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Constructing ab initio force fields for molecular dynamics simulations
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We explore and discuss several important issues concerning the derivation of many-body force
fields from ab initio quantum chemical data. In particular, we seek a general methodology for
constructingab initio force fields that are “chemically accurate” and are computationally efficient
for large-scale molecular dynamics simulations. We investigate two approaches for modeling
many-body interactions in extended molecular systems. The interactions are adjusted to reproduce
the many-body energy in small molecular clusters. Subsequently, the potential parameters affecting
only pair interactions are then varied to reproduce dbeinitio binding energy of dimers. This
simple procedure is demonstrated in the design of a new polarizable force field of water. In
particular, this new model incorporates the usual many-body interactions due to electrostatic
polarization and a type of nonelectrostatic many-body interactions exhibited in bifurcated
hydrogen-bonded systems. The static and dynamical properties predicted by tab imétio water
potential are in good agreement with the successful empirical fluctuating-charge potential of Rick
et al.and with experiment. The aforementioned “cluster” approach is compared with an alternative
method, which regards many-body interactions as manifestations of the electrostatic polarization
properties of individual molecules. The effort required to buildlinitio databases for force field
parametrization is substantially reduced in this alternative method since only the monomer
properties are of interest. We found intriguing differences between these two approaches. Finally
our results point to the importance of discriminatialg initio data for force field parametrization.

This is essentially a consequence of the simple functional forms employed to model molecular
interactions, and is inevitable for large-scale molecular dynamics simulationd.998 American
Institute of Physicg.S0021-960808)51412-2

I. INTRODUCTION cannot be rigorously realized unless many-body intermolecu-
lar interactions are explicitly treated. These obstacles may
Large-scale numerical simulations of complex moleculesappear irrelevant with the advent of tirect dynamics
serve as a bridge between experiments and analytic theorigsethodology, which replaces force fields with energy and
The value of the predictions based on simulation is limitedforces acquired directly fromab initio quantum chemical
by the accuracy of the potential energy functions. Conseealculations whenever they are needed during a dynamics
quently, much research effort has been devoted to the desigralculation. While much progress has been madabiinitio
of potential energy functions. In general, simple functionalmolecular dynamics methods, and useful insights have been
forms are used in the design of potential energy functions irobtained thereby, applications ab initio molecular dynam-
order to reduce the computational cost entailed by largeics methods to simulations of long-time dynamics of com-
scale simulation$.The parameters in a potential model are plex extended molecular systems remain a distant future ob-
usually derived either empirically or frorab initio data at jective. Be it rationalization of biochemical functions or the
various molecular configurations. The most accurate poterintelligent design of new materials, simple force fields con-
tial functions to date are derived empirically since higher-tinue to be the most practical representation of intermolecu-
order many-body effects are inherent in the experimentalar interactions. The challenge is how to construct “chemi-
data and are thusffectivelyincorporated in the fitted param- cally accurate”ab initio force fields.
eters. This approach, however, lacks generality due to the A prerequisite forab initio force fields is accuratab
following limitations. First and foremost, it requires empiri- initio input for parametrization. Quantum chemical methods
cal input that is often unavailable or unattainable. Second, §r determining many-body intermolecular interactions in-
set of parameters derived from empirical data for a certairtlude perturbation methods and the supermolecule approach.
thermodynamic state is not generally appropriate for simulaThe former evaluates the intermolecular interactions directly
tions under a different set of conditions and different mo-as perturbations, whereas in the latter, the intermolecular in-
lecular environment. As has been recognized, transferabilitjeraction energy is calculated as the energy difference be-
tween the whole system and the sum of the constituent mol-
dpresent address: Structural Biochemistry Program, Frederick Biomedica(?clees n ISOlaUOﬁ' Combined with energy decomposmon
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dispersion, etc., in addition to the total intermolecular inter-parametrization can simply be derived from calculations on
action energy. Such information not only advances our unmonomers. According to prior energy decomposition analy-
derstanding of the nature of intermolecular interactions, buses, electrostatic polarization is found to be the dominant
has also been exploited in the design of functional forms fomany-body interaction, and severd initio water potentials
various components of intermolecular interactions. Severalnder development model many-body interactions by includ-
ab initio water potentials under developm®Ht may be ing molecular polarizability in the force fields°
roughly classified in this category. Prior energy decomposi-  Finally, we note that the reduction in the representation
tion analyses on several prototype systems have shown that intermolecular interactions inevitably leads to the loss of
each energy component is usually large and the interactioane-to-one correspondence between the fitting parameters
energy resulting from their superposition is small due toand the fitted properties. In modeling electrostation polariza-
cancellatiorf:® Thus, a prerequisite of this type of force-field tion, for example, the forces between molecules close to each
fitting procedure is the availability of accurate estimates ofother are not purely electrostatic, but a mixture of both the
each energy component. The estimates of these energy comlectrostatic and nonelectrostatic interactions. The solution to
ponents are, however, less accurate than the interaction etiis problem is to construct a database free of inappropriate
ergy itself based onab initio quantum chemical samples, or to perform a weighted parametrization. This
calculations’ These energy components exhibit varying strategy can be easily executed for the above example, but it
complex dependence on nuclear coordinates and must be fis not well defined when applied to fitting other properties of
ted with complicated functional forms. As such, while very the monomer, dimer, or clusters. Research addressing this
accurate potential functions have been obtained for somissue is relatively rare. Yet, understanding this problem is of
small molecules, these functions must be substantially simgreat importance to establishing a general procedure for de-
plified for molecular dynamics simulatioisand thus addi- riving accurate general-purposé initio force fields.
tional ambiguity is introduced. Finally, the convergence in  This paper is our first step toward the goal of construct-
the perturbation expansion is always a serious considerationg accurateb initio force fields. The immediate objective is
The supermolecule approach, on the other hand, provide @ examine the aforementioned important issues, with an em-
direct estimate of intermolecular interaction energy. In addi{phasis on intermolecular many-body interactions. Using wa-
tion, it is straightforward to include dynamic electron- ter as an example, we calculate the properties of the water
correlation corrections with the localized molecular orbitals.monomer, as well as dimers and trimers at various intermo-
Thus the supermolecule approach is well suited for providindecular configurations. The two approaches of parametrizing
ab initio databases for parametrizing force fields, particularlymany-body interactions mentioned in the preceding para-
when the dominant component of the intermolecular interacgraphs are compared, and their relation to each other is com-
tion is known. mented on. A major part of this work is focused on param-
Perhaps the most challenging aspect in the quest for a@trizing a newab initio water potential as a proof of concept,
curate force fields ifowand towhat extentomplex reality and we calculated the liquid-state properties of water, includ-
may be reduced to accommodate the computational cost, amag the structure, diffusion constants, and frequency-
to achieve transferability without undue numerical expensealependent dielectric constants using molecular dynamics
for an individual system of interest. The simplified represen-simulations. Inspired by the recent success of the empirical
tation of molecular interactions resulted from such a reducwater potential of Rick, Stuart, and Berhaye have elected
tion would determine theb initio input needed for force to approach electrostatic polarization by the so-capied-
field parametrization, and is inextricably linked to the strat-ciple of electronegativity equalizatidf The empirical fluc-
egy for acquiring arab initio database as well as simulation tuating charge potential of Rickt al. gives accurate gas-
techniques. The explicit inclusion of many-body interactions,phase dipole moment and liquid-state properties, including
for example, may be approached with two different mappingadial distribution functions, dielectric constants, and the dif-
strategies. In the first method, it is assumed that the potentidilision constant. Moreover, in the same spirit &s initio
function parameters pertinent to many-body interactions irmolecular dynamics methods, the fluctuations of the charges
an extended molecular systems should also give a good rep their model are treated as dynamical variables and propa-
resentation of the many-body interactions in small moleculagated in time as the nuclear coordinates, resulting in an effi-
clusters. Thus, the many-body interactions in small molecueient molecular dynamics algorithm with computational cost
lar clusters are partitioned progressively into terms involving(CPU time only 1.1 times of that for the nonpolarizable
three bodies, four bodies, etc. If this sequence convergesater models.
within a reasonably small number of terms, parametrization = We choose water as our prototype system because of its
can be carried out for each term in the sequence up to theolarizability and hydrogen bonding capability. The coopera-
order of satisfactory convergence. This procedure is logicalive aspect of hydrogen bonding in water was first suggested
and conceptually simple. Substantial effort is, howeverpy Frank and Wen® Research on water in the past two
needed to build thab initio database. In particular, the de- decades shows that this kind of many-body effect is respon-
termination and parametrization of each term in the sequencgble for the three-dimensional sequential hydrogen-bonded
becomes exceedingly cumbersome for large molecules. Inetwork in liquid water, and that the anomalous properties of
the second procedure, many-body interactions are regardedater arise from the competition between two packing pat-
largely as manifestations of the properties of individual mol-terns, the relatively bulky local structures with nearly tetra-
ecules. Therefore, thab initio input for potential-function hedral angles and strong bonds, and the more compact ar-
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rangements exhibiting more strain and undergoing bondally applied fields, the intra- and intermolecular potential
breaking'* energyU({r},{q}) for theoretical simulations is partitioned
This paper is organized as follows. In Sec. Il, we give ainto Coulombic and nonelectrostatic types of interactions,
brief review of the electronegativity equalization principle;
the fluctuating chargé=Q) model is reformulated to illumi-
nate its properties, in particular, the polarization response of
this model; and the empirical FQ potential of Riekal. is
briefly discussed. Computational details are given in Sec. lll.
In Sec. IV, we analyze the polarization response of the FQ + “~ 2 BZD[ Jiaipiatlis
model with respect to uniform and nonuniform external
fields; in particular, we use the water molecule as an example
and compare the FQ model &b initio quantum chemical + ~ g = & Jiajplialip
calculations. This is followed by an examination of the three-
body interactions in water trimers obtained from quantum Natom Na
chemical calculations and the FQ model. We present our +, E EV V(Tigjo)s ©)
new ab initio FQ potential for water, including both the g
many-body and the pair components in Sec. V. In particularwhere there arél,,, molecules and each molecule consists
we introduce a new functional form to model the short-rangeof Nm atoms andNg charge sites; the term,;; and
nonelectrostatic many-body effects, and we parametrize thé,,;; are related to the intra- and intermolecular electrostatic
many-body interactions to the three-body energies fromnteractions, respectively; subscriptandj denote the mol-
guantum chemical calculations. The static and dynami@cules,« and 8 denote the charge sites, apdand v denote
properties predicted using the ne initio FQ potential are the atoms. For the convenience of a later discussion, we de-
discussed in this section. Several observations from ounote the sum of the right-hand side of E§) without the
study are discussed in Sec. VI, followed by our conclusionsV(r;,;,) terms byUe,

