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Abstract: Molecular dynamics atomistic simulations of solid and liquid benzene have been performed,
employing a model intermolecular potential derived from quantum mechanical calculations. The ab initio
database includes approximately 200 geometries of the benzene dimer with interaction energies computed
at the MP2 level of theory. The accuracy of the modeled force field results is satisfactory. The thermodynamic
and structural properties, calculated in the condensed phases, are compared with experimental data and
previous simulation results. Single particle and collective dynamical properties are also investigated through
the calculation of translational and rotational diffusion coefficients, reorientational dynamics, and viscosities.
The agreement of these data with experimental measurements confirms the reliability of the proposed
force field.

1. Introduction (i) Since the target experimental properties refer to a given
Computer simulation methods, such as Monte Carlo (MC) Préssuré and temperature, good results are, in general, guaran-

and molecular dynamics (MD), have proven to be powerful tools 1€€d 0nly in a limited range of these thermodynamic variables.
for studying the bulk properties of condensed phases, ranging (iii) The |nter_act|on p(_)tent|al is an “effectlve"_potentlal in
from simple liquids to complex materials, such as liquid crystals the sense that it embodies not only the predominant two-body
or polymerst2 When the goal is the “realistic’ modeling of a  ©ffécts but also the many-body effects. Even though they
given molecular system, an accurate description of the interac-9enerally resemble two-body energies, their physical description
tions among the particles is required. Two main approaches haveS: in principle, weak.
been pursued in the construction of the force fields. (iv) The extension of such force fields to large molecules
The most widelj® employed scheme is based on an a can be done only by assuming the parameters transferability.
posteriori strategy. In this approach, the set of parametersUnfortunately, in complex materials, it is well-known that small
specifying the force field is adjusted in order to reproduce some differences in the molecular structure may produce impressive
target macroscopic properties, such as the experimental density/ariations in the macroscopic properties, and transferability must
or the vaporization enthalpy. Although capable of excellent be used with caution.
results, this kind of scheme suffers from some disadvantages. The other possible approach for constructing efficient force
(i) The parameter optimization procedure rapidly becomes fields consists of deriving the model potential from first principle
very costly in terms of both human resources and computational calculations. A number of quantum mechanical (QM) calcula-
time as the molecular size increases. For this reason, thetions for a set of representative intermolecular geometries are
interaction potential has to be described with few parameters, carried out to model a simplified potential, which will be used
and only simplified atorratom functions, such as Lennard- in simulations. Due to the high computational requirement of
Jones (LJ), can be considered. This lack of flexibility might accurate QM calculations, this alternative scheme has been less
undermine the possibility for the modeled intermolecular widely used, with some important exceptions (e.g., water,
potential to be close to the exact two-body interaction energy. methanol, and acetonitril)Nevertheless, it presents several
: : : — advantages that can be summarized as follows.
) e N oY faagomputer Simulation of LiguigsClarendon (i) The ab initio-derived interaction potentials are not driven

(2) Frenkel, D.; Smith, BUnderstanding Molecular Simulationscademic by experimental data. This allows the construction of force
Press: San Diego, CA, 1996.
(3) Brooks, B. R.; Bruccoleri, R. E.; Olafson, B. D.; States, D. J.; Swaminan-

than, S.; Karplus, MJ. Comput. Chenml983 4, 187. (7) Xantheas, S. S. Intermolecular interactions and cooperative effects from
(4) Hermans, J.; Berendsen, H.; van Gunsteren, W.; PostnBapgdolymers electronic structure calculations: an effective means for developing
1984 23, 1. interaction potentials for condensed phase simulatiorSoliel Approaches
(5) Cornell, W. D.; Cieplak, P.; Bayly, C. I.; Gould, I. R.; Merz, K. M; to the Structure and Dynamics of Liquids: Experimeftseories and
Ferguson, D. M.; Spellmeyer, D. C.; Fox, T.; Caldwell, J. W.; Kollmann, Simulation Samios, J., Durov, V., Eds.; Kluwer: Dodrecht, The Nether-
P. A.J. Am. Chem. S0d.995 117, 5179. lands, 2004.
(6) Jorgensen, W. L.; Maxwell, D. S.; Tirado-RivesJJAm. Chem. So2996 (8) Sum, R. B. A. K.; Sandler, S. |.; Szalewicz, K.Chem. Phys2002 116,
118 11225. 7627.
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fields, even for molecules whose properties are difficult to

making a comparison of many different properties possible.

measure, and in principle, gives the approach predictive Several other atomistic model potentials, obtained from quantum

capabilities for all molecules.
(i) This interaction potential has a well-defined physical

mechanical calculations ori&/3or calibrated on experimental
measure$>18-21 can be found in the literature, and most of them

meaning in the sense that it is a real two-body intermolecular yield accurate results with regard to the properties of liquid
energy. This knowledge allows the computation of the second benzene at room temperature. Much less attention has been

virial coefficient to be performed, which can be compared with

given to the capability of these models to represent the crystal

experimental data without running computer simulations. Three- liquid transition, which becomes crucial in fields such as liquid
body contribution may be, in principle, calculated, as well, and crystals or polymers. Moreover, from a theoretical point of view,

included in the construction of the force field in a direct or
average way.
(i) The force field is tailored on the chosen molecule and,

the benzene dimer constitutes a demanding test for ab initio
calculations since a correct representation of the dispersion
interaction requires careful calibration of both the basis set and

therefore, takes into account the details of a specific chemical the method employet:'"??Finally, an accurate sampling of
structure. No degree of transferability must be invoked for such the benzene dimer's PES can lead (through the FRI)the

interaction potentials.

construction of the interaction potential of large molecules

(iv) The ab initio-computed potential energy surface (PES) containing the benzehe fragméﬁﬁ _
constitutes a reference database for the parametrization through The present paper is organized as follows. The next section
a fitting procedure of model potentials of different complexity Provides computational details of the ab initio calculations, the

and realism. This chance appears to be important in large €mployed model potential, and the simulation technique. In
molecules, where a full atomic representation can be compu- Results and Discussion, the model intermolecular PES computa-

tationally too expensive and simplified models are to be dsed.

