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conjugation and crystal forces in determining the preferred mo-
lecular geometry.

The (90°,90°) conformation lies 25.3 kJ:mol™' above the
minimum according to the STO-3G results. As mentioned pre-
viously,*? this value is comparable to the barrier to internal rotation
in benzaldehyde, which lics in the range 19.3-22.7 kJsmol™' for
various experimental methods’’® and 24 kJ:mol™' from an
STO-3G calculation.?*3% In both molecules, the origin of the
barricr is presumably the loss of w-conjugation between the pheny!
and keto groups. It is perhaps surprising therefore that the loss
of conjugation between the keto group and one phenyl group in
benzaldchyde should require as much energy as the loss of con-
jugation between the keto group and both phenyl groups in
benzophenone. From the 3-21G//STO-3G results, the barrier
is 57.2 kJ:mol™".

Although the more flexible split-valence basis provides a lower
total energy, it leads to larger relative energies than the STO-3G
basis. The 3-21G barrier heights are roughly twice the STO-3G
values. Because the STO-3G barrier for benzaldehyde is in better
agreement with experiment’ 0 than the estimates obtained from
4-21G, 4-31G, or 6-31G split-valence bases,’ this is not unex-
pected. Presumably, this agreement is a result of a fortuitous
cancellation of errors at the STO-3G level, perhaps associated
with the compactness of the STO-3G basis functions.

Torsional Freguencies, Lines in the T, < S, absorption
spectrum have been tentatively assigned to torsional modes of the
triplet state at 85 and 100 ¢cm™, which would correspond to B and
A modes, respectively, in C, symmetry.’? Progressions in the 'nr*
«— S, spectrum were assigned to the same A mode at 80 cm™!
because the B mode cannot form progressions. From semi-
empirical and ab initio calculations of the harmonic vibrational
frequencies of the C; minimum energy conformer, the torsional
frequency corresponding to the minimum energy path (B mode)
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Khim., Ser. 2 1980, 2].

(40) Durig, J. R,; Bist, H. D; Furic, K.; Qui, J.; Little, T. S. J. Mol.
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is 23 cm™ from AM1 or 32 cm™! from STO-3G. Torsion along
the , = , diagonal (A mode) appears at 56 cm™! according to
AMI, or 57 cm™! according to the STO-3G calculation. Although
the calculated normal coordinates corresponding to these fre-
quencies may be inaccurate, a harmonic approximation to the
AM 1 surface in the vicinity of the minimum supports these as-
signments. The third-lowest and fourth-lowest calculated vi-
brational frequencies are 85 and 133 cm™ from AMI, or 97 and
152 cm™ from STO-3G. According to the normal coordinate
descriptions, these are skeletal modes of A and B symmetry,
respectively, and not the torsions. Possibly, the observed vibra-
tions*? of the excited singlet and triplet correspond to these skeletal
modes. Experimental investigation of these low-frequency motions
would be helpful.

Conclusions

On the basis of AM1 and STO-3G calculations, the preferred
conformation of benzophenone has C, symmetry. The angle
between the planes defined by a phenyl ring and the keto group
is about 33°, and the angle between the phenyl ring planes is about
56°. These results are in excellent agreement with crystallographic
data. The barrier to internal rotation in benzophenone is probably
between 3.0 and 5.6 kJsmol™'. The minimum energy path for
conformational interconversion is determined by a balance between
the maintenance of w-conjugation between the keto group and
the phenyl rings and the avoidance of mutual repulsion of the
phenyl rings. These findings are in agreement with early results
from extended Hiickel theory. With the 3-21G basis and the
STO-3G optimum geometry, the rotational barrier is 12.0 kJ-mol™,
which is probably an overestimate. From the AM1| and STO-3G
results, the torsional frequency corresponding to the antisymmetric
mode is estimated to be 23 and 32 cm™!, respectively, and the
torsional frequency corresponding to the symmetric mode is es-
timated to be 56 and 57 cm™!, respectively. An experimental
determination of the torsional frequencies would be valuable.
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Abstract; We present the results of simulations using water-waier and water—ion models that include explicit nonadditive
polarization energies. The water-water potential has been adjusted to fit the experimental water density and potential energy.
The resulting potential is used in a simulation of liquid water. In addition to the density and potential energy, the model also
fits the experimental radial-distribution functions and the diffusion coefficient well. Water—ion parameters are derived similarly
and include, in addition 10 polarization nonadditivity, three-body exchange repulsion. The model is then used to compute the
energy of ion-waicr clusters. The agreement with experimental cnergies of cluster formation is very good.

