patterrProminent negative feature ig;(r) [Fig. 9(b)] indicates
for 8CB. The mo'ecu|ar center Of mass number density proIhat CyanO grOUpS in the first coordination shell Surrounding
file, shown in Fig. 8), is roughly in accord with the notion & given cyano are, with a high-(90%) probability, antipar-
of a bilayer: molecules with their terminal dipoles directed inallel to the central cyano groufthe minimum value of
the —z direction (dot-dashed curyeare largely confined to 91 () is less than—0.8, as compared with the maximum
the upper half of the layer, while molecules with terminal negative value of-1.0].
dipoles pointing in the+z direction (dashed curvereside A more detailed picture emerges when we consider the
mainly in the lower half of the layer. However, there is a two-dimensional correlation functiongy“™(r,r,) and
significant probability of finding a molecule having a given ng(r” . 1), shown in Fig. 10. The reference cyano group is
polarity in the “wrong” half of the layer. The number den- situated at the origin, with the=€N bond directed along the
sity profile for cyano groups, shown in Fig(d, indicates  +r direction[see Fig. 1(c)]. Note that there is a “correla-
that the cyano groups are reasonable well localized in théon hole” for —18 A<r <4 A andr, <3 A that roughly
middle of the layer, with a slight offset of the distribution of defines the excluded volume of the central molecule. The

Here,rj andr, denote the components of parallel and
perpendicular to the reference cyano bond, 'r.ﬁe.z,r-uCN
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0
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r (R)
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FIG. 9. Angle-averaged pair-correlation functighM(r) (a) and
polar orientational correlation functiog*ff”(r) (b) for terminal cy-
ano groups in the Sy phase of 8CB. The prominent negative
feature ing7"(r) nearr =3.5 A reveals a strong antiparallel corre-  F|G. 10. Two-dimensional pair-correlation functighi™(rr )
lation of cyano groups in the first coordination shell. (a) and polar orientational correlation functigf™(r;,r,) (b) for

) _ ) ) terminal cyano groups in the SAy; phase of 8CB. The definition
other prominent feature of the data is a ridge of high probt rjandr, is shown schematically ifc).

ability nearr, =4 A extending fronr|=-15Ator ;=3 A.
Along this ridge are three peaks, the most prominent of 1 N

which is atr=0.5 A, r, ~3.5 A. This peak reaches a height Yei=— >, etk (19)
of six, corresponding to a density of=N groups six times Ni k=1

their average density. Examination @f{"(rj,r,) [Fig.
10(b)] reveals that the €N groups associated with this peak

have a strong tendency to be ?‘T‘“pafa”e' to _the central ween molecules andk with respect to an arbitrary axigm
=N group. Thus, the most significant correlations betWee"{his case, th& axis, defined as the axis perpendicular to the

cyano groups can be traced to their strong antiparallel ass‘(i)éyer normal and the unique axis of the monoclinic unit)cell

caﬂon at short distances. The oth.e'r featurgs of F@)mg ._As before, we also compute the angle-averaged correlation
quite complex, and much more difficult to interpret, but it is functions, e.g

clear that the significant correlations do not extend much
beyond the first coordination shell. 1 (on

To study in-layer ordering, we have calculated the in- g(R)=2—f J(R,0)d0O, (20
layer pair-correlation function mJo

where the sum runs over the nearest neighbors of mol-
culei [51], and 6;, is the orientation of the “bond” be-

