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Parametrization and validation of a force field for liquid-crystal forming molecules
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First principles density functional calculations have been carried out to determine the structures and confor-
mational energies of a series of liquid-crystal fragment molecules. The calculations have been used to derive a
molecular mechanics force field that describes a subset of commonly occurring liquid-crystal molecules. The
force field has been used to carry out molecular dynamics simulations of the bulk phase for these fragment
molecules. Computed densities and heats of vaporization are in good agreement with experimental data. These
results should be useful in future molecular dynamics simulations of liquid-crystal systems.
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[. INTRODUCTION functional form is discussed briefly in Sec. Il and the com-
putational method is outlined in Sec. Ill. The results from the
Classical Monte Carlo and molecular dynamics computegdensity functional calculations and bulk simulations using
simulations are now regarded as powerful tools in the studyhe derived force field are presented in Sec. IV. Finally, we
of soft condensed matter systems, including polymers, liquigummarize these results and discuss briefly the avenues for
crystals, and complex fluids. However, the ability of thesefuture work in Sec. V.
simulations to predict material properties is influenced
strongly by the accuracy of the model used. For liquid crys- Il. FORM OF THE FORCE FIELD
tals simple hard1,2] and soft{3—6] single site models have . ) .
been successful in modeling nematics and a range of smectic 1€ choice of functional form for a force field is influ-
phases. Single site models, such as spherocylinders or G& nced strongly by its intended use. For instance, there is a

Berne units do not allow for molecular shape to change durlarge difference between the preferred functional form for a

ing the course of a simulation. However, liquid crystals areforce field designed for simulation of bulk phases, such as

inherently flexible and this flexibility has a significant influ- € AMBER force field[19], and that of a force field de-
ence on both phase behavior and material propefiied] signed for the determination of gas phase structures, such as

and, therefore, must be included in any realistic model of M4 [20—23. For simulation of bulk phases at room tem-

material. Atomistic models provide a convenient way of in-Perature it is rarely necessary to use anharmonic terms to
corporating molecular flexibility into simulations of liquid describe variations in bond lengths and angles. Conse-

crystals. In comparison to simple single site models, atomisduently, for this work, we employ a force field of the AM-
tic work is extremely expensive in terms of computer time, BER form[19], with harmonic terms for bond stretching and
However, recent increases in computer power and the devePond angle bending, and a Lennard-Jones 12-6 pot¢@dal

opment of parallel simulation methof] have led to a num- for interatomic repulsion and attraction instead of computa-
ber of atomistic studief10—18. tionally more expensive forms used in other force fields. So

Many of the the early atomistic simulations of liquid crys- for this force field, which is intended for the simulations of

tals suffered from a poor description of both the intramolecu-condensed liquid-crystal phases, the AMBER foft9] is

lar and intermolecular interactions. Force fields to represeri{!® MOSt appropriate. _
atomistic systems typically require terms to describe bond 1Nus our force field has the functional form
stretching, bond angle bending, and internal rotations in ad-
dition to nonbonded interactions. Traditionally, these have
been derived from a variety of sources including experimen- . .
tal data, such as spectro;ycopy or crystallogra%l’ny.il?]itio whgre the terms for bond stretching, bond anglg bendlqg,
calculations can also be used. In principle, such calculationtorsional rotation, van der Waals, and electrostatic energies
can achieve a high level of accuracy and can probe intramd'® as follows:
lecular interactions that are experimentally difficult.

In this work, we use state-of-the-art density functional E = E Ek|(|—| )2 )
theory calculations to construct atomistic potentials to de- streteh ™ Shas 2 e
scribe many of the key structural motifs in common calam-
itic liquid crystals that are used in display applications. In
particular, we have fitted potential functions for biphenyls, Epends > > ko0 Oeq), ©)
phenylcyclohexane cores, alkyl chains, lateral fluorine sub- angles
stituents, and cyano groups. These include functions for bond
stretching, bond angle bending and, most crucially, internal E :z 2 Ek [1+cognr+4,)] (4
rotations. This paper is organized as follows. The choice of g S 2 e

Eff = Estretch+ Ebends+ Etor+ EvdW+ Eelec: (1)
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o 12 o 6 boring cells, a supercell is constructed, which is large enough
Eaw= 2 46 (r_) _(r_) : (5)  to isolate the molecule from its periodic images. Only a
b Y N singlek point is required as the electronic bands are disper-
1 qq sionless for isolated moIecuIes.' ' '
Eolec= >y ——— — (6) The use of a plane wave basis set combined with pseudo-