Introduction

The structure and properties of liquid water are critical to our
existence, as well as being representative of an important polar
liquid. Thus, understanding these structures and properties from
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a physical-chemical point of view has inspired a very large number
of statistical mechanical models as well as computer simulation
approaches. The goal of the latter is, beginning with the intra-
and intermolccular energies of a water molecule as a function of
coordinate, to use Monte Carlo or molecular dynamics methods
to derive observable structural, kinetic, and thermodynamic
properties that are consistent with experiment.
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Nonadditive Intermolecular Potentials

These energy functions fall into two broad classes: pairwise
additive and “effective” two-body interaction functions. Energy
functions that are pairwise additive (two-body potentials) are most
reasonably derivable from quantum mechanical calculations, and
the cfforts of Clementi and co-workers! are the major recent effort
in this dircction. Far more common are “effective” two-body
functions, which derive the parameters of the function by requiring
a fit 10 a number of properties of the liquid. The classic work
by Rahman and Stillinger? describes the first application of such
a potential to water using molecular dynamics, and the potentials
SPC/SPC/E? and TIP3P/TIP4P* are refined versions of this
approach.

The key assumption in “effective” two-body potentials is that
many-body intcraction cnergies can be incorporated into the
parameters that are evaluated as two-body interaction energies.
This had led to partial charges on the oxygen and hydrogens that
correspond to a dipole moment of the water molecule of ~2.3-2.4
D, considerably cnhanced over the gas-phase value of 1.85 D.

A recent paper by Jorgensen et al.* has reviewed the simulation
results with usc of such potentials. These potentials appear very
powerful in representing the enthalpy, density, heat capacity,
radial-distribution functions, and diffusion coefficients of liquid
water. Recent enhancements of such potentials have considered
many-body effects in liquid water in a mean-field approximation.®
These have led to further improvements and refinements in such
potentials, and the SPC/E model appears to be the best available
to date of this sort.?

Why have so few water models included nonadditive effects
explicitly? First, such an inclusion requires a considerable increase
in computation, of the order of 2-10 times. Second, the success
of “effective two-body” models has dampened the enthusiasm for
spending the increased computational resources required for such
models. Nonctheless, until we have a successful and useful ap-
proach to describe such nonadditive models, we cannot fully assess
their nature. In particular, such models are expected to be
particularly important for ionic solutions, where water molecules
near the ion should be significantly more polarized than those
further away.

The first computer simulation on liquid water with use of
explicit nonadditive models was by Barnes et al.5 More recently,
studies on such models by Ahlstrom et al.,” Sprik and Klein,?
Cieplak et al.,” and Niesar et al.! have been informative, but to
date, no onc has developed a nonadditive model that has been
shown to reproduce the liquid structure, density, and energy as
well as effective two-body potentials. This paper presents the
results of molecular dynamics simulations on a nonadditive model
that succeeds in doing so. Furthermore, calculations are presented
on ion-water clusters that suggest that this model has much to
offer in studies of ionic solutions.

Method

We use the following equations to describe the interaction energy of
the system, which uses a rigid 1hree-poini-charges water model with the
internal geomeiry of 109.5° and | A for 1the HOH angle and OH dis-
1ance, respectively. It consists of the Lennard-Jones and clectrostatic
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interactions between waters and waters—ion, a nonadditive polarization
energy, and a term that includes explicit exchange-repulsion nonadditivily
for ion-two water interactions. Thus, the total potential is given as

Ulul = Upair + Upol + U}body (l)
where the pair additive potential is

Upair = ;;AL/‘/’U” - Cy/rft+ ag;/ry (2)

and the polarization energy is

Upa = _l/zz_#iEio (3)

finally, the three-body potential is written as follows
Uspody = A exp(=0r ;) exp(=Bry3) exp(—vry;) (4)

Here, u; is the induced dipole moment and E, is the electric field a1 alom
i

w = oF, E;=EP+ T T (5)

J=1mi

and £ and T, are 1he electrostatic fields from the charges and 1he dipole
1ensor, respectively

o _ Ty _ 1 Tij
El= ¥ ¢g— Ty= =\ 3! 6)

. Al 3
JE i Ty Tij Ty

where a; is 1he polarizability of atom i, r;; is the vecior from atom j 10
atom /, g; is the charge a1 atom j, ry; and r,; are ion—oxygen dislances
for the ion—water trimer, r,; is the oxygen—oxygen distance for the 1wo
water molecules involved in the ion—-water trimer, and A4, 8, and v are
empirical parameters.