1 where R=|R|, and ® is the polar orientation oR in the
g(R)= _< > S(R— Rij)> , (17)  plane of the layer.
PN\ i The angle-averaged in-layer correlation functiay(dR)
] ) . ) ] andgg(R) are shown in Fig. 11. The in-layer positional cor-
a_md the in-layer sixfold bond-orientational correlation func-re|ations appear to be liquidlikéshort rangell but gg(R)
tion [Fig. 11(b)] approaches a nonzero constant for lafge
which suggests that system possesses some degree of bond-
gk D orientational order. A more complete picture of the in-layer
iE#i Ve AR R”)>' (18 Structure can be obtained from the full two-dimensional cor-
relation functionsg(X,Y) and gg(X,Y), shown in Fig. 12.
Here, R; is the in-layer position of molecule obtained by These correlation functions exhibit sixfold anisotropy, per-
projecting its center-of-mass position along the long molecuhaps due to the fact that the simulated structure is not or-
lar axis into the midplane of the sublayer to which it belongs,thogonal. In fact, we measure a small but finite average tilt
and the local bond-orientational order paramefgr is de- angle of (®)=6.6°, defined as the angle between the
fined as maximum-eigenvalue eigenvector of the average ordering

1
R g |
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0.00 FIG. 13. Mean-square displacement as a function of time for
8CB molecules both paralle([(rH(t)—r”(O)]z)) and perpendicular
-0.05 ((Jr (1) —r(0)|?) to the layer normal. The total mean-square dis-
0 2 4 6 08 10 12 14 placement |r(t)—r(0)|2)) is also shown. The dashed lines are
R (A) linear fits from which the diffusion constants are derived.
FIG. 11. In-layer angle-averaged pair-correlation functigr) The mean-squared displacement as a function of time is
(@) and bond-orientational correlation functigg(R) (b). shown in Fig. 13, together with linear fits. The resulting dif-

fusion constants arB=3.32<10" " cn?® s~ * (the diffusion

tensor(Q) and the layer normat. Further work will be ~ constant paraliel to the layer normab, =7.52<10 ®ent
required to determine whether this is a real feature of thé ~ (the diffusion constant perpendicular to the layer nor-
local structure of 8CB. mal), andD=1.61x10 "cn? s ! (the total diffusion con-

Finally, we have measured the mean-squared displac&tan). Although we are not aware of measurements of diffu-
ment and diffusion constants for 8CB molecules both paralSion constants for SmAy 8CB, these diffusion constants are
lel and perpendicular to the smectic layer normal from thedt least of the same order of magnitude as tracer diffusion
Einstein relations D=lim, ([r(t)—r(0)]?)/(6t), D,  constantsin the nematic phase of 8[ER]. Notice thatD is
. 2N g pn L larger thanD, — an interesting question is whether this
=lim,_ ([ro(®)-r(0)]/(4), and Dy=lim__([ri(t)  gjtyation will still hold on timescales long enough that the
—rH(O)]Z)/(Zt), wherer (t) is the molecular center-of-mass molecules have diffused a distance comparable to the layer
position at timet projected onto the layer normal, and(t) spacing. The effectiv®| on the permeation timescale may
is the molecular center-of-mass position projected into thde smaller than the short-tini2|, owing to the free-energy
plane perpendicular to the layer normal. barrier encountered by molecules diffusing from layer to
layer. The timescale at which this crossover should occur can
be estimated from the measured diffusion constants as the
time required for molecules to diffuse one layer spacing,
~30 A, corresponding to a mean-squared displacement of
~900A?. Using the measure®|, we estimate that this
would take~ 140 ns. Accessing this dynamical regime will
obviously require a substantially greater computational ef-
fort.

IV. SUMMARY

We have modeled the Sz phase of 8CB in a long MD
simulation of more than 10 ns. We observe the spontaneous

TABLE lll. Van der Waals parameters.

Atom 1 e (kcal/mo) o (R)

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

FIG. 12. Two-dimensional in-layer pair-correlation function C.1 0.150 3.650
g(X,Y) (a) and bond-orientational correlation functiag(X,Y) N 1 0.170 3.200