The corresponding disadvantages are the following.
(i) The ab initio-computed PESs may show very complex

shapes, which cannot be well fitted through the standard full

tion and the simulation runs are discussed. Conclusions are made
at the end of the paper.

2. Methods

atomic force fields. However, this problem can be solved by 2.1. Ab Initio Calculations. To obtain reliable interaction energies

introducing more flexible model potentials, specified by a larger
number of parameters, but still suitable for computer simulations.

in van der Waals’ complexes, one has to choose a method that includes
a significant fraction of the electronic correlation energy. In fact, HF
computations fail dramatically in predicting bonded structures of

(i) The sampling of the PES can be computationally very penzene and other aromatic pa#dhis is essentially due to the lack
expensive, in particular, for those molecules whose low spatial of dispersion energy (always attractive), which is expected to be crucial
symmetry requires the energy evaluation of many geometries. in molecules with electron delocalization, such as aromatic molecules.

The difficulty in establishing a criteria for the completeness of
the sampling is a further subtle problem.
(iii) The ab initio calculation of the accurate intermolecular

In view of the large number of configurations required to provide a
significant representation of the six-dimensional potential energy
surfaces of the dimeE(X,Y,Z,a,3,7), and of the necessity to include

energies of dimers through standard QM techniques quickly the basis set superposition error correcfidtme have looked for a

becomes not feasible with the increasing of molecular dimen-
sions. However, to circumvent this problem, we have recently

proposed a fragmentatiemeconstruction method (FRMSY,

which allows an accurate estimate of the interaction energy of

reasonable compromise between accuracy and computational require-
ments. We have used the second-order perturbative theory in the
Mdller—Plesset scheme coupled with a doublghus polarization basis
set, originally proposed by Hobza et*alThis basis differs from the

large molecules. From our point of view, this second route o1y wit, R.; Sturz, L.; Dde, A.; Miiller-Plathe, F.J. Phys. Chem. 2000

appears more appealing, and exploiting the rapid increase of
computational resources, we believe it is worthwhile of further

pursuit. With this aim, we report in this work the results of the

104, 5716.
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standard 6-31G* basis set for the low exponent of the Gaussian-type d ) bonds

orbitals that are centered on the carbon atoms< 0.28), which was EM = Z K(r, — r))?

calibrated with the help of more-sophisticated and time-consuming T

theoretical result® Its ability to give reliable results in a relatively angles

. . : ) ,

inexpensive way was already tested in a previous omkhere a + z K36, — giO)
|

comparison with the results of Tsuzuki et?al(probably the most-
accurate theoretical results in the literature) shows energy differences
that are less than 0.2 kcal/mol.

2.2. Model Intermolecular Potentials.The benzene molecule was + z k?(l + cosup + ) ©®)
modeled by placing an interaction site on each atom. The employed '
site—site potentialu;, is a modified version of the well-known 12-6
Lennard-Jones potential, with a Coulombic contribution, for example

dihedrals

The same set of intramolecular paramefgds rio}, {ka, 9?}, and{k9,
n, yat, reported in Table 1, was used for modéjsand A, while J
0 12 i%i ] ag andA sets were employed to model the intermolecular interaction.

Uy = dey| | —— E -0 \i=E 10 — @ 2.3. Computational Details. Al simulations of the rigid models

I I I I v v were performed on 108 molecules using a code based on the constraint
wherei andj represent the two interaction sites whose distancg. is method! to integrate the_ equation of motion. The runs of solid ben_zene
The parameters) was added to improve the flexibility of the fitting, ~ nave been carried out in the constant stress ensemble employing the
allowing the width of the interaction energy curve to vary independently Parrinello-Rahmar? technique that allows the shape of the simulation
from its depth. The interaction parameters of unlike paifsd;, and cell t_o fIl_Jctuate. Equilibrium propertles of the liquid phase have been
&) were obtained through the following mixing rules: studied in the NPT ensemble with the Nes#oover thermostat and
Andersen barostd** while dedicated runs in the microcanonical
ensemble have been adopted to study the dynamical properties. Long-

T

_itg)

_ 1/2. _ 12 o . i
& = (€)™ i 5 & = (&&) 2 range Coulombic interactions have been calculated with the Ewald sum
schemé’® A time step of 5 fs was used throughout the runs.