] Ameg Tyj potentials gives several advantages over the more commonly
used localized basis sets used in quantum chemical calcula-

Herek,, k,, andk,, are the force constants for bond bend- tjons for the molecules. These includig the same basis set
ing, bond angle bending, and torsional rotations, respeccan be used for all atomic speci¢is) basis set completeness
tively, leq and 6.4 are the equilibrium bond lengths and can be guaranteed, afiil) force calculations do not require
angles,¢;; and oj; are the van der Waals well depth and corrections.
collision parameterédistance at whiclt, 4,~0), andqg; are To find the optimized molecular geometry an initial struc-
the atomic charged, ¢, and = are the bond lengths, bond ture is constructed first by using the modeling package
angles, and torsional angles, respectively, and the sums ©eriug [32]. The Hellman-Feynmaf33] theorem is then
Egs.(5) and(6) run over all pairs of atoms without a com- ysed to calculate the force on each atom and then the atoms
mon bond or bond angle. In some fluorinated moleculesare moved under the influence of these forces until the force
particularly those with lateral fluorine substituents, hydrogerfalls below a set tolerance. The optimization is converged
and fluorine atoms can come into close proximity to eachyhen the residual force on the atoms falls below
other, well inside the van der Waals radius. This leads tQ)OS eVA_l_ For the calculation of torsional ang|e poten_

strong repulsion between them, which complicates the fittingjals, the chosen dihedral is held fixed, while the remaining
of torsional parameters. To counter this, we model the vagjegrees of freedom are relaxed.

der Waals interaction for molecules using an exponential-6-
B. Fitting of force field parameters
HF _
Evdw= €ij o

Force field parameters were found by fitting to potential
, energy surfaces of common liquid crystal components. These
included biphenyls, with terminal cyano substitution and lat-

type potential 25]
6 1 r Za O'ij 6
—6°0 N T 520, )| a6\ T
() eral fluorine substitutions, as well as other core components.
Potentials for ring-tail torsions were calculated using propy-

where « is an adjustable parameter. In this study we use ! ST
_ . . . Ibenzene. The force field parametrization is based on the
=12, which gives the same long-range behavior as the

Lennard-Jones potentif2s) atom types shown in Table I, which in turn are based on the
In the nonbondedvan dér Waals and electrostatierms notation u.sed for the AMBER force f|e[d9j.

the sums exclude nonbonded interactions between the ,ato S Force field parameters f_or bond s.tr.eltchmg and bond angle
that have a common bor(d-2) or bond angle1-3). In com- rBendmg were found by fitting thab initio potentials to the

. - ) . bond stretching and bond angle bending potentials in Egs.
mon with the merged AMBER/optimized parameters for lig- (2) and (3). We can also derive the force field parameters
uid simulation (OPLS force field, we scaled 1-4atoms from the fc;rces on the atoms
sharing a common dihedyalan der Waals interactions By
and the 1-4 electrostatic interactions pyThe Fourier series Fi=—k(I—lgq. (8)
for the torsional energy is expanded in enough terms to re-

duce the squared difference between #feinitio energies  For small deviations from equilibrium, the potentials are har-

and the fitted energies to below 0.0019 2eV monic, as can be seen in F|g 1.
The van der Waals parameters are not easily found by
[1l. COMPUTATIONAL METHOD density functional methods. In this work they are taken from

the OPLS parameter sg84—-36 of Jorgensert al, as were
most of the atomic charges. The OPLS parameters have been

Structural and conformational energies were computeghown to reproduce experimental values for various thermo-
within the ab initio density functional formalisth26,27 us-  dynamics quantities, including densities and heats of vapor-
ing a plane wave basis set for the valence electrons. Thigation with an average error of 2—3P84]. Partial charges
CASTEP program[ 28,29 was used for these calculations. To for aromatic carbon and hydrogen atoms were found by
reduce the computational cost, the electron-ion interaction ifeast-squares fitting to the electrostatic quadrupole moment
described using ultrasoft pseudopotentials of the Vanderbilbf benzene, yielding values of 0.122 and +0.122, re-
form [30] and the PW91 generalized gradient approximationspectively. Charges for other atom types were taken from the
[31] is used for the evaluation of the exchange-correlatiorOPLS parameter set.
interactions. Torsional force constant&, were found by a least-

In this method, a molecule is placed in the center of asquares fit to theb initio potential using the torsional force
periodically repeating supercell, and a plane wave basis set tonstants as free parameters. The fitting procedure was as
employed, which was expanded to a kinetic energy cutoff ofollows: (i) start with approximate values fdr;, (i) mini-

400 eV, giving energy differences accurate to within 0.001mize the energy of the molecule at eahinitio data point,
eV/atom. To avoid interactions between molecules in neighand(iii ) calculate the sum of squared differences between the

A. Ab initio calculations
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TABLE |. Described here are the force field atom types and the definitions used in this paper.