”Mé
@

U({r},{q})=

Ng;
1
Z [Xioaqla_l_ ‘](c)yaqla

Nmole Nsite

Il. PROPERTIES OF DYNAMICAL FLUCTUATING Ued{r}{ah)= 2 2 |:Xlaqla+ JgaQiZa}
CHARGE MODEL

Nmole Nsite Nsite

In the FQ model, molecules respond to their environ- n 2
ment by intramolecular charge transfer according topttie- i
ciple of electronegativity equalizatiohis principle states Nigie Nvgje N
that the instantaneous electronegativities of individual atoms ﬁ’e g’e i"e i"e 3
that make up a molecule are eqi@lhe instantaneous elec- + =S4 iajpdialip -
tronegativity,x,, of an atom depends on the partial charge
of the atom as well as the electrostatic environment surAt each molecular configuratiofr}, the charges are redis-
rounding the atom. Using a neutral atom as a reference poinffibuted among the atoms so as to equalize the instantaneous
the energy of an isolated atom can be expanded to the secofitectronegativities. That is, the ground-state charge distribu-

Jiaigdiadip

(4)

order in charge a3 tion {q°Y({r})} satisfies
1, 5, U au
u({Qa}) a(0)+XQQa+ ‘]aaqa’ (1) a: = a_ y (5)
~ Gial q)=(aeq %8/ (q)=(aeq
where the coefficients for the lineay Q) and the quadratic or equivalently,
(3° ) terms are characteristics of each particular atom type.
The instantaneous electronegativity is defined as (auee) (auee) ©
vame Wil tg=(q=g | 7%/ (q1=(acq
e and the ground-state energWy({r}) is equal to

Thus, the instantaneous electronegativity of an isolated neud ({q®%,{r}). An analogy may be drawn between the ground
tral atom is equal t . If the partial derivative in Eq(2) is  state Born—Oppenheimer potential energy ahd{r}). The
approximated by a finite differencg,’ is found to be the charges/q} in this case play a role similar to the electronic
“Mulliken electronegativity,” namely, one-half of the sum wave functions, and they represent the electronic degrees of
of the ionization potential and the electron affinifyThe  freedom. In fact, Eq(6) is the principle of chemical potential
value forJ?m may be determined from the ionization poten- equalizatiof® in the density functional electronic structure
tial and the electron affinity as well, and it is the so-calledtheory*® recast in the point-charge representation. In the
“absolute hardness?’ of atom type« in isolation. In an  adiabatic limit, the nuclei evolve dynamically on the Born—
aggregate of atoms, the total energy of the system consists &fppenheimer potential energy surface. In the same fashion,
contribution from each atom and also interatomic interacthe principle of electronegativity equalization requires the
tions, and thus is a function of both the charges and theharge density to fluctuate adiabatically accordingly as the
coordinatesU ({r},{q}). Typically when there is no exter- nuclear coordinates evolve in time. One can obtain the same
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set of coupled linear equations by variationally minimizing - . 1 0 -
the total energyJ ({q},{r}) with respect to the charge distri- Uee=Uedia 1irH =5 Z 2 Xt tori)lar,,
bution, subject to the constraints of molecular charge conser- “ (16)
vation,
g~ =—7(X+Vv)=q°"— 7V, (17
% qiazov (7) Aq=—,7v. (18)
or the constraint of overall charge conservation, From Egs.(12-(18), Bq. (16) can be rewritten as
Ufe=US%+ : vigeo— : VX - v
> > Gi,=0 ®) e e 2 2°77 27
| a
1
(We have formulated the Lagrangian equations for neutral =U%%+vigea— > vizv. (19

molecules, however, extension to molecular ions is triyial.

Note that Eqs(7) and(8) are holonomic constraints, and the It is apparent from the above equation that the total energy of
redundant variables ifq} may be eliminated by a transfor- the system is the sum of the total energy free of an external
mation to a set of “generalized” variables, denoted{lqy}  field, the interaction energy between the “free” system and

[NmoidNsie— Nmole fOr the constraint in Eq(7)]: the external field, and the polarization energy. If the applied
‘ external potential corresponds to a spatially uniform electric
q=Cc'Q, ©  field, i.e.,
where{Q} and{q} are represented collectively by column v(r)=—r-E, (20)

vectors Q and g; C is an NmoNsi) bBY (NmoiNsite
— N0 Matrix, andC' denotes the transpose matrix ©f
Thus, Eq.(4) becomes

the total energy of the system is simfdlyee also, for ex-
ample, Eq.(4.8) of Ref. 11]

Nmole Nsite

1 F _ea— eq. |
Ued{rh{ah=Q'cx+ 5 Q'cac’q, (10 UsemUsi- 20 2 alinic €
where {x} and {J} are represented collectively by an 1 Nﬁ"e NES”S Bt o E 21
NmoiNsie-dimension column vectoi, and anN oNsie DY 2 & & Tiaiajplip (21)
NmoieNsite Matrix, J, respectively. The requirement of elec- ) . i ) ,
tronegativity equalizatiofiEg. (6)] thus leads to Thus, we _fmd that the _quadratlc FQ pot_entlal functu_Jn gives
rise to a linearly polarizable system, with the polarizability
CJC'Q=-CX. (1))  given by
It can be easily shown that .
y AZIEJ Zﬁ.yiawria@)rw, (22
1 1 o
eq_ e = 0 4ed—_ qeat . .
Uee=Ued{a®h,{r}) 2 Z % Xiabia=7% 9 X, where® denotes a direct product. Equati@?) appears to

(12) suggest that the polarizability would depend on the origin of
; - the coordinate system. Such coordinate dependency is re-
g*%=—-C"(CJC")*CX=—-7X, (13)  moved by the structure of th& matrix. In addition, when all
where.7 denotesC’(CJC') "1C. When anexternal poten- the charge sites are in the same plane, the out-of-plane po-
6ar|zab|llty vanishes. This result may be obtained by a coor-

tial, v (r), is applied to the system, the charges redistribute sd; ot ¢ {ion 1o bl h emin. f le. th
as to equalize the electronegativity at each charge sites. Singéna € transformation to place the system in, for example, the

the external potential couples to the systamearly [i.e., the x-y plane(i.e.,z=0). Thezzcomponent of the polarizability
total energy defined in Eq3) includes a termzq; v (ri.) ], tensor thus becomes