The analytical derivative of the threc-body potential is calculated with
use of the chain rule. and the analytical derivative of 1he polarization
energy, including the dipole-monopole and dipole—dipole forces, is an
extention of the work of Vesely on a sysiem of dipolar molecules'! and
is the sume as that used in ref 7. We used 1he 1raditional iteralive
approach to solve eq 5 with the iteration continuing until the root mean
square of the difference in the induced dipole between successive itera-
tions is less than 0.01 D/atom. We find that self-consisiency is usually
achieved within five iterative steps. The atomic polarizabilities for the
hydrogen and oxygen and for the ions are 1aken from the work of Ap-
plequist et al.'? and of Sangster and Atwood,'? respectively.

In construciing the nonadditive potential model, we used SPC/E water
as a reference. This SPC/E model’ is a reparameterized version of the
SPC model 10 implicitly include the polarization energy. We have carried
out three molecular dynamics simulations on liquid water: the first has
used the SPC/E water model: the second has used a gas-phase-water
dipole moment of 1.85 D and the molecular polarizability centered on
the oxygen atom (POL); and the 1hird allowed the pariial charges to vary
10 best reproduce the properties of liquid water and used the atomic
polarizabilities of Applequist'? on the oxygen and the hydrogen atoms
(POL1). While the structural properiies of both POL and POL| models
are very similar, we find the thermodynamic properties of the model
POL] much betier than 1the POL model. For example, the induced
dipole and the potential energy/water molecule of model POL are 1.4
+ 0.2 D and -11.5 £ 0.1 kcal/mol, while the model POL1 gave 0.50 £
0.05 D and -9.82 £ 0.10 kcal/mol, respectively. Since the experimental
value for the water energy is —=9.92 kcal/mol and the induced dipole is
near 0.6-0.8 D, i1 is clear that POLI is a much betier model and we
carried oul more extensive simulations with i1.

The molecular dynamics simulation system consisted of 216 waters in
a cubic cell (of 18.6 A). An initial set of velocities was sclected from a
Maxwell-Bolizmann distribution corresponding 1o 300 K. Coupling
constants of 0.2 and 0.5 ps for temperature and pressure were used, and
the SHAKE'? procedure was employed to constrain all the bond lengths
10 their equilibrium values. The simulation was run with a 1ime step of
1 fs, and the nonbonded interactions were truncated at a molecule sep-
aration of 8 A. Each simulation consisted of 20-ps equilibration followed
by 40 ps of data collection. The diffusion coefficient was calculated as
in ref 4, and the methodology was validated by reproducing the results
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Figure 1. Oxygen-oxygen radial distribution functions: solid is 1he
SPC/E model, doited is X-ray.'s and dashed is this work (POLI).
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Figure 2. Samc as Figure | for hydrogen—oxygen.
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Figure 3. Same as Figure | for hydrogen~hydrogen.

in ref 3 on SPC/E water. Our simulations used a modified version of

AMBER 3.0.'% The parameters for these simulations are given in Table
1.

Results

We present the results of our molecular dynamics simulations
on the new model of liquid water in Table I. Agreement with
the experimental energy and density of the liquid is excellent and
the agreement with the experimental radial distribution functions
(Figures 1-3), diffusion cocfficicnt, and water-dimer properties
good.

The calculated oxygen—-oxygen radial distribution function
(RDF) of this model is very similar to the corresponding RDF
of the SPC/E model (Figurc 1).3 The first peak of each occurs

Caldwell et al.

Table I. Molecular Dynamics Simulations Results for Various Water
Models?

POLI
SPC/E (this model) expt”
a’/A 3.160 3.160
¢ /kcal mol™! 0.1554 0.1554
gu/e 0.4238  0.3650
go/e? -0.8476 -0.730
T/K? 300 303
P/aim® 1.0 1.0
Ugé/keal mol”!  -9.90  -9.82 £ 0.10 -9.92
U/ keal mol™! -2.48
p%/g cm™ 0.998 0.9914 0.995 (305 K)
dimer Ll/‘/kcal 55(2.8A) 5.4+0.7(2.94 £ 0.04)
mol~
Hperg? 2.35 2.025 1.85 (gas phase)
ud 235 2516 ~2.5
“inducedf 0.507
ayf/A} 0.135
(Xo‘/.A3 0.465
Aurer/ A’ 14454
D*/107 m? 57! 2.5 3.1 05 2.7 (305 K)