Atom type Description
Ca Aromatic carbon
Cp Aromatic carbon(joining aromatic ringps
Ha Aromatic hydrogen
C, Carbon in cyano group
Nz Nitrogen in cyano group
C, Alphatic carbor n indicates number of attached hydrogens=(0,1,2,3,4)
HC Alphatic hydrogen
F Fluorine
OH Alcohol oxygen
HO Alcohol hydrogen

ab initio data and the data obtained from the energy minimi-with an Ewald convergence parameter of 0.48*Aand six
zations. Although time consuming, this method ensures thawave vectors in the, y, andz directions in accordance with
all other contributions to the molecule’s torsional potentialprevious work42]. A 9-A cutoff was imposed on the van der
(including van der Waals and electrostatic contributjeem®  Waals interactions along with long-range corrections for the
accounted for in the fit. All minimizations were performed energy and virial. A Verlet neighbor li41] was used to
using Powell's methof37]. By convention, the phase angles speed up calculation of nonbonded forces.
5, were set to 0° for odah and 180° for evem, so that the The simulations were started from a cubic lattice of 216
terms with positivek,; have minima at 180°. molecules at a gas phase dengipout 1 kgn?). They
were then compressed under a nominal pressure of 10 kbars
until a liquid state density (500—-1000 kg was reached.
This was performed at 100 K, which ensured that a rapid
The simulations were performed using thepoLy pro- ~ Compression took place. The systems were then heated up to
gram[38] (versions 2.11 and 2.12The equations of motion the simulation temperaturéthe melting points for biphenyl,
were integrated using the leapfrog algorithm with a time stegfi-cyanobiphenyl, and 2-fluorobiphenyl, the boiling point in
of 2 fs. Bond lengths were constrained using $hake pro- e case of butane, and 298 K for the othensd equilibrated
cedure[39]. The temperature and pressure were controlleaOr up to 1 ns(500 000 time s_tepsuntll the system tempera-
using a NoseéHoover thermostat and Hoover barosfae], ture, vqume, _and cor_wﬂguraﬂonal energy showed no sign of
respectively, with relaxation times of 1 ps and 4 ps. ElectroSyStematic drift. Statistics were then gathered over a 1-ns
static interactions were handled using an Ewald g4 production run.

C. Molecular dynamics simulations

IV. RESULTS
0.025 : T . : : 5 5
(2 s o) A. Force field parameters
\ ' 0 / Shown in Fig. 1 are the energy and force plotted for

0.020 g stretching aromatic C-H and cyano C-N bonds. Both the po-
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TABLE II. The bond stretching force constantls ) and equi-

0.015 + \\\ l 8\\ - librium bond lengthsl(,) are given here for a range of bonds found
= \ ’ ™ in liquid-crystal fragments.
° - i

K Bond k (eVA™? leq (A)
Ca-Ha 33.96 1.08
Ca-Ca 44.32 1.38
Ca-Cp 44.32 1.38
Co-Cp 27.28 1.47
Ca-C, 31.52 1.31
-0.02 -0.01 0 0.01 0.02 Cz-N; 11511 117
0 Ca-C, 24.47 1.50
8L(A) C,-C, 22.97 151
FIG. 1. Bond stretching potentials for C-H bond in biphejiiie Cy-HC 31.65 1.09
ab initio data (x) and the fitted data+)] and the G-N, bond in Ca-F 35.08 1.36
4-cyanobipheny(the ab initio data (O) and the fitted datg--)]. C,-OH 38.89 1.36
Inset shows the variation of force with change in bond length. Here OH-HO 52.06 0.97