Eqg. (11) becomes Ng)le Niite
A,,=const T iaig 23
CICTQF=—C(X+V), (14) . o o E @3
where the column vector represents collectively the exter- and it vanishes because
nal potential applied to each charge sitgg;r)}. The above Nimole Nsite
equation suggests that the polarization respons®, de- > Tiajp=0, (24)
fined here as the change in charge distribution upon applica- ¥/ @8
tion of an external electric field, satisfies which is apparent by noting that there would be no charge
CJCTAQ=-Cv (15) transfer; that is, all charges are equal to zer)a?y are iden-

tical in Eq. (13).
when the principle of electronegativity equalization is ap-  As discussed above, the point charggs represent the
plied in the presence of an external electric field. Theelectronic degrees of freedom, just as wave functions do in
ground-state charges and the total energy in this case becomwlecular orbital theory. However, while both the Hartree—
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Fock equation imab initio molecular orbital theory and the Mdller—Plesset  second-order  perturbation(LMP2)
Kohn—Sham equation in the density functional theory areheonf?-2*and Dunning’s correlation-consistent triple-zeta
nonlinear, and must be solved by iterative self-consistenbasis function, cc-pVTZf) basis sef~28 (3s2p1d for hy-
procedures, the corresponding counterpart in the FQ modelirogen and 43p2d for oxygen:
Eq. (6), comprises a set of coupléidiear equations. This is U2 Yy —U
because the total energy functional defined in Byis qua- HeiLup2 = Unpvp2 WiWa) = Unipr ez Wa)
dratic iniq}. _ _ ~Uppmpa(W2) + UG, (30

In the empirical FQ potential of Rick, Stuart, and @) ] ]
Berne!! x2, in Eq. (3) is set equal t&° and is independent WhereU¢p denotes counterpoise correctidls,

of {r}; the absolute hardngsﬁm and the intramolecular UB = Hpe(Wy) + Upe(Wo) — Upe(we{ws})
screened Coulomb interactiody,z, are evaluated analyti-
cally as the two-electron Coulomb integral between two —Upr(wa{wa}), (31

: 0
s-type Slater orbital; in which U(w;) is the Hartree—Fock energy of monomer

) 1 ) w; calculated with monomew;’s basis functions only, while
‘Jiai[j(riaiﬂ):f dradryéi,(ra) oo dip(rp), (29 Upe(wi{w;}) is the Hartree—Fock energy of monomer

a b calculated using the basis functions for the complew; .
Dia(Fa) =Ny|ra—ri,|"e te falfa=ria), (26) The three-body interaction energy is calculated at the

wherer, andr, are the coordinates of the electrons; theHartree Fock level using the 6-31G basis set,

intermolecular Coulomb intera}ctiahajﬁ is approximated by U =U(wywowy) —UR—Ul (32)
1ri,—rjgl. The termV(r;,;,) in Eq.(3) represents the pair @) ) i 2) .
interaction, which was taken to be a Lennard-Jones interad? v In EQ.(32) is calcu!%te_d In the same way &2 e N

tion between oxygens in the empirical FQ potential. In theEd- (31, except thatUyg in Eq. (32) is calculated at the
empirical FQ potential, the geometry of the charge sites ilartree Fock level and that the basis functions of the trimers
taken to be that of the TIP4P model; the Slater exponentre used for the counterpoise correction. Likewidg in

the values fofx®, and the Lennard-Jones parameters are adgd- (32) is calculated using the trimer basis functions. We
justed to reproduce the gas-phase monomer dipole, and %;o calculated the threg—body energies at the LMP2 level
achieve optimal agreement with experiment regarding propUSing the cc-pVTZf) basis set for a selection of 23 out of

erties such as the energy, pressure, and pair-correlation funfl€ 57 trimers, and the results of 6-3TGbasis set at the
tions of the liquid phase. Hartree Fock level are systematically less attracfie, less

negative than the results at the LMP2 level using the cc-
pVTZ(-f) basis set, but they are in agreement to within 0.3
IIl. NUMERICAL METHODS kcal/mol. The higher-order many-body teritie., U™ with
_y . n=4) are found to be negligibl& and are therefore not
A. Ab initiocalculations considered in the present modeling of force fields.
Ab initio calculations are performed for 57 water trimers
and 94 dimers using thescve program?! The total interac-  B. Extended Lagrangian method
tion energy for arN,q-molecule system is, in general, de-
composed into components due to one body, two bodie%o
three bodies,...,etc.:

In the preceding section, we have formulated the FQ
del in a compact matrix representation, and a matrix in-
version is required to solve for the partial charge carried by

Nmole each atom in the system. Matrix inversion, however, is a
u®= Z U(w;), (27)  difficult proposition, if not impossible, for large-scale mo-

=t lecular dynamics simulations. A more efficient strategy is to

Nmole Nmole treat the electronic degrees of freedom along with the nuclear
u@= iEl Jz>| U(ww;)—2UW, (28)  degrees of freedom as dynamical variables, and to use the

so-called “extended Lagrangian method***This method
relies on the presumption that the electronic degrees of free-

U(3)=i21 ZI k>2_>i U (wiww) —U@—U, (29 dom evolve adiabatically with respect to the change in the

- . nuclear degrees of freedom. The extended Lagrangian corre-
..,etc., sponding to the energy defined in EG) is

wherew;, w;w;, ww;wy, etc., denote water monomers, ~q Nwmote [Natom  Nsie

dimers, trimers, etc., respectively; subscrigts, andk label L=5 2 | 2 M A+ X med, | -Udr}{a})

the individual water molecules that make up a cluster; the =hAe=t «t

functional form of U in Egs. (27)—-(29) depends on the Nmole  Niite Npond

model[i.e., FQ, as defined in E¢3), or ab initio energetick - i21 i 21 Qia— 21 r,G,{r}H, (33

< Ma =

and the argument df) in Egs. (27)—(29) implies that it is
evaluated for one, two, and three water molecules,..., etcwhereM , is the mass of atom type, andm, is the fictitious
respectively. The two-body interaction energy is evaluatednass associated with the chardgs. It does not correspond
for 94 pairs of water moleculed\g,,e=2) using the local to any physical mass and is simply set to a value small

Downloaded 15 Sep 2006 to 171.64.133.179. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



4744 J. Chem. Phys., Vol. 108, No. 12, 22 March 1998 Liu et al.

enough such that the charges follow the atomic coordinate/. MODELING MANY-BODY INTERACTIONS
adiabatically. The Lagrangian defined in E83) also in-

cludes an Npo,q number of rigid bonding constraints, o ) ) b My
G,({r}), and anN,,e Number of constraints to ensure that exhibited in water trimers, and the polarization energy of a

each molecule remains electrostatically neutral. Readef®Onomer in the presence of spatially uniform and nonuni-
should refer to Ref. 11 for a Lagrangian that allows intermo-f0rm external fields, respectively. In particular, we look for
lecular charge transfer, and to Ref. 35 for a discussion on thif1€ir similarity and differences within the framework of the

problematic and unphysical charge transfer between atonfguctuating Charge ModgEq. (4)].
that are far aparf Following Eq.(19), the polarization energy of any sys-

Based on the Lagrangian defined in E83), the equa- tem with respect to an external electric potential in the FQ

In this section, we examine the many-body interactions

tions of motion for the positions and charges are model is
1
N F P
. J oo Elg=—5 V7V (36)
Miufiu== 5 [Udrhdan+ 2 1,6, (34 2
[ Y=

For a water molecule, it can be explicitly written as
and

C
FQ_ _ ~zz _ 2_ 7YY _ 2
) au{r}{ah) Epol_ 4 (VHaTvHL—2v0) 4 (VHa=UHb) %,
MyQin= — —3Qia —Ai. (35 37)
. . . where
These equations of motion can be integrated by many stan-
dard schemes. The formulation here is for a constant energy, C,,=[2330+J2n—4Jon(rvn) +dun(ruw) 1™t (38)
constant volume ensemble; other extended Lagrangians can 0 -
be formulated for simulations at constant temperature and  Cyy=[Inn= Inn(rur)] ™ (39
constant pressure. andv, is the external electric potential(r) applied at the

An alternative to the extended Lagrangian method forgth charge siter=r . If the external field is uniform, i.e.,
solving Eq. (6) is the iterative procedur®3’ Various at-
tempts have been made to improve the accuracy, stability, as v(r)=—FEr, (40
comparison between the iterative procedure and the extended
Lagrangian method is lacking, we found the two methods to FQ_ _ E
be comparable in terms of computational speed based on P 2
indirect evidence from the literature. We note that on a mas- : :
sively parallel computer such as a CM5, the extended La\-lvlgigetlﬁeagg :é’tizrne ;2;22;;’52?5 ?rg]?ﬁ(teizn@tﬁz ;nod_
grangian method is roughly 20 times faster than the standara

ol ) i cular plane; and,, and «,, are
matrix inversion procedure. According to the benchmark cal- P 2z vy

2 1 2
azz|E'uz| ) ayy|E'uy| , (41

culation of Bernardet al** on CM5 using a different polar- a7~ sz,lHCZZ, (42

izable water potential, the iterative method is roughly 17

times faster than direct matrix inversion to achieve a conver- :E 2 o 3
g - . . Qyy ManCyy (43

gence of 1.& 10 ° D in the induced dipole. 2

with theu, component of the distance from thé site to the

hydrogen denoted by, and the distance between the two
C. Parametrization and simulations hydrogens denoted k. It is apparent from Eq4l) that
@,, and ay, correspond to the polarizabilities in the molecu-

A nonlinear Newton—Raphson optimization scheme 'a?r plane in the presence of a uniform external field.