The database containing approximately 200 benzéeezene ab All simulations with flexible models were performed with the parallel
initio interaction energie® E(X,Y,Z,0,8,y), was fitted through a version of the Moscito 3% package, modified to take tiigparameter
nonlinear minimization routirfé to an intermolecular model potential:  into account. A system of 400 benzene molecules was simulated in

1 12 the NPT ensemble, witlP = 1 atm and differgnt temperatures. _
UXY.ZoBy) = U () 3) Temperature and pressure were kept consta_nt using the weak coupling
P .Z,Z LA scheme of Berendsen et &l setting the coupling times; andzp, at
0.75 and 1.38 ps, respectively.
wherev; is the site-site potential defined in eq 1. The fitting procedure During all runs the G&H bond lengths were maintained at their
was performed by looking for the minimum, with respect to the set of equilibrium value using the SHAKE algorithffi,and a time step of
seven independent parameteAs= {ei, 0, &, g}, of the function: 1.5 fs was used. For both rigid and flexible models, the short-range
intermolecular interactions have been truncate®.at 11 A, employing
Ngeom the standard corrections for energy and viti@lharge-charge long-
oEc— U(A)? range interactions were treated with the particle mesh Ewald (PME)
I(A) = = 4) method‘}9~_5°us_,ing aconvergence parameterpf 5.36/R; and a fourth-
Ngeom order spline interpolation.
Zl y The calculated values of the thermodynamic and structural properties
= were compared with those of the available experimental data. Among

them, the enthalpy of vaporizatiot\KV?), defined as the difference
where the indexk, specifies the geometry of the benzene dimer, and petween the enthalpy of the gas phadg) @nd that of the liquid phase
the wy values are the appropriate weights. During the fitting, no (H) at the temperatur&, was calculated as
constraint was imposed on the parameters, except those dictated by
the spatial symmetry and electroneutrality of the molecule. Thus, the

Vi
independent parameters wexg oc, &c, qc, €n, on, and&y. The root- AH ap(T) = Hg(T) —H(M =RT=yY(T) (7
mean-square (RMS) error was estimated as RM§/I.

The set of five independent parametelss { e, oi, g}, taken from where U\(T) is the interaction energy of the liquid. The positional
the OPLS force fielt? (Table 2) was also employed in the simulation ~ correlation function @), Which is comparable to recent neutron
for comparison purposes. The OPLS mixing rules diffraction results;? was computed as

6 =) 05=(00)" ®) gecn) | Gan(n) | Genlr)
ginter(r) = 4 + 4 + 2 (8)

were used withf = 1 for all of the sites.
Th f intermolecular param A) havi n
e two sets 0 . termolecular para etg}a(]d ) have been used (41) Ciccaotti, G.; Ferrario, M.; Ryckaert, Mol. Phys.1982 47, 1253.
to construct four different models. In the first two modelsgndA,), (42) Parrinello, M.; Rahman, Al. Appl. Phys1981 52, 7182.
)
)

the benzene molecule is considered rigid and fixed in its equilibrium Eﬁ Rocsj‘e S. Prol_g';.g?eg[i Phy;lhgzi,gégaé. -
i i i ipter naersen, H. . em. Y y .
geometry. The intermolecular interaction energy'®, is expressed (45) Ewald, P. PAnn. Phys1921 64 253.

by means of egs 1 and 3, using tdeand A set of parameters,  (46) Paschen, D.; Geiger, MOSCITO 3.9University of Dortmund, Dortmund,

respectively. Conversely, in modelsandAs, molecular flexibility has Germany, 2000. .
b ken i In thi he i | | . (47) Berendsen, H. J. C.; Postma, J. P. M.; van Gunsteren, W. F.; Di Nola, A;
een taken into account. In this case, the intramolecular energy is Haak, J. R.J. Chem. Phys1984 81, 3684.

expressed as the usual sum of contributions from bond stretching, angle(48) Ryckaert, J. P.; Ciccotti, G.; Berendsen, H. JJCComput. Phys1977,

; ; : . 55, 3336.
bending, and torsional motions: (49) Darden, T.; York, D.; Pedersen, I. Chem. Phys1993 98, 10089.
(50) Essmann, U.; Perera, L.; Berkowitz, M.; Darden, A.; Lee, H.; Pedersen, L.
(40) Chandler, PSTEPIT 7.7 University of Oklahoma: Stillwater, OK, 1991. J. Chem. Phys1995 103 8577.
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Table 1. Parameters Defining the Intramolecular Potential@
stretch Ky (kJ mol-L A-?) P A)
c-C 2552.2 1.394
C-C (uUB) 292.9 2.414

— constrained 1.080
angle Kk (kJ mol~* rad=?) 0° (deg)
c-C-C 334.72 120.0
C-C—-H 251.04 120.0
dihedral kg (kJ mol=t) y (deg)
c-C-C-C 12.970 180.0
C-C-C—-H 17.573 180.0
H—C—-C—H 10.042 180.0

a All C—H bond distances were constrained to their equilibrium values.
The C-C UB term refers to the UreyBradley stretching term (ref 3) in
the dihedral energy (eq 6). Al values were set equal to 2.

where gec(r), gun(r), and gen(r) are the standard atoratom pair
correlation functions.

Table 2. ABD and OPLS Intermolecular Parameters Used in Rigid
and Flexible Models J,and A,, and Jsand Ay, Respectively

ABD (A set) OPLS?(J set)
oc (A) 3.42 3.55
ec (kJ mot?) 0.347 0.293
& 1.14 1.00
e (e) —0.126 —-0.115
on (A) 2.93 2.47
en (kJ mold) 0.021 0.125
&n 1.34 1.00
g (e) 0.126 0.115
RMS (kJ mot ) 1.6 7.5
Q°(C B 24.5x 10740 23.3x 10740

aFrom ref 15.° The electric quadrupole momer@) resulting from the
fitted point charges. The experimental value (ref 32Jof (29.0+ 1.7)
x 10740 C n¥.