8 =1~leq-
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TABLE lll. Bond angle bending force constants,j and equi- T T T T T T T
librium bond angleg,.
Angle ko (X107° eV/ded) Oeq (°)
Ca-Ca-Ha 98.46 120 0.10
Ca-Ca-Ca 84.94 120 <
Ca-Co-Cp 95.32 120 Q2
Ca-Ca-C; 134.38 120 w
Ca-Cz-N; 71.10 180
C,-C,-C, 244.76 113 0.05¢
C,-C,-HC 116.98 112
HC-C,-HC 147.25 107
Ca-Ca-F 101.90 120
Ca-Ca-OH 98.27 120
Ca-OH-HO 70.93 109 0
0 90 180 270 360
T (deg)

tentials show a quadratic dependence on the change in bond FIG. 2. Torsional angle potentials for bipherfghe ab initio
length as expected from E@) and the forces vary linearly potential (<) and the fitted potential )] and 4-cyanobiphenyl
with the change in bond length as expected from(Bg.The [theab initio data (O) and the fitted daté--)].
force field parameters for bond stretching are listed in Table
Il and those for bond angle bending are shown in Table Ill.torsional potentials for these molecules are shown in Fig. 3.
Table IV provides a comparison of our bond stretching forceas the nonbonded potentials are identical, different torsional
constants for the aliphatic C-C and C-H bond stretches comparameters are required to reproducedahenitio potentials.
pared with those from the OPL[S5], MM3 [43], MMFF94 The torsional barrier of biphenyl has been the subject of a
[44], and AMBER([19] force fields. Our values show reason- number of previous studies, both theoreti22,46—48 and
able agreement, notably with the OPLS that employs thexperimenta[49-5J. As can be seen from Fig. 2 we have
same harmonic form, and MMFF94 values. This is indicativeheen able to reproduce the torsional potentials accurately
of the quality of ourab initio calculations; we obtain com-  through the fitted potentials. The rotational barrier at 0° for
parable results from the density functional calculations agiphenyl is found to be 0.089 eV for the fitted potential and
those from high leve(MP2) quantum chemical calculations. 0.087 eV from theb initio data. The rotational barrier at 90°
While bond stretching and bending parameters can bgs 0.108 eV from the fitted potential and 0.108 eV from
transferred across a wide range of molecules, torsional pahe ab initio data. A previous study using the density func-
rameters can be less transferable. This can be seen especialphal theory(DFT) with the 6-31Gd) basis sef47] found
in conjugated systems where terminal polar substituents hav@e energy barriers to be 0.087 and 0.104 eV. However, the
a large effect on the torsional potentja5], which is not  present results benefit from a more complete basis set than
accounted for either through the electrostatic or through théhe earlier study. The barrier heights have been calculated
van der Waals interactions. An example of this can be seen
by comparing the torsional potentials for biphenyl and . . . . . . .
4-cyanobiphenyl shown in Fig. 2. Here we can see a markec
difference in the torsional potentials, caused by charge trans
fer towards the polar cyano group. This effects the bonding 1.0p
and structure in the molecule, changing the trade-off betweer
steric repulsion and conjugation. The classical nonbondec

—

>

2

TABLE IV. Comparison of bond stretching force constants for
alphatic C-C and C-H bonds, between this work and other force
fields. 051

C,-C,, bond G-HC bond

Force field k (eVA™?) Kk (eVA™?)  References

This work 22.97 31.65
0 1 1 1
OPLS 23.22 29.40 [35] 180 570 360
MM3 28.03 29.59 [43] 7 (deg)
MMFF94 23.72 32.15 [44]
AMBER 26.90 28.71 [35] FIG. 3. Variation of nonbonded energy against torsional angle

for biphenyl (=) and 4-cyanobipheny(--).
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TABLE V. Comparison of rotational barrier heights for biphenyl ' ' ' ' ' ' '

between this work and previous studigsrrier heights in ey, X X
Method References AE;, AEq
PW-DFT (GGA) This work  0.087 0.108
Fitted potential this work  0.089 0.108
MM4 [22] 0.107 0.080
HF/6-31G*//MP2/6-31G* [46] 0.141 0.063
MP2/cc-PVQZ/IMP2/6-31G* [46] 0.098 0.092
MP2/6-31Gd) [47] 0.169 0.091
B3-LYP/6-31Qd) [47] 0.087 0.104
B3LYP/cc-pVTZ [48] 0.083 0.092
Electron diffraction [49,50 0.061 0.069
Raman scattering [51] 0.061 0.061
NMR [52] 0.079 0.226
0 90 180 270 360
7 (deg)
using a number of wave function based methd4ds,49, FIG. 5. Torsional angle potential for phenylcyclohexéties ab

which give barrier heights of about 0.98—-0.141 eV for the O°initio potential (<) and the fitted potential)].