U.SEd to sea_rch fqr a set of .pc.)t.ential funcFion param.eters th The number of independent variabls in the fitting of
give the optimal fit to theb initio data. This method is also - -
. . . - polarization energy is, in general,

used to obtain the dimer and trimer minimum energy con-
figurations for the empirical and the neab initio FQ poten- 1 Np
tials. N,=35 NZe— (2Nge—1) 2 N,

Unless otherwise noted, all the intramoleculay; ; are P
calculated using Eq25), and all the intermoleculal; ,; ; are Np ,
calculated as /,j5. All the molecular dynamics simula- + 2, N+ 2NN~ Ngie— 2N (44)
tions are performed on CM5 for the NVE ensembles after P
equilibrating their temperature to 298 K. The parametersvhere N;, denotes the number of charge sites that are
(e.g., the number of terms included in the Ewald sum) etc.equivalent under symmetry operation ahg denotes the
and methods for molecular dynamics simulations are théotal number of such sets. For example, the two charge sites
same as in Ref. 11, unless otherwise noted. To calculate then the hydrogen atoms in the water molecule are identical
frequency-dependent dielectric constants, we use Filon’snder symmetry operation. Thig; andN, equal 2 and 1,
method for Fourier—Laplace transformatitit'® respectively, and there are two independent variables avail-
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able for fitting the polarization energy of a water molecule. 18 5 @ ©

(Note that in the empirical FQ potential of Riek al, the pol \

Slater orbital exponents of oxygen and hydrogen are varied 16 \
14

to fit the empirical data. Since both tH8, andJoy (Fvn)

are calculated using the two-electron Coulomb integral in the
empirical FQ potential of Riclet al. [see Eq.(25)], this ad- 2]
ditional constraint may make it impossible to obtain the op- \
timal «a,, with any value of{5. Thus, a more flexible pa- 10
rameter search is to vary, for example, the valugfor the N \~
one-center two-electron integral while keeping the value of %6 08 10 12 14_1606 08 10 12 14_16
{o for the two-center two-electron integral fixgd. polarizabilty, a, . (A°) polarizabilty, o, (A°)

In the fOIIOWIﬂg, we C_alcmate the pOIarlzatlon ene_rgy of FIG. 1. The correlation betwee),, (in kcal/mo) and the molecular polar-
the FQ mOde|[EQ- (36)] in the presence of'a nonun|f9rm izabilities, v,y anda,, (A%) [panels(a) and (b), respectively. The quantity
external field, and the three-body energy in water trimerss,, is the total absolute difference betweah initio polarization energy

i i -(EY and that of the FQ model€EfS) for a set of 1034 configurations of
Eq. (29)] using various sets of values of the Slater expo-(Egi ol
nents{q and Ly which. in turn specify the values af the external probe charge of-(0.2e). This quantity is a measure of the
1 1 1 yy

o . agreement betweeBSy' andEj3. In panel(@), a,, is varied while keeping
and a;;, the polarizabilities along the HH axis and thg C a,, fixed at a value of 1.1587 & In panel(b) a,, is varied andy,, is fixed

axis. at a value of 0.8067 A

A. Polarization due to nonuniform electric field

If many-body interactions could be approached byother constant. Figure 1 shows that the best agreement be-
monomer properties, the simplest model would be a potentialyeen EES and ESO’\I/' is obtained whena!Q and of% are
function that accounts for the dipole polarization. In the cas®.8067 and 1.1587 & respectively. Compared to tlad ini-
of the fluctuation charge model, one would then derive theio results, ofa"? is reduced by nearly 32% and:3 in-
potential function parameters by fitting the molecular polar-creased by 17%. Since the out-of-plane polarization is not
izabilities to theab initio values. This is equivalent to fitting present in the point-charge FQ model, it is tempting to at-
the polarization energy of a fluctuating charge model to tharibute the large difference betwee@;? and a%‘" to the in-
correspondingb initio polarization energy due to a uniform clusion ofE%" due to out-of-plane probe charges in the fit-
external field. The instantaneous local electric field experiting. We found that this difference is reduced by only about
enced by a molecule in the condensed phases is, however1% when the out-of-plane configurations are excluded from
not uniform. And it is not unlikely that distinct sets of po- the fitting, and thus it cannot be sufficiently accounted for by
tential function parameters would be obtained whenahe this line of reasoning. It may also be suggested that the elec-
initio polarization energy due to external uniform and non-tric fields created by the probe charges are beyond the range
uniform electric fields are used in the parametrization. Thisor which the linear response is valid. In Fig. 2 we plot the
question is addressed below. actualab initio polarization energy of water with respect to

The molecular polarizability of the water monomer, the field strengthgdata points and the expected linear po-
ay, an', andad’, are estimated to be 0.7464, 1.1833, larization responsélines) using theab initio molecular po-
and 0.9915 &, respectively, using the cc-pVTZ) basis at larizabilities listed in the preceding section. The field
the Hartree—Fock level. Thab initio polarization energy of strength due to a probe chargepD.2e at a distance of 2.5
a water molecule in a nonuniform field due to a probe chargd\ away is marked by a thin solid vertical line. It is clear from
is calculated as follows. When a probe charge is placed
around a water molecule, it gives rise to a perturbatiit,
and theab initio polarization enerngSo'\," is calculated as the 0
difference betweeny™| Ve 47y and(y aIVve | 429, which
are the expectation values Wf* evaluated in terms of the
wave functions in equilibrium with the external chargg}
and in vacuum ¢'29, respectively. By varying the location
of the probe charge relative to the water molecule, and keep-
ing the probe charge always at least 2 and 2.5 A away from
the hydrogen and oxygen, respectively, we caICLEfﬁjﬁ for

-20 |

=30}

polarization response, in hartree/62500

a set of 1034 positions of the probe charge relative to the -40 0.23 at
water molecule. The probe charge is eithed.2e or +0.2. 5'5 away
Figure 1 shows the correlation between the polarizabil- T 15 0 55 30 55

ities and 5., Which measures the agreement bethéﬁ electric field, in hartree/e/250
andEZ), and is defined as the total absolute difference be-

tweenE;S andESy)' for the 1034 geometriegin kcal/mo). ~ FIG: j- T?esb initio polarizattion leln?rgstlﬁp:') |3f a WI{itZr rlnonol;:er Eje-
; P : : - sponding to homogeneous external electric fields applied along thean
This quantity is plotted against the polarlzablllwyy and z directions are represented by circles, diamonds, and squares, respectively.

7y [Pan§|§(a) and (b), re'5pe(?tive'|§'- The Vari'ation in_ the  The dashed line marks the magnitude of the electric field created by a point
polarizability along one direction is made while keeping thecharge of 0.2 at 2.5 A away.
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Fig. 2 that the polarization response is nearly linggith a /\ 1200 /\
very slight deviation in the presence of uniform fields with SN -
strengths up to 0.014 Hartree/Our results presented above -

thus show that two distinct sets efs (and therefore two <’:>1/5428 A
distinct sets of potential parameteese obtained, depending 0 / )

N
~
~
<
heS
“

on whether the polarization energy due to uniform or the
nonuniform external fields is used for parametrization.