Finally, the shearfs), longitudinal ¢;.), and bulk §s) viscosities
were calculated from the time integral of the correlation function of
the proper elements of the stress tenggr (

Translational dynamics has been analyzed in terms of the center of

mass mean square displacement (MSD), defined as

MSD = [r(t) — r(0)|’0 9)
and velocity autocorrelation function (acf), defined as
7(t) = %N(t) - V(0)0 (10)

The latter equation was used to compute the translational diffusion
coefficient D) as:

D= [ Z(t)dt (11)
Moreover, by projecting the(t) vector onto theéss and C, axes of the
benzene ring, one can observe the anisotropy of local translational
dynamics.

In analogy with the above definitions, parall€)§ and perpendicular
(®p) rotational diffusion coefficients were also calculated as

0= [ oO)d; k=10 (12)

where o and wp are the parallel and perpendicular projections,
respectively, of the molecular angular velocity, onto theCs axis.
For comparison with recent NMR resufésthe reorientation of th€s
(Gy) andC; (0n) axes was also analyzed. This was only done for rigid
modelsJ; andA,, where the ring plane is strictly defined, by calculating
the time integralr', defined as

= [(oe; k=0 (13)
where Cﬁ(t) and C(t) are the first- and second-rank Legendre
polynomial, respectively, of the function cgg(t)), with ¢i(t) being

the angle betweefi(t) and (,(0). The functionsC, (D)0} obtained by
simulation runs, were fitted by the stretched exponential function (see

ref 21 and references therein)

[Ct)l, = &0 (14)
whose time integral is analytical
= [Tl dt = (1) (15)
B

o f Z;mraﬁ(omﬂ(t)mt (16)
W=t f Zm:w(O)ow(t)mt (17)

4 (VAR
Mg =ML E”SZ@L a;lm’uu(o)oﬂﬂ(t)mt (18)

3. Results and Discussion

3.1. Ab Initio-Derived (ABD) Potential. The PES of the
benzene dimer has been sampled through the ab initio MP2
computatiof®23 of the interaction energy for 197 different

jgeometriesNgeom, and the resulting datab@3evas fitted with

the full atomic model potential described in 2.2, which from
now on will be referred to as the ab initio-derived (ABD)
potential. The weighting functiony, that appears in eq 4 is

chosen in order to improve the fit of the potential

e— O.Ek

w, =
where Ey is the ab initio computed energy in the¢h dimer
configuration, andx was set to 3.5 kJ/mol, corresponding to
the Boltzmann factor at-600 K.

The parameters of both ABD and OPLS model potentials
are reported in Table 2, together with the RMS values and the
quadrupole moments generated by the atomic charges.

In Figure 1 some paradigmatic arrangements of the benzene
dimer are sketched: T-shaped (TS), face to face (FF), cross
(CR), side by side (SS), and slipped parallel (SP). These
geometries are shown in Figure 2, where the ABD intermo-
lecular potential is compared with the ab initio energies and
the OPLS

It is apparent that the two curves in Figure 2 show a marked
resemblance in all of the considered geometries, with some
differences near the bottom of the wells, where the OPLS
potential is generally more negative. The different RMS values
of the two potentials (1.6 and 7.5 kJ/mol for ABD and OPLS,
respectively; see Table 2) are due to large differences for some
repulsive energies at small interatomic distances. Figure 2 shows
that the inclusion of the& parameter, which allows one to

J. AM. CHEM. SOC. = VOL. 126, NO. 43, 2004 14281
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TS FE CR
<
3.3
OO £
SS

SP

Figure 1. Typical arrangements for the benzene dimer. The 3.3 A value
refers toR; (see Figure 2).

2

® ab-initio
— ABD
| --- OPLS

Interaction Energy (kJ/mol)

2+

R(A)

R(A)

Figure 2. Intermolecular energies for the benzene dimer in some typical
arrangements: ABD potentialH), MP2 energies @), OPLS potential

L] ey
500 L @
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—E L @& i -&- exparimental |
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S 1000f . O ABD B
o ] r'e
L A .
Ox
-so0 A -
r
IR NI I R T RS E—
300 350 400 450 500 550 600

Temperature (K)

Figure 3. Second virial coefficient vs temperature. Comparison between
experimental (refs 28 and 36) and theoretical results obtained by ABD and
OPLS potentials.

Comparing the parameters of the two potentials (Table 2),
we observe that some differences stand out clearly, particularly
for the parameters of the H atoms. However, the redundancy
of the atom~atom functions and the effect of tlievalue make
a parameter-to-parameter comparison rather questionable. In
fact, the two potentials turn out to be very close to each other.
Finally, the larger absolute value of the ABD point charggs,
yields an overall quadrupole moment slightly closer to the
experimental value of (29.8- 1.7) x 1074° C m?, obtained
with birefringence measuremerits.

A first test on the quality of the ABD and OPLS potentials
has been carried out through the calculation of the second virial
coefficient

N A
BZ(T) - _ ?A fdrfdg [e7U|nter(r,Q)/kBT _ l] (19)

whose results are displayed in Figure 3.

The agreement with the experimental data seems to indicate
that both models are able to correctly reproduce the main
features of the benzend®enzene interaction. In particular, our
potential is in quantitative accord with the experimental results
beyond T = 400 K, with increasing deviations at lower
temperatures. This confirms the overall quality of the ab initio
calculations and the accuracy of the fitting. At the same time,

(---). The geometrical arrangements correspond to those reported inthere is still room for improvement in the description of the

Figure 1.

modulate the slope of the curve around= o, leads to a
satisfactory reproduction of the repulsive region.
Considering the different origin of these potentials (the OPLS

most-attractive regions of the PES. On the other hand, a worse
performance of the OPLS model, for observations deriving
directly from the two-body potential (i.e.B), should be
expected since it was designed to reproduce condensed-phase

force field was adjusted to reproduce the experimental density properties.

and enthalpy of vaporization), their remarkable agreement is
gratifying. Indeed, since the OPLS force field has proven to
give accurate results in a variety of applicatidhd-2! this
agreement reinforces the reliability of both ABD and OPLS
force fields.