barrier and 0.63-0.92 eV for the 90° barrier. Again these

values have been obtained using a smaller basis set than in For 4-cyanobiphenyl the barrier heights at 0° and 90° are
this work. ExperimentallyE, has been found to be between 0.073 eV and 0.130 eV, respectively, from the fitted potential
0.061 and 0.079 eV anHgy, between 0.061 and 0.226 eV. and 0.069 eV and 0.130 eV from tlad initio data. Previous
These results are summarized in Table V, along with resultgb initio calculations at the Hartree-Fo¢kiF)/6-31G level
from the MM4 force field[22]. Our 0° barrier is lower than found the barriers to be 0.212 eV and 0.067[&8]. The 0°

that given by the wave function methods and consistent wittand 90° barrier heights have been determined by Ng#R
other DFT calculations and also with experiment as exi0 be 0.079 and 0.241 eV, respectively. Again the NMR re-
pected. The 90° barrier is somewnhat larger than those calcgults are for cyanobiphenyl dissolved in a liquid-crystal sol-
lated by wave function methods as well as the electron difvent. In agreement with experiment and in contrast to the
fraction and Raman scattering results, although it igHartree-Fock results we havg,<Eg, that underlines the
substantially lower than that given by nuclear magnetic resogreater accuracy of our method compared to earlier calcula-
nance(NMR) measurements. The NMR measurements, howtions.

ever, were performed on biphenyl in a liquid crystalline sol- ~Lateral polar substituents are commonly used in liquid
vent, while the other experimental and computational result§rystals to produce materials with a negative dielectric an-
are for molecules in the gas phase. In agreement with experisotropy. However, the decrease in the length to width ratio
mental measurements, we haig,>E,. caused by these substituents causes a decrease in the clearing
temperature and the mesophase stability. They also have a
large effect on the torsional potentials of conjugated systems.

0.5 . . . . . . .
010T
0.20r
S
2
w S 0157
2
0.05 w
0.10f
0.05r
0 " -2 % =
0 90 180 270 360 0
1 (deg) 0 90 180 270 360
7 (deg)
FIG. 4. Torsional angle potentials for 2-fluorobipheftfie ab
initio potential (<) and the fitted potential<)] and for biphenyl FIG. 6. Torsional angle potential for butaftee ab initio poten-
[the ab initio potential (O) and the fitted potentigl--)]. tial (X) and the fitted potential<)].
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TABLE VI. Comparison of rotational barrier energies for butane between this work and previous studies
(barrier heights in ey,

Method References  AE; 4 E120° Ege
PW-DFT (GGA) This work 0.035 0.142 0.251
Fitted potential This work 0.034 0.140 0.251
HF/6-31G*//[HF/6-31G* [60] 0.041 0.159 0.268
MP2/6-31G*/IMP2/6-31G* [60] 0.029 0.157 0.263
MP4(SDTQ/6-31G*//MP2/6-31G* [60] 0.031 0.154 0.257
QCISD(T)/6-31G*//IMP2/6-31G* [60] 0.031 0.152 0.255
BLYP/6-31G*//BLYP/6-31G* [60] 0.037 0.150 0.245
MM4 [22] 0.029 0.147 0.214
Raman scattering [57] 0.039 0.157 0.196
Thermodynamic [56] 0.035 0.156
IR in solid Ne [58] 0.032
Electron diffraction [59] 0.033

In addition to changing the conjugation of the system, theycyclohexane ring prevent electron delocalization over the en-
also create highly dipolar regions that give rise to strongire molecule, thus the torsional potential is governed by
electrostatic interactions. For liquid-crystal molecules, thesteric repulsion of the hydrogens. A previous study has
most common lateral substituent is fluorine, because it hashown that the addition of a polar end group has little effect
the smallest effect on the phase stability due to its small sizeon the torsional potentigk5]. Both theab initio and fitted
Figure 4 shows both thab initio and fitted potentials for potentials for phenylcyclohexane are shown in Fig. 5. The
2-fluorobiphenyl along with that of biphenyl for comparison. fitted potential closely matches ttabd initio, with a barrier
Again there is good agreement between the fitted and height of 0.120 eV in thab initio potential and 0.116 eV in
initio potentials. Theab initio energy barriers at 0° and 90° the fitted potential. These are in good agreement with the
are 0.119 eV and 0.080 eV, respectively, while the fitted barexperimental value of 0.124 ef65] found by NMR spec-
riers are 0.124 eV and 0.085 eV. There has been little previtroscopy in the liquid phase.
ous work on this torsional potential. Calculations at the rela- Moving to nonconjugated systems, we show the torsional
tivistic Hartree-Fock/6-31G level have found the 0° barrierpotential for butane in Fig. 6. Again a good agreement can be
to be 0.147 eV and the 90° barrier to be 0.061 [e\2]. seen between thab initio data and the fitted potential. The
However, as above, our calculations can be expected to beclipse(0°) barrier height is 0.251 eV and thens-gauche
somewhat more accurate. The torsional potential has aldoarrier is 0.140 eV. This system has been well studied, both
been calculated using the MM3 force field that gives the 0°experimentally[56—59 and theoretically{60]. A study by
barrier to be 0.383 eV and the 90° barrier to be 0.012 eV. the Tsuzukiet al. [60] compared the rotational barriers of
Another common liquid-crystal core component is thebutane calculated by various computational methods, finding
partially conjugated phenylcyclohexane. Here the saturatettans-gauchebarriers between 0.142 and 0.159 eV and