4The internal geometry parameters of water are 1.0 A and 109.5°
for the distance and HOH angle, respectively. ® Ay = 4eo'?, C; = 4edS,
o and ¢ are 1he Lennard-Jones parameters, and g, and gg are charges
for the Coulombic pari of the water model; T is the average 1empera-
ture and P the target pressure during the simulations. €The average
interaction energy of a water molecule in the liquid and (for POL1) 1he
polarization component. 4The density of liquid water. ¢The dimer
energy and the distance are obtained afier energy minimization. Ex-
perimenial values in ref 15 for the dimer energy and O++.O distance.
/The total dipole wy, is obtained from the sum of squared Hperm and
Hinduced- The diffusion coefficient is obtained from the slope of the
mean-square displacement versus time. € Values for POLI from ref 12.
A Unless otherwise specified from ref 16.

at too short an O-O distance compared to the X-ray data.!” The
too short O-O distance likely occurs because of the simple form
of the repulsion (proportional to 7'2),!8 but the shape of the curve
is similar to the experimental one. The oxygen—hydrogen and
hydrogen—hydrogen RDF’s are presented in Figures 2 and 3. They
ugrccl;'cry well with available computer simulations* and X-ray
data.

The permanent dipole in this model is 2,03 D, the induced dipole
obtained with this model is 0.51 D, and the total average dipole
moment of a water in liquid is ~2.52 D (Table I). From the
magnitude of these values, it is clear that the induced dipoles tend
to be aligned in the same direction as the permanent moment.
These results agreed quite well with the 2.6 D estimated by
Coulson and Eisenberg!® for the dipole moment of a water
molecule in ice and in liquid water. It also is consistent with the
calculation of Barnes et al.,® which led to a dipole moment of 2.5
D. The induced dipole moment of POL1 is 0.6 D smaller than
that found by Ahlstrom et al.

The permanent dipole moment of our model is somewhat larger
than the gas-phase value because an atom-centered three-point-
charges model cannot reproduce both the dipole and quadrupole
moment of a water molecule.! For example, charges that re-
produce the dipole moment lead to a quadrupole moment about
40% less than experiment. POLI has a quadrupole moment about
30% less than experiment. We have shown the critical role of both
the dipole and quadrupole moment in simulating hydrogen bond
strengths and directionality of polar molecules.?® Thus, our fixed
charges are appropriate and reasonable monomer values.

It will be interesting to derive electrostatic potential based
charges®! by use of an ab initio wave function, with a large basis
set and including correlation effects such that it reproduces the
monomer dipole and quadrupole moments. Fitting the electrostatic
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Table II. Energy Components (kcal/mol) for lon—-(H,0), Complexes
after Minimization

complex Uni®  Upl® Uy U expl’
Nua*-(H,0)/ -20.20 -3.77 -23.97 -24.00
Na*-(H,0),# -71.88 -6.99 4.8 -74.01 -74.10
Na"'—(HZO)G" -92.00 -12.20 5.59 -98.61 -96.40
Na*-(H;0)¢(0cta)’ -91.52 -7.19 1002 -88.69
CI-(H,0)/ -10.80 -2.35 -13.15 -13.10
Cl'—(HZO)4" -46.58 -10.46 8.95 -48.09 -48.60

“Portion of tolal complex formation energy from pairwise additive
terms: for Na*, o = 2.40 A, ¢ = 0.13 kcal/mol; for CI", 0 = 4.27 A, ¢
= 0.25 kcal/mol. ®Portion of 101al complex formation energy from
polarization term: for Na* « = 0.25 A% for CI°, a = 3.25 A%,
¢Portion of total complex formation energy from three-body-exchange
repulsion term: for Na*, 4 = 8.5 X 10® kcal/mol; 8 = 3.35 A", v =
0.10 A-"; for CI-, 4 = 7500 kcal/mol; 8 = 1.18 A, y = 0.35 A",
9Total energy of complexation. ¢Reference 21. /Optimized
Nu*-(H,0), structure, R (Na*-0) = 2.24 A, $Teirahedral cage of
water molecules around ion, R(Na*-0) = 2.35 A. *Siructure with 4
+ 2 geometry (scc ref 10). ‘Octahedral coordination around ion, R-
(Na*-0) = 2.40 A. /Optimized CI-(H,0), structure, R(CI"-0) =
3.30 A, *Opiimized CI™—(H,0), structure (see ref 10).

potential derived charges to a four-point model should allow
reproduction of both dipole and quadrupole moments. On the
other hand, fitting the charges to a three-point atom-centered
mode! will require a compromise, so that the dipole and quadrupole
moments cannot both be reproduced.