B. Three-body energies of water trimers

In this section, we explore another approach for model- /\ N
ing many-body interactions. In this approach, many-body in- oy
teractions are assumed to form a converging sequence of

energy terms involving three bodies, four bodies,..., etc. If 0
this sequence converges within a few terms involving a small
number of molecules, it is then possible to extract the es-
sence of many-body interactions from studies on molecular
clusters. Usingab initio quantum chemical methods, the

S
many-body interactions of water clusters are first partitioned / 'f'\
into components corresponding to the two-body, three- Y \/—\
body,..., etc., and then the FQ potential parameters are ad-

justed to reproduce thab initio many-body energies. Prior
ab initio calculations have shown that the many-body ener-
gies involving more than three water molecules are negli-
gible, and thereforab initio quantum chemical calculations
on water trimers will suffice for analyses and parametrizaFIG. 3. A representative structure for bifurcated hydrogen-bonded trimers.
tion. (Note that this is not to say that the “binding energy”
of water clusters larger than trimers is negligible, but that the
contributions to the total binding energy from many-body “basic” upon accepting a hydrogen bond from the other
energy termgsee Eq(29)] involving more than three water water moleculé? One therefore expects that it is energeti-
molecules are insignificantWe analyze the interactions of cally favorable to accept a second hydrogen bond from the
water trimers in various relative orientations, and give athird water molecule, and this would lead to attractive
qualitative description of the origin of the three-body ener-three-body energy, contradicting to the resultsabf initio
gies of water trimers. Finally, we seek a correlation betweemquantum chemical calculations. This paradox may be re-
the three-body energies and the molecular polarizabilities. solved by considering the quantum-mechanic character of
Three-body interaction energies calculated for 57 trimergwydrogen bonding. The repulsive three-body interaction re-
using Eq.(32), i.e., at the Hartree—FodldF) level are sum- flects the unfavorable molecular orbital interaction for the
marized below. The geometry of the 57 trimers are randomlyxygen to form a second hydrogen bond. In contrast to elec-
selected from liquid simulations and in part selected to indrostatic forces, this kind of molecular orbital interaction is
clude geometries with bifurcated hydrogen bonds. Theexpected to be short ranged. And, indeed, pabr initio
monomers are constrained to be nearly the equilibrium watetalculations show a rapid decay of such repulsive three-body
monomer geometry, with the largest deviation of 0.015 A ininteraction as the distance between the monomers becomes
the OH bond length and 3.15° in the HOH bond angles. Théarger®“® In the present study, we also examine the orienta-
three-body energies vary from very negatilatractive, ~ tional dependence of the repulsive three-body energies, and
—1.18 kcal/mao) to positive (repulsive, ~0.83 kcal/ma). the results are summarized in Table .
The magnitude of the three-body interaction can be as much To test the convergence of tlab initio three-body en-
as 10% of the overall binding energy of a trimer. Furtherergies with respect to the level of theory, we also applied the
analysis shows that the trimers with a repulsive three-bodyocal Mdller—Plesset second-order perturbatighMP2)
energy greater than 0.2 kcal/mol involve bifurcated hydrogemmethod to a subset of 23 trimegi@so including counterpoise
bonds, with one of the water molecules either accepting &orrection$, and the results are compared to the HF results
hydrogen from each of the remaining two water molecules or
donating its two hydrogens to both of the other two water
molecules at the same time. An example of the bifurcatedABLE I. Orientational dependence of tlab initio three-body energy. The
hydrogen-bonded configuration is given in Fig. 3. The repul-9¢ometrical parametergand y are defined in Fig. 3.
sive three-body interaction exhibited in these bifurcated
hydrogen-bonded trimers may at first seem unexpected based
on the Mulliken analysis as well as electrostatic potential 180 1.99 2.02 0 0.58
. S 150 2.00 1.45 52.3 2.02
mapping of the charge distribution of a hydrogen-bonded 120 546 158 823 078
water dimer. It is found in a water dimer that the oxygen 1045 0.33
becomes more negatively charged, or equivalently, more

6 Structure | Structure Il b% Structure Il
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1.0 25 25

3-body interaction energy (kcal/mol ¢ 5 (a) (b)
of water trimers 3b )/
20 20 /
0.5 0 O A4 /
151 15
(3 § . )
0.0
101 10
-
-0.5 5F—— 5 \
- \ J/
98 —HF/6-31G™* P S ekt bt st ,
1.0 06 08 10 12 14 1606 08 10 12 14 _16
. © o LMP2cc-pVTZ(-f) polarizability, o, (A% polarizability, o, (A%)
o° + empirical FQ
15 L P FIG. 5. The correlation betweefy, (in kcal/mo) and the molecular polar-
-1.5 -1.0 -0.5 0.0 0.5 1.0 izabilities, e,y anda,, (in A3) [panels(a) and(b), respectively. The quan-

] ) ) ) tity J3p, is the total absolute difference betwean initio three-body energy
FIG. 4. Three-body interaction energigsal/mo) of 57 water trimers cal-  (EQW) and that of the FQ modelsEES) for a subset of 43 water trimers, all
cula_lt(_e(_j by the emplrlcall FQ potential of Riek al. (solid dlamond}:a_nd by with negative(i.e., attractive three-body energy. This quantitps,, is a
ab initio quantum chemistry at the local MP2 levet-pVTZ(-f) basis sét 055,16 of the agreement betwdg}})! andE5Y. The solid lines are cal-
(open diamondsare plotted against the ttab initio results at the Hartree— culated withe,, [panel(a)] ande,, [panel(b)], fixed at the same value as in

o - S >
;cécnkt i;i\;ﬁligfﬂg reszizlsissgts;hllaoizléd line representing perfect agree- panels(a) and (b) of Fig. 1, respectively. The dashed line in pan@sand
P ' (b) is calculated withw,, fixed at 0.9714 and.,, at 0.9062 R, respectively.

in Fig. 4. The solid line represents perfect agreement with Finally, to further explore the possibility of approaching

the HF calculations. The LMP2 results are represented b{'any-body interactions by monomer properties, we seek a
open diamonds. As seen in Fig. 4, the HF and LMP2 resultgorrelatlon between the molecular polarizabilities and the

are nearly indistinguishable, suggesting that there are negl}hree—bo_dy energy (_Jf water tnr_ners. Spemﬁcall_y, for t_hose
gible three-body effects in the correlation energy and therewater trimers exhibiting attractive three-body interactions,

fore accurate three-body energy can be obtained at the Ht,l_qe ability of a set of FQ parameters to reproduce faithfully
level. their ab initio three-body energy should depend on how well

Also presented in Fig. 4 are the three-body interactionthey represent the molecular polarization response of a water

energies for the same 57 trimer configurations calculated ydnolecule to a ”O”Egiform Qe’\:/lxternal field. We defir}e the
ing the empirical FQ potentidEq. (29)] (solid diamonds agreement betwedh,; andEj," as the total absolute differ-

F M : -
Except for a number of trimers, the FQ model gives a re-£NCe betweei5? andES) for the 43 water trimers, all with

markably good prediction of three-body energies, and thé‘legative_(i.e., attractive three-boo_ly e_nergies, and ‘?‘e”Ote it
agreement with theb initio results is within 0.3 kcal/mol Y 9ab (in kcal/mo). This quantity is plotted against the
(i.e., within the uncertainty introduced by the type of basisPolarizabilities, ay, and «;, [panels(a) and (b), respec-

sets and the level ddb initio methods. The exceptions are tVely), in Fig. 5. The variation in the polarizability along one
those that involve bifurcated hydrogen bonds shown in Figdiréction is made while keeping the other constant. One finds
hat 83, correlates only withy,,, the polarizability along the

3. As discussed in the beginning of this section, repulsivé 3b = N ,
axis direction. This is in sharp contrast with the correla-

three-body energy observed in this type of bifurcated(?Z

hydrogen-bonded trimers contradicts the usual electrostatii® Petweend,, and the molecular polarizabilitigsf. Fig.

model of hydrogen bonding. The result in Fig. 4 indicatesl)' Figure 5 suggests that the three-body energies in our pa-

that the functional form of the empirical FQ potential is ad- rametrization database are largely determinedaby, but

equate for depicting many-body interactions when electroN©t dépendent upon the polarizability along the HH axis di-

static polarization is the predominant source of many-bodJeCt'on' This result shows that one would obtain distinct sets

interactions, but not adequate for the quantum—mechanic&f moIecu.Iar polarizabilities(anq therefore distinct ;gt_s of
many-body effects, as exhibited in the bifurcated hydrogent Q Potential parametersiepending on whether tiz initio

bonded water trimers polarization energy due to nonuniform fields or #ie initio
It is also worth noting that the intermolecular Coulombic tNfée-body energies of water trimers are used for parametri-

interaction,J; ,; 5, may be modeled by the two-electron Cou- Zat0N-

lomb integral rather than by 14/,;5. We found that in this

case, the three-body energies are systematically less attra'\\/:/leDBE{_NI 710 DYNAMICALLY FLUCTUATING CHARGE

tive than theab initio results, but the agreement is still within

0.3 kcal/mol, except for the bifurcated hydrogen-bonded tri-  In the preceding section we analyzed the two different
mers. When intermolecular charge transfer is allowed, a sigapproaches for modeling many-body interactions and we
nificant deviation from theb initio results is observed. This found interesting differences between them. These differ-
is due to the unphysical charge transfer between water moknces merit further studies. To explore other important issues
ecules that are far apart, and we found that this problemelevant to constructingb initio force fields(as mentioned
cannot be remedied by fitting the potential function param4in the Introduction, we choose to parametrize the many-
eters to theab initio three-body energies. body interactions by fitting to the three-body energies of wa-
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ter trimers. We do so because our own analyses and aldhe force exerted on each atdafenoted by subscripts, b,
prior ab initio quantum chemical calculations show that theandc) is
three-body energies calculated at the Hartree—Fock level