(b).
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our interaction potentialcounter-
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and fitted (solid line) rotational
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formation of the SmA partial bilayer phase from a bilayer as the dipole-dipole interaction energy for two cyano dipoles
initial condition, with an equilibrium smectic layer spacing (treated as point dipoles with dipole moment 4.05 vith
close to the experimental value. The equilbrium density, ori-3.5 A separation isi4,=5.5 kcal/mol (ig;,/kg=2770 K),
entational order parameters, and diffusion constants are alg@hich is more than a factor of eight larger than the dipole-
in reasonable quantitative agreement with experiment, alinduced dipole interaction energy for a cyano dipole and a
though the simulated orientational-order parameters for mephenyl ring(treated as a point polarizable center with polar-
thylene groups in the alky! tail are systematically higher thanizability 10.0 A%) with 3.5 A separationi,g=0.64 kcal/mol
those obtained from experiment. (uing/kg=320 K). Moreover, the dipole-dipole interactions
Overall, the results suggest that our model for interatomicre highly directional, while the dipole-induced dipole inter-
interactions in 8CB captures the main physical effects thaactions are more isotropic. For both reasons, one would ex-
govern the self organization of cyanobiphenytsmilarly ~ pect dipole-dipole interactions to play a dominant role in
good quantitative agreement with experiment has been foundetermining short-range intermolecular correlations in cy-
in simulations of other LC materials in which essentially theanobiphenyls.
same methodology for deriving interatomic potentials was This study also provides a detailed picture of molecular
employed[26,53)). Specifically, the present study implies conformation, intermolecular correlations, and smectic layer
that the molecular-scale structure of 8CB is dominated bystructure in SmAg 8CB. In particular, our results show that
excluded volume interactions and specific interactions be-
tween permanent electric dipoles, with induction effects TABLE V. Bond-angle-bending parameters.
playing a secondary rolgs4]. This is physically reasonable,

Atom 1 Atom 2 Atom 3 Oeq (°)
TABLE IV. Bond-stretching parameters. C 32 C 32 C 32 113.1
Atom 1 Atom 2 rea(A) C_33 C 32 C_32 113.1
C 32 C 32 CR 112.8

C 32 C 32 1.53 C 32 CR CR 120.0
C_33 C_32 1.53 C R CR C R 120.0
CR C 32 151 CR CR H_ 120.0
CR CR 1.39 CR CR C_RB 120.0
CR H_ 1.08 C_R C_RB C_R 120.0
C_RB C_RB 1.49 C_R C_RB C_RB 120.0
CR C_RB 1.39 C_RB C_R H_ 120.0
C R c1 1.45 C_R C_R c.1 120.0
cl1 N 1 1.14 CR CcC1 N 1 180.0
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TABLE VI. Torsional parametergkcal/mol, whereX represents any atom.

Atom 1 Atom 2 Atom 3 Atom 4 ¢, Cie C24 C34 Cag Cs4 Cog
C_33 C_32 C_32 C_32 1.965 —4.634 1.459 6.695 —2.683 0.982 2.315
C 32 C_32 C 32 C 32 1.965 —4.634 1.459 6.695 —2.683 0.982 2.315
C 32 C_32 C 32 C_R 1.965 —4.634 1459 6.695 —2.683 0.982 2.315
C 32 C_32 CR C_ R —-0.464 4.387 1.309 —8.342 —1.249 5.024 -0.763
CR C_RB C_RB C_R 4930 —18.893 —7.108 16.984 3.981 —9.272 —-0.214
X C_R C_R X 25.0 0 -25.0 0 0 0 0
X CR C_RB X 25.0 0 -25.0 0 0 0 0

the microscopic organization of smectic layers in @g- lation. Standard geometric combination rules were used to
8CB is, not surprisingly, considerably more complex thanparametrize van der Waals interactions between unlike atoms
the simple cartoon representation of Fig. 2 would suggesti.e. €; = Vej €j; andoj; = \ajigj;). The relevant parameters
although strong antiparallel association of neighboring mol-used to describe the intermolecular site interactions are listed
ecules is observed. The in-layer correlation functions reveah Table IlI.
liquidlike structure with weak bond-orientational order, per-  As we are not aiming for an interaction potential of spec-
haps induced by a small but non-negligible molecular tilt. troscopic accuracy, the bond-stretch and angle-bend spring
Future work will focus on more systematic studies of theconstants, andk, are given generic valueg, =700 kcal
cyanobiphenyl LC family. In particular, we plan to compute 1= A -2 for single bondsk, = 1050 kcal moft A 2 for
a wider range of properties of this systémcluding phase ogonant hond, = 1400 kcal mot* A =2 for double bonds,
behavior, viscosity, and dielectric constan@nd to analyze andk, = 2800 kcal mol X A ~2 for triple bonds, while a value