To support the above assumption, we have also carried out
preliminary simulations on a nonadditive four-point water model
with a charge distribution similar to the one presented in ref 18,
That model accurately represents both gas-phase dipole and
quadrupole moments. It appears to be a slight improvement over
the one presented here, with an increase in depth of the minimum
in the O-O radial distribution function at ~3.5 A.

We have also carried out calculations on ion—-water clusters of
Na*(H,0), and CI-(H,0), with n = 1-6. The ion van der Waals
parameters were derived by requiring the ion-(H,0), complex
to fit the ab initio calculated distance and experimental enthalpy
of complex formation. Then, the three-body exchange repulsion
was calibrated on experimental and ab initio data for ion—(H,0),
clusters. We closely followed the approach of ref 10 in this
parameterization. The derived parameters (Table II) are not
unique, but a reasonable set. The results are summarized in Table
1. They are in excellent agreement with experiment?? and with
the carlier simulations of Lybrand et al.!?

We have explored the use of both POL and POLL! in these
ion-water simulations. The latter model has led to better behavior
not only on liquid water (discussed previously) but also in the
studies of ion-water clusters. It led to a Na*-H,O distance and
encrgy, with use of a unit charge on Na*, in good agreement with
experiment, whereas the model with the entire molecular polar-
izability on the oxygen (a = 1.44 A?) led to a Na*-H,0 energy
6 kcal/mol too exothermic at the Na*.Q distance of 2.24 i
Thus, the same distributed polarizability model (POL!) appears
to be a good choice for the liquid and ionic solutions.

Discussion

Let us compare our model with other explicit nonadditive water
models presented recently. It is most similar to that of Ahlstrom
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et al.” in its use of atom-centered induceable point dipoles, but
our use of atom-centered polarizabilities rather than the molecular
value appears to be an improvement, particularly in the repre-
sentation of ion—-water interactions.

Sprik and Klein® have presented an interesting model, in which
nonadditive effects have been included by allowing the partial
charges to move. This approach would be harder to generalize
to more complex molecules than H,0, but has the advantage that
one need not include analytical derivatives of the dipole—dipole
energies in the molecular dynamics algorithm. Nonetheless, the
model that they present® does not appear to reproduce the water
liquid properties as well as POLI.

Clementi and co-workers! have presented two nonadditive
models, in which counterpoise corrections are either neglected or
included. These are much more complicated than POL, since
they are derived to fit quantum mechanical energy surfaces. They
do not fit the water liquid properties as well as POLI. The use
of bond rather than atomic polarizabilities in ref | is another
difference with POL1. Placing the polarizabilities on the bonds
is reasonable but adds to the numbers of centers that must be
considered.

We have not included the vibrational quantum correction,
estimated by Kuharsky and Rossky?? as ~0.8 kcal/mol, mainly
because this correction would not be easy to generalize to other
more complex molecules. In addition, we have neglected charge
transfer and other more complex intermolecular interaction en-
ergies. We have not evaluated the heat capacity and dielectric
constant for our model; however, it is encouraging that the SPC/E
model leads to good agreement with experiment for these two
properties. We are currently working on methods to make the
algorithm more efficient using predictor—orrector approaches’,
which should facilitate the evaluation of heat capacity, dielectric
constant, and other fluctuational properties, which require much
longer simulations. We are also exploring the use of four-point
models and models that allow internal flexibility.

But already at this point our approach seems to be currently
among the most reasonable, effective, and useful approaches to
the inclusion of nonadditive effects in condensed-phase simulations
of water and aqueous solutions. The use of atom-centered po-
larizabilities has the added benefit that the software is in place
to include permanent-point dipoles in general molecular me-
chanical models to improve the electrostatic representation of more
complex molecules.

Conclusion

We have constructed a polarizable water mode! using molecular
dynamics techniques. The calculated structural and thermody-
namic properties presented here are good, but not perfect.
However, at this point the flaws are of quantitative nature. We
feel we have taken a significant step forward in our ability to
simulate molecular interactions with ever increasing accuracy using
empirical energy functions.
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