(V. Uy v =—(V, Uy
with the cc-pVTZ-f) basis set are sufficiently converged. (Ve ){r'bv”’*'a} (Ve ){r'bv”’*'a}’{q}

The question of convergence of the polarization response to oU

an electric field is far more complicated, and has thus far T (ach)

been examined primarily for the case of a uniform external {9 jb+ ket

electric field. In order to obtain quantitatively accurate mo- (Ve Qe b (45)
lecular polarizabilitieq(i.e., within a few percent of the ex- ia ib.jb#ia

perimental resuls our resulté® and those of otheféindi-  since the chargef} are not independent variables, but de-

cate that it is necessary to utilize diffuse functions and afend on the interatomic distances through the coupled linear
least the MP2 level of electron correlation. This is a signifi-equations due to the requirement of electronegativity equal-
cantly higher level of theory than is required, at least in thelzation. The summation on the right-hand side of the above
case of water trimerS, to converge the three_body energ}ﬁ_quation appears to introduce an additional Complication in
The d|spar|ty in the convergence behavior of molecular polhe force evaluation. However, this term vanishes because
larizabilities and many-body energy Suggests that there a@e instantaneous eleCtrOﬂegatiVit{ﬁE partial derivative of
components of the quantum mechanical polarization repotential energy with respect to the chargase equal and
sponse that have little impact upon many-body energies. Theecause the net molecular charge is consef@ethe charge
investigation of this issue, the convergence of the polarizaof the whole system is conserved if intermolecular charge
tion response in nonuniform external fields with respect tdransfer is allowe Another way of understanding it is to
level of quantum chemical calculations, and the implicationge€cognize that the chargég} for each configuratiorr} are
for developing methods for fitting polarizable models such aariationally optimized. Thus, the variation of the charges
the FQ model to thab initio response datéas opposed to With respect to spatial displacement does not need to be con-
three-body energies, which are significantly more cumbersidered in the force evaluation, and the force on each atom is
some to calculate will be pursued further in another paper. SImply

The specific pr_oc_edures for deriving thb in_itio many- _(Vriau){rjb,jbs&ia}: _(Vriau){rjb,jb;&ia}'{q}' (46)
body water potential is as follows. The potential parameters

pertinent to many-body interactions are adjusted to repro]-he concept embodied in E¢46) has been exploited in

duce ab initio three-body energy of water trimers. In the computational simulations using polarizable potential mod-

present case, these parameters are the potential parametergléf For example, in the potential models using mdgcgd di-
the FQ model, the/'s and thel's. The values of these pa- poles_ to account for th_e many-body effects, _the yarlatlon of
rameters are then held fixed, and the potential parametef’?le dipole moments with respect to the spatial displacement

corresponding for interactions between pairs of molecule§'S° yamsh(j85 because the dipole mome”ts are calcu!ated
are then adjusted to give the optimal agreement waitini- variationally™ Thus, the force evaluation for these potential

tio pair interaction energy. As shown below, a new functionmOOIeIS is as simple as the corresponding nonpolarizable

is required to model the repulsive three-body interactions ir{'r:_oqle(lj becaéljse the part Of tlhg_ poltentlal fun_ctl(r)]n with an e>;-
bifurcated hydrogen-bonded water trimers, in addition to théjh'cIt epeln gnct:)el on sgalua F'Sp ﬁcemen_t_s f IS Same as Ior
usual FQ model as expressed in E8). Furthermore, we the nonpolarizable models. For the empirical FQ potential,

found that the liquid structure and other properties can béhe_conltrlbutmn to the force on each atom from thg, term
dramatically affected by subtle changes in the potential pa®™> S'™MPY

rameters for pair interactions. We attribute this to the signifi- _ Uee Tiajp

cant reduction of pair interactions to simple pair functions. ~ (Ve Uedtryy jouia = " i65ia Iriajp Tiajo

An intelligent mapping of the relevant configuration space of

pair interactions is crucial for parametrizing pair interactions. _ 2 q 3Jiajb Tiajb 47)
1a

i6Fia Ao I iajb Tiajb

The force in Eq.(47) appears to be “pairwise,” with the
many-body couplings incorporated in the charges.

Table | suggests that it would require a functional form The above discussion is not limited to Coulombic forces.
including all 21 internal nuclear degrees of freedom in ordetOne can also take advantage of E@6) in designing a
to faithfully model theab initio three-body energies. Com- model for the repulsive three-body interactions. Specifically,
plicated and computationally costly potential energy func-the potential function for the short-range nonelectrostatic
tions and their derivatives may be feasible for molecular dy-many-body interaction is taken to be a function of both the
namics simulations, provided that one can impose a distanamordinates and the charges. The charges, again, are solved
cut-off and/or use a neighbor list. In the present paper, wéy Eqg. (6), and thus carry the many-body character. In this
take a different approach. approach, the nonelectrostatic many-body interaction would

In molecular dynamics simulations, the most time-induce a change in the charges, in addition to the energetics.
consuming part of the calculations is the evaluation of theThis is consistent witlab initio calculations that show quali-
forces, which involve derivatives of the potential energytatively that the nonelectrostatic and electrostatic many-body
function. For the potential energy function defined in B8),  interactions differ not only in their effects on the energetics

A. Many-body interactions
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TABLE Il. FQ potential function parameters 1.0 3-body interaction energy (kalimo)
of water trimers °
EmpiricaP Ab initio
0.5 .
Pair parameters
eoolkecal/mol) 0.2862 0.3411 0.0
ood A1 3.159 3.1130
Many-body parameters
R -¥[kcal(mol o] 68.49 64.97 0.5
Lo(ag?) 1.63 1.60
{30 0.90 0.91 10 | . ——HF/6-31G™
sonLkcal{mol ] 13.64 )
suolkecal(mol €)] —-28.25 15 ® abinitio FQ
syulkcal(mol )] —25.36 -1.5 -1.0 0.5 0.0 0.5 1.0
THH 0.0574 . . . ’
Tom 0.7880 FIG. 6. Three-body |_nt_e_ract|0n energlé&a_l/mpb of 57 water trlmers cal-
ToolA Y 0.7652 pqlgted by the newab initio FQ potentlal(solld.cwc.le) are plott.ed_agamsib
oon(A 1) 1.341 !nItIO results at the Hartr(_ee—Fock level. As_ln Fig. 4, a st_)llc_i line represent—
(A 1475 ing perfect agreement with the HF results is plotted to aid in a visual com-
HH : parison.

aReference 11.

sonable results for the binding energy of the water dimer.

b | h lecul h h he af . The monomers are constrained to be nearly the equilibrium
ut also the molecular charges. Thus, the aforementiongg iar monomer geometry, with the largest deviation of 0.04

approach is superior to a many—bc_)dy _function with explicitA in the OH bond length and 3.15° in the HOH bond angles.
dependence only on the |_nt.(=,tr.¢':1tom|c dlstance§. The pair potential function in thab initio FQ model is taken

There are many possibilities for the _funct|onal form for to be the usual LJ interaction between oxygens only. Al-

Fhe nonelectrostatic rfnar11ny-body mter'aglt'lqns. In t,h? ,fF’"OW'though the possibility of employing more sophisticated and

Ing, we prlesre;-nt one o t gmany pos§|b| ities. I? ﬁ{hgmtmf complex pair functions has been explored before, the im-

_FQ mode_, t © q“a”“tYX ’ m_Eq. (3) is now a unc“f% 0 provement in the ability to reproduce empirical data is neg-

interatomic distances, in addition to the constant t&¢m, jigiple, except when the internal degrees of freedom are in-
cluded in the molecular dynamics simulaticfighe present

0_=0 a o (rigi,log,)? )
Xia—Xﬁ% ;. Ey Cpy® (Tigiy! 89", (48 study employs only a rigid water model, and therefore we
choose the simple Lennard-Jones function for computational
where efficiency.