TABLE VII. Torsional force constantsk(,,) used in this study X102 eV).

Torsion K1 Ko K3 Kra K:s ks kg K-10 K12

Ca-Co-Co-C® 0.00 7.90  0.00 176 000 054 016  0.03 0.01
Ca-Co-Ce-CyP 0.00 957  0.00 011 000 019 025 0.07 —0.04
Co(F)-C-C»-C, 000 4.87 000 —1.48 000 -007 000 -003 0.05

Ca-Ca-Ca-Cp 0.00 41.24 0.00 0.00 0.00 0.00 0.00 0.00 0.00
C,-C,-C,-C, 8.47 0.32 0.12 -1.63 0.17 0.06 0.00 0.00 0.00
HC-C,-C,-C, 0.00 0.00 0.16 0.00 0.00 0.00 0.00 0.00 0.00
HC-C,-C,-HC 0.00 0.00 0.14 0.00 0.00 0.00 0.00 0.00 0.00
Ca-Ca-Ha-Co 0.00 4.34 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ca-Cy-C,-C,, 3.04 0.03 -0.14 0.55 0.00 0.25 0.00 0.00 0.00
Ca-Ca-Cy-C,° 0.00 3.59 0.00 -0.29 0.00 -0.21 0.08 0.00 0.00
Ca-Ca-C,-CY 0.00 2.28 0.00 —-1.00 0.00 -0.20 0.00 0.00 0.00

#Torsional force constants for biphenyl.

®Torsional force constants for 4-cyanobiphenyl.
“Torsional force constants for propylbenzene.
Torsional force constants for phenylcyclohexane.

051709-6



PARAMETRIZATION AND VALIDATION OF A FORCE . .. PHYSICAL REVIEW E 65 051709

0.025 . . . . . . . (a)
0.0257
0.020r
0.020r
0.015r
E
o R 0.015
0.0107 ,’M‘ ®
1 ' Q
] i
! 0.010f
0.005¢ ;
0 . \ 0.005f
0 270 360
1 (deg)
0
FIG. 7. Liquid phase dihedral angle distributions of butane at 0 360
2725 K, i.e., the C3-C2-C2-C3 dihedral distributiort \ and the
HC-C3-C2-C2 dihedral distributioft-).
(b)
eclipse barriers between 0.245 and 0.268 eV, to which our
0.025f
results compare favorably. Our values for tin@ens-gauche
energy differencéab initio potential 0.034 eV, fitted poten-
tial 0.035 eV are in better agreement with experimental val- 0.020+
ues than those calculated up to the MP2 level and with DFT
using a localized basis set. These results are displayed full
in Table VI. 0.015F
The full set of torsional force constanks, is given in o
Table VII. °
0.010f
B. Condensed phase molecular dynamics simulations
To test our parametrized force field, we have performed
molecular dynamics simulations on several liquid-crystal %999
fragments. The details of the method used have been outline
in Sec. Ill C. From these we have examined the geometries 0
and thermodynamic properties of the bulk materials includ- 0 360

ing densities and heats of vaporization.