From Figure 2, it is also apparent that the ab initio energy

3.2. Simulation Results.The initial configuration was set
by placing four molecules per unit cell with the experimental
geometry of the benzene cryst&lThis unit cell was replicated
three times along each axis of the simulation box, obtaining, in
such a way, a system of 108 rigid molecules. Conversely, to
obtain a lattice structure of 400 flexible molecules, the unit cell

data in both model potentials are generally able to be reproducedwas replicated five, four, and five times along they, andz
with reasonable accuracy. However, some discrepancies remairdirection, respectively.

around the bottom of the wells and in the SP arrangement. This  This low-pressure experimental orthorhombic structure was
clearly indicates that, for some conformations, these simple used as a starting configuration for all runs. Figure 4 presents
model potentials may be inadequate for reproducing the complexan overview of the results of our temperature scan as far as
shape of the QM PES, and more versatile functional forms enthalpy and density of the flexible models are concerned. More
should be designed in order to reinforce the link between ab comprehensive and detailed information is provided in the
initio calculations and simulated bulk properties. following.
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25— T —— T 4, were calculated as a function of temperature. The thermal
model J; expansion coefficient() and the constant pressure specific heat
#ad A model A; : g (cp) have been calculated from the slope of the density or
o | O exp M enthalpy versus the temperature curve, while the melting
E : enthalpy AH™) has been estimated from the jump of the
3 _apk i enthalpy curve (Figure 4). These thermodynamic properties of
EE - the model benzene are compared with the relevant experimental
45 Q///,@/e - data in Table 4 at 300 K, which is a temperature corresponding
to a supercooled liquid for all of the models excépt

Y ; ! ! ) As expected, model, reproduces, quantitatively, both
: experimental densityp] and enthalpy of vaporizatiom\{H"a)

11 - as the OPLS parameter set was adjusted to reproduce these
properties. Our result for the density of modgloverestimates
L P& . the experimental data at all of the temperatures explored (Table

5), with minor differences imAH"#". Most importantly, from
our point of view, theA, system melts at a temperature very

Density {gfcma)

0.9 A A . ) .
: A close to the experimental one, though the melting enthalpy is
inls . L significantly underestimated.
150 200 250 300 350 The major effect of relaxing the internal degrees of freedom

Temperature (K) is an increase of density and melting temperature, registered
Figure 4. EnthalpyH and density as a function of temperature for the for both J; and As. On the contrary, minor differences were
flexible models. Specific heat at constant pressure and thermal expansiongptained for melting and vaporization enthalpies. No clear effect
coefficients were determined from the slope of the resulting curves for the . _ . .. - " . -
two models. The dotted vertical line indicates the experimental melting is visible on the ﬂthuatlon quantities,and g, if one C.onS'de.rS
mperature (278.6 K). the large uncertainty on these results. The latter, in particular,
temperature (278.6 K) g y p

Benzene CrystalsFor all of the models, the behavior of the is much smaller than the experimental value for all rigid and
’ flexible models. The result we obtain with mod#l differs

system was investigated at several temperatures in the solidi nificantly from that reorted in ref 15. which was in
phase with runs of more than 1 ns and the external pressureSg cantly fro al reported In re ! ch was
being fixed at 1 atm guantitative accord with the experimental value. This point has

Cell parameters, as well as density and intermolecular been further investigated by performing a Monte Carlo run at

energies for the crystals, are reported in Table 3. As can be constantT (298 K) andP (1 atm) with the BOSS program.

seen, all of the models yield results that are in good agreement’a‘fte_r a run of more than 501m|!|10n C(_)nflgurau_ons, we found

with experimental data, with the flexible models providing an again acp of 80 4 5 J mor* K™, which was in agreement

improvement with respect to the rigid ones. with MD results on the samé& model. The different number
The all-atom representation employed here allows us to obtainOf molecules (14§ vs 128 of ref 13) and-& bond !engths

a better description of the lattice parameters with respect to the(l'395 VS 1.'400 of ref 15) appear _too small to justify the

simplified, single-site model of ref 23, except for the molecular observed discrepancy of heat capacities.

orientation. The latter was found to be in quantitative agreement, _Liquid Benzene Structure. To obtain a completely isotropic
with the experimental data at 100 K, with our parametrization Phase, the two flexible models were heated at 340 K for 0.5 ns.

of the Gay-Berne model on the same set of ab initio data used The configurations obtained were cooled to 300 K in four steps
in the present work. Also, the temperature dependence of the®f 10 K €ach, with runs of 0.2 ns. The systems obtained were
angles, which specify the orientation of moleculm the unit then equilibrated for another 1.5 ns.

Ce", is Correcﬂy reproduced by the adopted potentia|sl As Figure Both flexible models turned into a ||qU|d at 300 K after these
2 shows, the TS and SP configurations of the dimer have almostProcedures were completed, with a density of 0.893 and 0.911,
equal energies. Apparently, packing effects of the crystal phaserespectively (Table 4). The structure of the systems was
do not significantly affect these favorite arrangements as there characterized by calculatingne(r) from the relevant atorn

are near neighbors of both kindswhereas FF configurations ~atom pair correlation functionggec(r), dew(r), and gun(r),

are found for more distant pairs of molecules. according to eq 8.