A recent work by Wallgvist and strand shows that
o H subtle changes less than 0.1 kcal/mol in the potential of mean
Con=ToHSoH:  CoH™ ToHSHH: force result in large differences in the liquid densityThe
ab initio data employed in our fittingor, in general are not

o accurate to within 0.1 kcal/mol. This, we believe, limits the

Chin = THi(Sor So) - advantage of employing sophisticated functional forms for
The parameters in E§48), 0,4, S5, and7,, along with pair interactions. And we have indeed tried to use functions
the ¥° and the Slater exponents are optimized to fit the in addition to the Lennard-Jones potential between oxygens,
three-body interaction energy of 57 trimers; under the conbut we did not obtain the kind of overall improvement that
straint that the monomer dipole moment being the same agould justify the increased cpu time required in simulations
the bestab initio estimate’® The values of these parameters with more complex force fields. Therefore, in the present
that produce the optimal fit are given in Table Il, and thework, we seek correlations between the simulated liquid
three-body energies calculated using #feinitio FQ param-  structures and thab initio water dimer data. In particular,
eters are represented by the solid circles in Fig. 6. The maxwe look for a balance in the representation of long- and
mum absolute error in the three-body energies fromahe short-range interactions.
initio FQ model is 0.15 kcal/mol; and the root-mean-square  Caution must be taken, however, to note that simple in-
deviation is 0.05 kcal/mol compared to 0.18 kcal/mol of thetermolecular pair functions are not able to reproduce the rela-
empirical FQ potential. For the 43 trimers with attractive tive stability of all the conformers of water dimers at a given
three-body energy, thab initio FQ parameters give a value oxygen—oxygen distance, especially when the monomers are
of 1.41 kcal/mol for the total absolute difference betweenclose to each other. To overcome this problem, we include
Ef2andESY. various conformers of water dimers witho>4 A, but only
those that resemble the equilibrium gas-phase dimer confor-
mation (i.e., nearly linear hydrogen bondedre included in
the fitting for Roo less than 3 A. In summary, the dimer

To develop the empirical pair potential, we have built andataset includes totally 94 dimers, with the oxygen—oxygen
extensive database of water dimer energies at the LMP8istance ranging from 2.66 to 3.00(&8 dimers and from 4
level using the cc-pVTEf) basis set of Dunning and to 7 A (66 dimers; and their binding energies are all less
co-workers> which has been previously shown to yield rea-than 1.4 kcal/mol. This energy cutoff is chosen because the

o _ Ho_
Coo= —(SontSHo):  Coo™ — ShH,

o _ H _
CHo™ TOHSHO+  CHH™ THHSHH:

B. Pair interactions

Downloaded 15 Sep 2006 to 171.64.133.179. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



4750 J. Chem. Phys., Vol. 108, No. 12, 22 March 1998 Liu et al.

TABLE Ill. Static and dynamics properties of water.

FQ models

Hartree—Fock

cc-pVTZ(-f) Empiricaf Ab initio Experiment
Gas-phase properties
Dipole moment(Debye 2.0299 1.85 1.85 1.85
a,, (A% 0.9969 0.82 0.86 1.4680.003
ay,y (A3 1.184 2.55 2.50 1.5280.013
gy (A3 0.7487 0.0 0.0 1.4150.013
Dimer energy(kcal/mo) —4.51 —4.60 —-5.4+0.7
Dimer O-0 lengthA) 2.92 2.91 2.98
Liquid-phase properties
Energy(kcal/mo) -9.9 —10.1 —-9.9
Dipole moment(Debye 2.62 2.68
75 (P9 8+2 8+3 8.27+0.02
Dielectric constang, 79+8 79+16 78
Dielectric constant,, 1.592+0.003 1.5930.005 1.79
Diffusion constant (10° m?/s) 1.9+0.1 1.9-0.3 2.30
ar (PS 2.1+0.1 2.3:0.2 2.1

aReference 11.
bThe source of experimental data may be found in Ref. 11.

binding energy corresponding to the equilibrium dimer con-empirical dipole polarizability is nearly isotropic. The in-
figuration is about-5 kcal/mol, making the very repulsive plane polarizabilities from both the empirical and i ini-
configurations rare events during simulations. The distributio FQ models are very different from the experimental esti-
tion of the binding energies of the water dimers in the fittingmate. As discussed in Sec. IV, a three-site FQ model is
data is as follows, 19 of those less thaml kcal/mol, 7 of incapable of modeling the polarization response to uniform
those between-4 and —3 kcal/mol, 1 between-3 and and nonuniform fields simultaneously, and distinct sets of
—2 kcal/mol, 5 between-2 and —1 kcal/mol, 40 between potential parameters are required to fit the polarization re-
—1 and 0 kcal/mol, 21 between 0 and 1 kcal/mol, and 1sponse in the presence of a nonuniform field and to fit three-
above 1 kcal/mol. The Lennard-Jones parameters for thbody energies of water trimers. It is therefore not surprising
0xygen—oxygen interactions are varied to minimize the dethat the molecular polarizabilities of our neab initio FQ
viation from theab initio results. The values for these pa- model do not agree with empirical values. How this affects
rameters that give an optimal fit are tabulated in Table Il.modeling a truely transferable force field is further discussed
This set of parameters combined with the functions disin Sec. VI.
cussed in Sec. V A gives a maximum deviation of 0.5 kcal/
mol from the ab initio binding energy and the sum of the
absolute values of the deviation is 8.44 kcal/mol.

D. Predicted liquid-phase properties

C. Predicted gas-phase properties The predicted static and dynamics properties of liquid

A comparison of equilibrium water dimer geometry and Water at 298 K ang=1 glen? are presented in Table 1II,
binding energy of thab initio FQ model and the empirical and they are compared to the empirical FQ potential and
data is presented Table IlI, along with the empirical FQ po_experlment. The error bars represent two standard deviations.
tential. The agreement with the experiment is reasonable,
and it is superior than most of the other empirical water
potential models.We also note that the LMP2/cc-pVT2)

estimate for the water dimer binding energy may be a few %0 ——-Soper et al.
tenths of a kcal/mol more positive than higher level quantum 80 1 O empirical FQ
chemical calculations, with large basis sets that currently 25 | —_ebinioFa

yield results on the order of 5.0 kcal/nl.
Since our focus here is to design a polarizable force field
for water, it is interesting to examine the dipole polarizabil-

ities of the newab initio FQ model. A comparison with the 10
empirical FQ potential and experiment is presented in Table 05 L
lll. We define thexyzaxes such that th€, axis of the water

molecule is along the axis, and the molecule is in thez %,

plane. Since all molecular charge sites are in the mC)leCUIaIEIG. 7. Oxygen—oxygen radial distribution function for thb initio FQ

plane, the Ol_th(_)f'plane dip(_)l_e p0|arizab”ityz_z is Z¢€ro for  (solid line) and the empirical FQdotted ling potentials, compared to the
both theab initio and empirical FQ potentials, while the neutron diffraction results of Soper and Phillifgtashed ling
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FIG. 8. Oxygen—hydrogen radial distribution function for e initio FQ
(solid line) and the empirical FQ@dotted ling potentials, compared to the
neutron diffraction results of Soper and Philligashed ling

The internal energy predicted by thad initio FQ model
agrees with the experiment estimate reasonably well.

The radial distribution function® oo, gon, andgyy) of
intermolecular oxygen—oxygen, oxygen—hydrogen, and
hydrogen—hydrogen distance are presented in Figs. 7-9. The -
prediction of theab initio FQ potential is represented by the
solid lines, and the results of the empirical FQ potential and
the experiment by Soper and Phifipare represented by the 1
dotted and the dashed lines, respectively. For comparison,
we also plotted thab initio FQ pair correlation functions in
Fig. 10 with two sets of neutron diffraction results: one by
Soper and Philip8 and the other one by Soper and Turrfer. 1
As seen in Fig. 10, the peak positions obtained from the two
neutron diffraction measurements show much less uncer-
tainty than the peak height. The liquid structure predicted by
the ab initio FQ model agrees very well with the empirical -
FQ potential, and they both are in good agreement with the
experiment. Nevertheless, the position of the first peak of :
both FQ models exhibits a notable deviation from the experi- i

. . 8 0
ment. In fact, it is well known that all the cited force fields 1 2 3 4 5 6 7 8

predict a shorter most probable first shell O—O distance than pair distance (A)

the experiment by approximately 0.1 A. The first peak posiig. 10. Radial distribution functions for thh initio FQ model(solid line)

tion of g predicted by the FQ potentials is in closer agree-compared to two sets of neutron diffraction results, by Soper and Phillips

ment with the experiment than the nonpolarizable watefdashed ling* and by Soper and Tumét.Panels(a), (b), and (c) are
o— : : _oxygen-—oxygen, oxygen—hydrogen, and hydrogen—hydrogen pair correla-

models.. Two factors 'reduce the S|gp|f|cance of this differ fion functions, respectively.

ence. First, the experimental diffraction measurements must

be Fourier inverted and separated into O—O, O—H, and H-H

components. Over the years Soggral. have reported dif- have been in the peak heights, this changing experimental

ferent experimental results. Although the major differencesarget does not engender confidence that we have seen the
final result. Second, it should be noted that the force field