The dihedral angle distribution for butane is shown in Fig. ©
7. The distribution for the central C-C-C-C dihedral angle
has a large central peak at 180° corresponding tatrénes W
conformer and two smaller peaks at about 60° and 300°
corresponding to thgaucheconformers, as expected from ) T T
the ab initio potential. Integrating this distribution gives a o . o
trans population of 67.50% andjauche populations of FIG. 8. .(a) Liquid phase dihedral angle distributions fo_r h(_exane
16.60% and 15.89%, respectively. This compares well wittt 298 K[dihedral angles, (--), 7, (=), andr; (—)]. (b) Liquid
previous simulations of butane, which foundrans popula- phase dihedral angle d|§trlputlpns for butane)(_at 272.5 K and
tion of 67.8%[61]. It is also in good agreement with the hexafne at 2|98 l{.('k'l) d|str|but|osn for ang'?% n hexanﬁ’da?.d.
trans population calculated from Raman scattering of 70.7%&;25 g; :rr:glees? n e:r?dné. (¢) Structure of hexane with defini-
[57]. Previous studies have shown little change in tiia@s glesry, 72, andrs.
population of butane in going from the gas phase to the
liquid phase[61]. The C-C-C-H dihedral angle shows three to that of butane, with the central dihedral;, having a
peaks at 60°, 180°, and 300°, of roughly equal height, whicHargertrans population than the outer dihedrals. This is con-
is consistent with the threefold symmetry in its torsional po-sistent with previous simulation resu[i82]. From the direct
tential. Figure 8 shows the dihedral angle distributions forcomparision in Fig. &) it can be seen that theans popu-
the C-C-C-C dihedrals in liquid phase hexane and compardations for hexane are larger than that of butane.
them to that of butane. Considering FigaBwe can see that The dihedral distribution functions for biphenyl and
the distributions for each dihedral angle in hexane are simila#-cyanobiphenyl are shown in Fig. 9. In both cases peaks in
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Calculated values of tha,,,,H are listed in Table IX along
with the experimental valud$4]. Where available, these are
in good agreement with the calculated values. The heat of
vaporization depends critically on the average molecular
structure as governed by the intramolecular potentials, in ad-
dition to the intermolecular potential, so the agreement with
experiment is encouraging.

Diffusion coefficients have been calculated for the sample
molecules using the Einstein relationsli§b]

0.015-

Al

p(®

1
0.010 ¢'
1

]

I

1

1

1
0.005} | D:§(|ri(t)—ri(0)|2>, (12)

wherer; is the position of the center of mass of a particular
atom. The values for the diffusion coefficients for the sample
360 molecules are shown in Table X. The diffusion coefficient for
butane was calculated by Daivis and Evans to be 7.4
FIG. 9. Liquid phase dihedral angle distributions for biphenyl Xm ° m?s"* using equilibrium molecular dynami¢s6]. .
(—) at 343 K and 4-cyanobiphenyi-) at 360 K. This was,_however, calculated at_ a I_ower syster_n density
(583 kgm ) and extrapolated to infinite system size, both
factors strongly influencing the diffusion.

the dihedral angle distribution occur at minima in both the The center of mass radial distribution functions for butane
fitted andab initio potentials in Fig. 2, and so we notice no

S ; . . and hexane are shown in Fig. (@D The radial distribution
sr:gngwiekmt influence on these from surrounding molecules ”function (rdif) for butane is w%i((:alll for a fluid near a phase
the bulk.

The simulation data was used to calculate bulk thermody’gransnlon[GS] (this simulation was conducted at the boiling

namic properties for the sample mesogenic fragments. Derg_omt of butang with a broad first solvation peak at about

sities were calculated from the average system volume, wit 540 l’ﬁ 5'::? t&hae;(;meeézﬁ r‘gt zrt])%vl\jf 6a9b/£\0§r?1§iglr<1t::ac::”:r?asa;
results shown in Table VIII. As can be seen, there is goo : P 9 SN

agreement between the experimental vali@4,63 and radial distribution functions for biphenyl, 4-cyanobiphenyl,

those obtained from simulation. This indicates that the termﬁnd 2-fluorobiphenyl are shown in Fig. (0. Again they

o . : : . ave the expected form, with the onset of first solvation
describing the intermolecular interactions provide a goo . ! . .
representgation of those in the real fluid. P g peaks for biphenyl and 2-fluorobiphenyl at abduA with

- : the peak centered around 7.5 A, and the onset of first solva-
po:i:;zlilt(i)(\)/\gng Jo:'g:carr;fﬁlh%], we find the molar heat of va- tion peak for 4-cyanobiphenyl at about 3.5 A with the peak

Tvap centered at about 5 A. The similarity in the radial distribution
AyapH=H(g)—H(l), (9)  functions for biphenyl and 2-fluorobiphenyl is expected due
to their similar molecular shapes. The first peak in
4-cyanobiphenyl is closer than in the other biphenyls due to
closer molecular packing caused by strong dipole-dipole in-
Teractions between molecules.

whereH =E;nier+ Eintra+ pV andl andg indicate liquid and
gas phase values, respectively. For a liquid at ambient pre
sure thepV term is negligible[ V(I) is about 0.00¥(g)],
while due to the very weak intermolecular interactions in the

gas phase we can assume ideality; tBys..(g) is zero and V. CONCLUSION

pV=RT. Therefore, In this paper we have presented a methodology for gen-

erating force field parameters from high level density func-
A, apH=Eintra(l) = [Eintra(1) + Einte() ]+ RT.  (10)  tional calculations, and have applied it to the generation of a

TABLE VIII. Computed and experimental densities of sample liquids.