finite-size anq finite-time effects. A Ior_1ger—term goal is to k,= 100 kcal mol * rad~2 is used for all bond angles. These
develop polarizable models for cyanobiphenyls that will en-

able us to explicitly probe the role of induction interactionsval_llfﬁz W:g?ngﬁi;fr(;Taﬂgtgrrelg'nnf 6“ fggcdetzee{%]r.sional
in these materials. 9 p 8 eq

interaction parametens, , are obtained fronab initio calcu-
lations. LC molecules are generally too large to attack di-
ACKNOWLEDGMENT rectly using anab initio approach. In order to have results
This work was supported by NSF MRSEC Grant No. With a rgqsonab!e accuracy and computation time, we carry
DMR 98-09555. out ab initio studies of appropriate substructures of LC mol-
ecules, assuming that the interaction parameters derived for
] the substructures are transferable to the whole LC molecule.
APPENDIX: INTERACTION PARAMETERS The transferability hypothesis neglects any coupling between

In this appendix, we describe the procedure used to paporsions about two adjacent rotatable bonds other than that
rametrize the interaction potential for 8CB, and list the inter-arising from intramolecular nonbonded interactions.
action parameters. We make use of a combinatioaboini- The substructures used to obtain equilibrium bond
tio quantum chemistry and empirical data. The basidengths, bond angles, and torsional parameters for the 8CB
procedure we employ has been described previdssty. molecule are shown in Fig. 14. Theb initio calculations

The van der Waals dispersion/repulsion parametgys Were done at the MP2/6-31G//RHF/6-31Gd) level of -
ande;; are empirical parameters, taken from the literature. Irfheory, which gives a reasonable quality/cost ratio, using
the present paper, we make use of parameters from OPL&AUSSIAN 94[56]. The relevant parameters obtained are dis-
[55], with united atom parameters for GHind CH, taken ~ Played in Tables IV, V, and VI, respectively, for bond
from Siepmanret al.[29]. These parameters have been cho-stretching, bond-angle bending, and dihedral torsighand

sen to reproduce the thermophysical properties of small orfeq are taken directly from optimizedb initio structures.
ganic molecules in the liquid state, using MD or MC simu- The coefficientsc,, are obtained from fits to thab initio

torsional potentials, shown in Fig. 14. In addition, generic
values are used for noncritical torsional parametgys (for
example, for dihedrals in phenyl ringsand planarity of the
rings is ensured by including an inversion potential with
theq=0 andk,=40 kcal mol * rad 2.

Long-range electrostatic interactions are considered ex-
plicitly in our simulations. Site charges for substructures and
for 8CB are determined from electrostatic potentiBSP
CHELPG[57)) fits of a site-charge model to the electrostatic

0.00

FIG. 15. Site charge&n units of the electron chargdor the
8CB molecule, determined from electrostatic potenti@SP
CHELPG[57]) fits to semiempirical AM1) charge densities.

potential calculated from semiempiricahf11) charge den-
sities for the 8CB molecule. This is done at this empirical
level because a higher-level computation of the site-charge
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distribution for the 8CB molecule is too computationally ex- induction interactiongthe interactions between dipoles in-
pensive, and because site charges are less transferable tltarced by the electric field produced by the original charge
other parameters. Figure 15 lists the values of the sitelistribution are not considered explicitly, but are absorbed
charges used in this study. into the effective empirical van der Waals parametegs

It is important to note that in the present simulation, theand o; .
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