For rigid modelJ;, the ordered phase was stable up to 310  Comparison of the latter with the one resulting from neutron
K, where melting was observed after 350 ps, while for model diffraction measuremerifsis reported in Figure 5. Both models
A, melting occurred at 275 K in 700 ps. When the constraint give results that agree satisfactorily with the experimental data,
of the fixed internal geometry was relaxed, the melting with the A being slightly closer to the experimentiedr) for
temperature increases to 340 K with modeland to 310 K r up to=8 A. There is still a minor discrepancy between the
with model A, with runs of 0.5 and 1.5 ns, respectively. In simulations and experimental data in the description of the first
particular, the crystalline structure of modklremains stable peak and in the period of the oscillations.
at 320 K for more than 4 ns. Also, from this point of view, the In conclusion, the performance of th® models on the
present models outperform the single-site otfeghich predict thermodynamic and structural properties well compares with
melting temperatures, at best, in qualitative agreement with thethat of theJ; andJ; models, which have been constructed on
experimental data. the basis of such properties.

Thermodynamic Properties. The average densities and
internal energies of the equilibrated systems, reported in Figure(51) Jorgensen, WBOSS 4.2Yale University: New Haven, CT, 2001.
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Table 3. Calculated and Experimental? Crystal Data at 138, 218, and 270 K?

model T(K) U (kI mol?) o(gem3) a(h) b (R) c(h) o° ¢° Pe

Jr 138 —47.54+0.85 1.086+ 0.0010 7.30 9.39 6.81 0.860.02 0.23+ 0.02 1.84+ 0.05
Ar 138 —47.2+0.77 1.063t 0.0010 7.49 9.18 7.10 0.8# 0.01 0.37+ 0.04 1.20+ 0.02
Ji 138 —48.0+ 0.08 1.099+ 0.0006 7.27 9.35 6.94

At 138 —48.1+ 0.09 1.095+ 0.0008 7.34 9.23 6.98

exp 138 —47.3 1.094 7.39 9.42 6.81 0.82 0.36 1.52

Jr 218 —43.44+0.52 1.030+ 0.0010 7.43 9.53 7.11 0.880.02 0.09+ 0.26 1.52+0.17
Ar 218 —43.7+ 0.52 1.014+ 0.0010 7.61 9.25 7.27 0.880.02 0.05+ 0.26 1.22+ 0.07
Ji 218 —44.94+0.18 1.060+ 0.0019 7.24 9.51 7.10

As 218 —45.44+0.12 1.055+ 0.0050 7.38 9.35 7.09

exp 218 —45.1 1.055 7.44 9.55 6.92 0.83

Jr 270 —41.44+ 0.66 1.007 0.0010 7.35 9.70 7.24 0.800.03 0.10+ 0.35 1.56+ 0.14
Ji 270 —42.5+0.19 1.028+ 0.0020 7.25 9.67 7.20

As 270 —42.7+0.13 1.021+ 0.0013 7.42 9.57 7.14

exp 270 —43.1 1.022 7.46 9.66 7.03 0.84 0.31 1.54

aFrom refs 25 and 262 No data are reported for th model at 270 K as the onset of the melting process produces severe distortions of the cell shape.
¢The Eulerian angled), ¢, andy (radians), define the orientation of molecules of type | in the elementary cell.

Table 4. Experimental and Calculated Thermodynamic T T T T T T T T T T T T T T
Properties?

exp J, A 3 A 1.021-
P 0.874 0.873 0.900 0.893 0.003 0.91H- 0.005 L
o 1.198 1.56+0.16 1.02+0.13 1.35+0.11 1.144+0.13
Cp 135.69 84+ 8 59+ 7 64+ 9 83+ 8

Tm 278.64 310 275 340t 10 310+ 5
AH™ 9.3 8.8+ 0.8 5.2+ 0.6 8.4+ 0.8 6.6+ 0.6
AHva 3397 33.64+0.4 36.3+0.38 34.9+0.23 36.9+ 0.25

2 Densityp (g cn1 %), thermal expansion coefficient (x 1073 K1), ¢,
(3 molt K1), and AHar refer to the liquid at 298 K. (Temperatures are A
in K and enthalpies in kJ mot.) ® From ref 36.¢ From ref 35.9 From ref A S T S T N T i
34.¢From ref 31.f From ref 33. 4 5 6 7 8 9 10 11 12 13 14 15
r(A)

Figure 5. Intermolecular pair correlation function obtained from the atom
atom functions compared to thger obtained from neutron diffraction

Table 5. Experimental? and Calculated Translational Diffusion
Coefficients and Densities

model T (K) p(gem™3) D (x10°cm?s7Y) measurements (ref 18).

I 281 0.905 1.05 Table 6. Experimental and Calculated Rotational Diffusion

Ar 278 0.925 115 Coefficients, ©x (x101° rad? s~1), and Axis Reorientation Times,
Ji 283 0.905 1.2-0.16 7 (s)

As 280 0.928 1.5£0.11 kP

exp 288 0.885 1.90 model T (K) en (S ‘L'|1| i rﬁ I
i‘ 30 o879 o J, 281 185 85 71 41 23 16
J i 300 0.885 l.ZI: 0.13 Ar 278 27.0 8.5 75 32 24 14
Af 300 0'902 2.]:I: 0'12 Jr 303 23.0 12.5 47 3.0 16 1.2
e)f(p 298 6874 2'27 ’ Ar 301 35.0 12.4 54 26 16 11
3 312 0.857 2'15 exp? 300 15.9-28.8 7.4-10.2 0.94-1.3
Ar 308 0.873 2'70 Jr 312 29.0 16.0 35 25 12 10
Jr 320 0.865 2'&: 0.07 Ar 328 43.0 16.5 38 20 12 09
f . . .