Liquid TK) (V) (A3 (p) (kgm 3 (p)(expt) (kgm3) References Errof%)
Biphenyl 343 56373 98187.1 990 [63] 1.0
4-Cyanobiphenyl 360 62485 102&:5.8
Butane 2725 34685 605t310.6 602 [34] 0.5
n-Propylbenzene 298 50388 861.8.8 860 [64] 0.2
Phenylcyclohexane 298 60620 954.9 939 [64] 1.7
2-Fluorobiphenyl 343 57303 1085.6
Hexane 298 46860 664+3.0 656 [64] 1.3
Terphenyl 493 89217 93248.8 957.7 [64] 2.6
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TABLE IX. Computed and experimental heats of vaporization for sample liquids. All energies in

kJmol 1.

Liquid T(K) EinratEinterl(l)  Eintra(9) AyapH  A,apH(expt) References Errdfo)
Biphenyl 343 —9.669 50.472  62.99 61.23 [64] 29
4-Cyanobiphenyl 360 —34.024 43.095 77.119
Butane 2725 17.03 36.43 21.67 22.44 [64] 3.4
n-Propylbenzene 298 28.46 71.86 45.88 46.48 [64] 1.3
Phenylcyclohexane 298 19.84 83.77 66.41 64.14 [64] 3.5
2-Fluorobiphenyl 343 62.74 112.82  31.66
Hexane 298 7.56 38.22 33.13 31.98 [64] 3.6
Terphenyl 493 190.98 123.06  72.02 75.89 [64] 5.1

force field for liquid crystals. We have then tested the force(@)
field using molecular dynamics simulations from which key
thermodynamic properties have been computed.

The results from this study are very promising. In the
simulation, our force field has been able to reproduce experi-
mental densities and heats of vaporization, with errors of
about 2% and 3%, respectively. We have also been able t
reproduceab initio torsional potentials for a range of tor-
sional potentials. This is important as a good representatior
of conformational profiles is important for good quality
simulations of soft matter.

The wide range of molecules that form liquid-crystal
phases dictates the need for easy generation of new forc
field parameters. We have accomplished this by the use of i
simple functional form for the force field and the use of
accurate, but relatively computationally inexpensabeinitio
density functional calculations. The use of “off the shelf”
values for van der Waals parameters and charges also helg
in this regard.

A number of extensions of the current work are possible.
One possibility is the investigation of charges derived from (b)

g (r) (abr. units)

the ab initio electrostatic potentigl67] as well as charges '
from a Mulliken-like analysis. Charges derived from electro-
static moments have already been used for aromatic carbo
and hydrogen atoms and extension to other atom types i
possible. The range of the parametrization can also be ex @
tended to cover further functional groups common in liquid- :E,
crystal molecules, notably linking groups such as esters anc 4
further ring-tail groups, which are important in determining 8
the overall shape of liquid-crystal molecules. T
(o]
TABLE X. Diffusion coefficients.
Liquid T (K) D (x10°° m?s™%)
Biphenyl 343 0.718
4-Cyanobiphenyl 360 0.555
Butane 272.5 4741 0 5 0 10 15
n-Propylbenzene 298 1.006 r(A)
Phenylcyclohexane 298 0.205 FIG. 10. (a) Radial distribution functions for liquid butane at
2-Fluorobiphenyl 343 0.634 272.5 K and liquid hexane at 298 Kb) Radial distribution func-
Hexane 298 3.152 tions for liquid biphenyl at 343 K, liquid 2-fluorobiphenyl at 343 K,
Terphenyl 493 1.939 and liquid 4-cyanobiphenyl at 360 K. In both graphs, succesive

curves are offset 1 unit along theaxis.
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Finally, recent studies in our laboratory have shown that itopen the way for the prediction of key material properties
is now possible to study systems of up to 1000 mesogens iimnportant in liquid-crystal displays.

the isotropic phas¢68] using parallel molecular dynamics

methods on multiprocessor machines. Work is currently un-
derway to test the force field developed in this work for
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