As 320 0.883 2.9 0.10 A

exp 318 0.852 2.68 From ref 21.

averaging the time correlation functions over all of the relevant
trajectories. The resulting coefficient3, are reported in Table
Single-Particle Dynamic Properties A demanding test, for 5.
all models, is the reproduction of the experimental dynamic  As can be seen from Table 5, the translational diffusion in
properties. To investigate the dynamical behavior, the systemliquid benzene is slightly underestimated by all of these models.
in its liquid state was equilibrated in the NPT ensemble at 288, For theJ; model, this seems to be a known deficiency, already
298, and 318 K. found by other authord. A models, especiallis, are closer to
For both rigid models, several simulation runs of 100 ps each the experimental values, in particular, at higher temperatures.
were then performed in the NVE ensemble to calculate The enhancement of translational diffusion, due to the introduc-
translational and rotational diffusion coefficients, which are tion of flexibility, is a feature shared by bothand A models.
reported in Tables 5 and 6, respectively. It is worth noticing that the short time behavior of the velocity
For the flexible models, the liquid phase, obtained as acf shows, for both models, a difference if projected along a
described above, was first equilibrated to the desired temperatureparallel or perpendicular direction to tif& axis. In the short
through an NPT run of 1 ns. The equilibrated system was then time regime, in fact, benzene is more likely to diffuse in the
constrained in a box of constant volume. Four short NVE runs plane of the ring as a consequence of local anisotropy, produced
of 10 ps each were performed with both flexible systems, by the short range order around the tagged molecule.

aFrom ref 27.
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1.0 T T T T T Table 7. Experimental and Calculated Activation Energies for the
e J,-k=| Translational and Orientational Diffusion
0.8 ‘| J,-k=1 model EY (kI mol1) E(kd molY) EY (kJ molY)
A o6qy A ke X 16.0 11.3 8.1
= oualld rRE Ar 12.7 9.9 6.6
8 04ni —— A, -k=1 J 135
< 02h i ] A¢ 14.2
SRR S AN exp 13.6 13.3 8.2
oF T
A aFrom ref 27. From ref 21.
0.2F v , , , , .
j ' j ' J ' Table 8. Experimental and Calculated Viscosities
0.8 \ X ol Ar 1 model T(K) s (cP) 75 (cP)
N ' I 277 0.79+ 0.080 0.49+ 0.044
A 0.6F \\ \\\\ i e Ar 278 0.84+ 0.024 0.3% 0.066
= N\ S~~~ Crio== exph 283 0.76
Q o4k NN S~ I 303 0.58 0.41
v ST Ar 301 0.57+ 0.024 0.18+ 0.002
\\\:‘~\ exP 303 0.56
0.2 o iy Ar 328 0.46+ 0.020 0.24+ 0.03
C =
0 : . . o aFrom ref 29,
0 0.5 1 15 2 25 3
time (ps)

the J, model performs better in modeling rotational dynamics
around theCg as well asC, axis.
Viscosities.Benzene collective dynamics has been studied
by calculating the various viscosities according to the Green
From the angular velocity autocorrelation function, the Kub.o.relations (egs 1618). Th.is analysis hgs been restricted
parallel and perpendiculai® and ©r) rotational diffusion to ngld mode_ls for computational convenience. The results
coefficients have been calculated as shown in eq 12. The Obtained at different temperatures are shown in Table 8. The
, : N . _ uncertainty of these data has been estimated by averaging the
symmetry axes’ reorientation tmeﬂ,(wﬁh | =1 or2 andk various ru%/s namely, 3 at 278 K and 2 at 301 ar?/d 328 Ig e%ch
= ||,00) were obtained from the correlation of ti& and C, 05 | ' Y '
axes (eq 15). Both correlation functions are reported in Figure .B(r)]tsh ?T?gaels appear to satisfactorily reproduce the experi-
6 for the rigid models. Note that since the reorientation of the mental results of gﬁear viscosityratSOOyK I\F;Ieasurements Sf
Cs axis is due to rotation around tli& axes, thed, values are . i ) .
toebe connected to tha; times an(ljﬁ%ice versa ! bulk viscosity are more scarce. However, according to a recent
From Table 6, it can be noted that the rotation aboutihe stqu of acoustic relaxation timo.)é‘nB sho_uld not exceed 0.36
axes, namely, the reorientation of teg axis, is described by 7s (i.e.,~ 0.23 cP at 300 K).' This rgsult Is closer .to the data of
both models much the same way and compares fairly well with model A, than to that obtained with tha, potential. Larger
the experimental values. On the contrary, though the experi-\k/]aluest’) of bulk v;sc;ozltyl_(at Iezshaiéaérgie a&;’h?aé V|sfc03|ty)
mental results are rather scattefédotation about th&g axis ave been reported by 1-uo and Hot a studyora
seems to be overestimated by mod&l. However, this six-center model of benzene at various temperatures.
overestimation does not lead to an incorrect vaIueZDofA,/hich In the same paper, a long-time tail in the integrand of shear
. ) e . viscosity has been observed, whose contribution to the transport
indeed is well within the experimental range. As a consequence,Coef_ﬁcient increases at lower temperatures. An analogous
the value of the rotational anisotropy of mo = Q) o S ;
1) of 2.8 is still consistent with thepgxperimg:tla(lovRaI@e(sr” behavior is shown in Figure 7 where the normalized stress tensor
zml 6—2' 9) R acf is compared to the angular velocity acf for rotation around
Since both translational and rotational diffusions are thermally ';ggidclzy ?:I)((aiz,yi?gozcﬁ; ?o:(y. pz?ttr:hz;?gt;?;se;zzr: d ?)r; tlrrwue“ﬁ)lhg-
activated processes, one can calculate the relevant activation). - o2
energies fFr)om the A;rhenius expressions ntlme tail in the stress tensor acf. The latter contribution to the
' integral is very slowly fading away, so that the value reported
in Table 8 has actually been obtained from a fit according to
the following expression:

Figure 6. Correlation function for the rotational diffusion in rigid models
at 300 K. In the top panel, the normalized angular velocity correlation
functions are reported, while axis reorientation is shown in the bottom panel.

D(T) — DO e*E‘ra/RT

and [ods,(0)0,,( = a1 — eV + a1 — e ') (20)
_ —E°L/RT. L

6(T) =64 e ’ =110 Luo and Hoheis&? have related the long-time tail of the stress
or tensor acf to the second-order reorientational acf (Figure 6). At
278 K, the relaxation time of the slow exponential of eq 20
(3.7 ps) is actually fairly larger than that of the second-order
reorientational acf (2.4 ps). This increase, however, might be
due to collective effects on rotational dynamics. Mo#lehlso

7i(T) = 79 &=/

The results shown in Table 7 confirm that translational
dynamics is satisfactorily described by all of the models, while (52) Luo, H.; Hoheisel, CPhys. Re. A 1991, 44, 6421.
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1 T T T T about+40 and+60 K, respectively. Moreover, all models give
good results for the thermal expansion coefficient, but they
— <000y )> largely underestimate heat capacity at 300 K.
== <0g5(0)0p(t)> The total radial distribution function derived from neutron
...... <0 O, (t)> diffraction measurements at 300 K is well reproducedyy
and J; models, with negligible differences between them.
1 The translational diffusion coefficient is generally underes-
timated, with a small improvement due to flexibility. Larger
differences between thd and A models are apparent in
modeling rotational and reorientational dynamics, especially as
far as rotation around th€s axis is concerned. In the latter
2 4 6 caseA models yield rotational diffusion coefficients larger than
t (ps) those of thel models and slightly out of the range of the relevant
Figure 7. Comparison of normalized spinning) and tumbling ¢p) experimental data.

e veloty corelaton unclons wih i Shear vcosty MEGd. A, and J, models are able to quanitatively reproduce the
278 K). experimental data of shear viscosity at 300 K, and also, the

large increase of shear viscosity observed at lower temperatures
seems to qualitatively account for the temperature dependenceds satisfactorily accounted for by both rigid models. The
of viscosity, although the overestimated value at 278 K (i.e., predicted bulk viscosity of thé; model (0.41 cP) is twice as
close to the melting point) might be due to an overestimated large as that oA, (0.18 cP). The latter value is supposed to be
density (0.925 vs 0.890 g/én in closer agreement with recent estimates of bulk viscosity
(=0.23 cP).

The overall picture emerging from this summary shows that
The main goal of this paper was to test the possibility of a simple LJ+ Q potential, with the parameters derived by
obtaining intermolecular potentials suitable for computer simu- Jorgensen and Severance, is able to describe in a semiquanti-
lation on the basis of quantum chemical calculations, with no tative way a variety of structural and dynamical properties of
recourse to experimental data. solid and liquid benzene. It is worth stressing that this success

To this end (and to keep the paper within manageable length), extends well beyond the properties and the thermodynamic
we preferred to examine several diverse properties, rather thanconditions adopted in the parameter optimization process.
exploiting the wealth of detailed information provided by MD Our model matches the performance of Sheodel in most
to gain insight into the physics underlying the results. cases, with some weaker (density, vaporization enthalpy, and

The ab initio scheme adopted (MP2 with doubleplus rotational dynamics around tii& axis) and some stronger points
polarization basis set) has proven to be accurate enough tsecond virial coefficient, melting temperature, and bulk viscos-
provide results in good agreement with the most-reliable i)
theoreti_cal valu_es available for the minimym interaction energy Adding a description of the intramolecular interactions with
of the dlm_e_r. This accuracy h‘_"‘s been confl_rmed by _th(_e C‘n’lk:lJl""ththe CHARMM force field affects the results of the andJ
second virial coefficient, which shows minor deviations from
the experimental values only at the lowest temperatures
explored.

The measured values of density and internal energy of the
crystal are well reproduced. In all cases, relaxing the internal
degrees of freedom improves the reproduction of experimental
data.

Rigid and (more so) flexibleA models overestimate the
liquid-phase density by3% andAHYaP by =~10%. As expected,
the latter properties are quantitatively reproduced by the
model, which was parametrized on these data, but slightly
overestimated by thd; model. Melting temperature of real
benzene (278.6 K) is better predicted by the(275 K) than
the J; model (310 K), while both flexible models are off by  JA046642U

0.5

<A(0)A(t)>/<A>>

e e adiadaniad =2

R

4. Summary and Conclusions

models to almost the same extent. Molecular flexibility improves
some results, however, others are worsened (noticeably, density)
so that rigid models are to be preferred for benzene, in our
opinion, unless one is particularly interested in its internal
dynamics.

Our attention to benzene is mainly due to the presence of
the phenyl ring in many liquigtcrystal-forming molecules.
Hence, the results described here, combined with the remarkable
accuracy of the reconstruction of the interaction potential of
large molecule® from that of their constitutive fragments (e.g.,
benzene) allow us to pursue this approach to force fields with
some confidence.
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