I

does a very good job of getting the dimer O—O distance

—ab initio FQ correctly. Last, classical simulations were done. Were quan-
----- empirical FQ tum path-integral simulations performed the peak positions
__ Soperetal. in the liquid would probably shift out and the peaks would

get somewhat broader because of quantum zero-point fluc-
tuations. It is encouraging to see an equally good prediction
from theab initio FQ model, even though the structural data

i are not included in the fitting of this water potential model.
The predicted liquid-state dipole moment from take
0o initio FQ model is in good agreement with the empirical FQ

FIG. 9. Hydrogen—hydrogen radial distribution function for #keinitio FQ
(solid line) and the empirical FQdotted ling potentials, compared to the

2 3 4 5 6 7

neutron diffraction results of Soper and Philligashed ling

potential. In Fig. 11 we compare the distribution of liquid-
state water dipole moments of thb initio and empirical FQ
potentials. The maxima of the two distribution curves are
very close to each other, whereas the distribution ofahe
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FIG. 11. A distribution of the absolute value of the liquid-phase dipole frequency (THz)

moments(in Debye of the ab initio FQ (solid line) and the empirical FQ

(dotted ling potentials. FIG. 13. The real part of the frequency-dependent dielectric constant for the

ab initio FQ model(solid lines, compared to the empirical FQ potential
o ) o . . . (dashed lingand experimen(dotted lines.
initio FQ water dipole exhibits a wider width, and, in par-

ticular, a more pronounced tail distribution of large dipole
moments. Thus, it is interesting to compare the predictedetween the two FQ models and also with the experiment.
dielectric constants of the two FQ models, which give veryFigure 14 corresponds to the dielectric saturation spectrum.
close magnitudes for the averaged liquid-state dipole mokHs intensity decreases when the molecules fail to respond to
ments, but differ in the dipole moment distribution. The pre-the electric field of the electromagnetic wave. For frequency
dicted optical and static dielectric constants from dheini-  less than 40 THz, molecules respond to the electric field by
tio FQ model are compared to those of the empirical FQintermolecular relative translation and libration motion. For
potential and experiment in Table Ill, and they are in verycomparison, we calculate the normal mode frequencies of the
good agreement with one another and with the experimentvater dimer, trimer, and tetramer at their minimum energy
Another dynamical property related to the liquid-state dipoleconfigurations. Since both the empirical aall initio FQ
moment is the Debye relaxation timsg,, which can be ob- potentials are for rigid water molecules, one must project out
tained from the time-correlation functidip) of the averaged the components due to intramolecular degrees of freedom
liquid-state dipole moments shown in Fig. 12. In the presenfrom the Hessian matrix. To achieve this, we first construct a
case,rp is estimated by fitting the long-time tail @f to the  density matrix from the unit vectors corresponding to the
function A exp(—t/m). We find very good agreement be- translation and rotation of each water molecule, and then
tween theab initio and empirical FQ potentials, and also project out the density corresponding to the overall transla-
very good agreement with the experiment. The agreemerion and rotation of the complexes. This density matrix is
between the two FQ models is consistent with the close¢hen applied to the Hessian matrix to exclude the compo-
agreement of the liquid-state dipole moments predicted byents due to intramolecular motions. The intermolecular
the two models. modes of the water dimer are all between 20 and 30 THz,
By taking a Laplace transformation of the time- with an exception of the lowest frequency being 6 THz. The
correlation function of the averaged liquid-state dipole mo-former corresponds to librations and the latter corresponds to
ments, one obtains the frequency-dependent dielectric corkhe breaking of the hydrogen bond. As more water molecules
stants. In Figs. 13 and 14 the real and the imaginary parts afre included in the complex, collective modes are formed
the frequency-dependent dielectric constants ofainénitio  and the distribution of the frequencies extends into the mi-
and empirical FQ potentials are compared, along with theerowave region. The experimental observation of the libra-
experimental values. Again, we find very good agreemention motion is around 15 THisee Fig. 14 The prediction of

100

101

oM 1L

0.9 01l
0.01L | —abinitio FQ
empirical FQ
F |- --experiment
. 0.001 0.01 0.1 1 10 100
08 1 1 L ! 1
0.0 0.1 0.3 0.4 0.6 0.7 0.9 1.0 frequency (THz)

t (in psec)
FIG. 14. The imaginary part of the frequency-dependent dielectric constant
FIG. 12. The time autocorrelation function of the liquid-phase dipole for thefor the ab initio FQ model (solid lines, compared to the empirical FQ
ab initio FQ (solid line) and the empirical FQdotted line potentials. potential(dashed lingand experimentdotted lines.
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both the empirical and thab initio FQ potentials is blue- VI. DISCUSSIONS AND CONCLUSIONS

shifted. This may be an artifact of the rigid molecule model, ) ) )
and we expect these librational modes to be softened when S€veral conclusions may be drawn from this paper. First,
coupling to intramolecular modes is permitted. In fact, weV€ have demonstrated in the case of water that it is possible
note that the simulations using a flexible water model give§° obtain arab initio polarizable force field as accurate as the

perfect agreement with the experiment in terms of the peaWOSt successful empirical polarizable potentials. This is
position of the librational modeX. achieved by first extracting information of many-body inter-

The highest normal mode frequency of the intermolecy2ctions from studies of water trimers with various relative

lar modes increases slightly as the number of water molorientation and intermolecular distances. The potential pa-

ecules increases. The sharp peak around 130 THz exhibitd@Meters pertinent to many-body interactions, the FQ param-
by both FQ models is not a result of motion of water mol- eters in the present case, are then adjust_eo_l _to give optimal
ecules. This region of the spectra corresponds to intramg2dreement between the FQ model and abeinitio calcula-

lecular stretching and bending modes, which is absent ifons: A new function is introduced to model the repulsive
both FQ models. Rather, this peak is a result of charge odhree-body interactions exhibited in the bifurcated hydrogen-

cillation about the “adiabatic” valuefi.e., values satisfy Eq. °onded water trimers, while at the same time keeping the
(6)]. Equation(33) may be rewritten as intermolecular forces as simple functions of interatomic dis-
tances. Parameters that affect only the pair interactions are

Nmole Natom Natom i H H
1 determined last. We found that subtle changes in the pair
L P

L= 21 Mzzl 2 Muriﬂ';l ,2>| % EV V(rigjv) potentials can cause dramatic changes in the liquid structure
and other properties such as pressure. We attribute this to the

Nbond my . .. significant reduction of complicated pair interactions to the

- G+ q' g’ +q'Tex i - i i
=y 2 a9 rq simple pair functions entailed by large-scale molecular dy-

namics simulations. The pair part of oab initio water po-
1 . ‘. tential is parametrized to long-range pair interactigtie
+597C)Ca’, (49 gistance between the oxygens beyond )4 @nd the short-
range interactions between hydrogen-bonded pairs of water
whereC transforms the coordinat@sto q’ as, for example, (the distance between the oxygens less than).3This pa-
in Eq. (9). Note that hereC is defined such that the kinetic ametrization scheme enables us to obtain very good agree-
energy of the charges retains the diagonal form in the nevent in the static and dynamics properties with experiment.
mass-scaled coordinateg, in addition to eliminating the The limitations due to the simplicity of the potential
redundant coordinates due to the constrajiiigs. (7) and  fynctions not only are observed in the modeling of pair in-
(8)]. The terr_nCJCT in the above equation is the “force teractions, but also appear to affect many-body electrostatic
matrix,” and it may be diagonalized to obtain the “normal polarization. In Sec. IV, the potential parameters responsible
mode frequencies” of the charges. Take a monomer as afyy electrostatic polarizatiofi.e., the Slater orbital exponents
example, one obtains 147 and 251 THz for the charge oscil; | and¢,,) are varied to fit thab initio polarization response
lations. These values support our explanation ofahénitio  f 4 water molecule in the presence of a nonuniform external
results in the high-frequency region of Fig. 14. electric field. We found that the fitted potential parameters
Also presented in Table Il are the diffusion constant andiead to molecular polarizabilities that are very different from
the NMR relaxation timeyvr. The former is estimated tne ap initio results at exactly the same level of theory and
using the Einstein relation, and the latter is calculated fromsing exactly the same basis functions. That is, distinct sets
the long-range component of the second-order rotationdf molecular polarizabilitiesand therefore distinct sets of
time constants corresponding to the rotation about the aXi§otential parameteysare required to represent the polariza-
connecting the hydrogen atoms. Both quantities predicted byon response to uniform and nonuniform external electric
the ab initio model are comparable to that of the empirical fig|gs. This is due to the fact that the number of potential
FQ potential, and are superior to typical values obtaineqynction parameters in our water model is not sufficient for
from empirical nonpolarizable pair potentials. The vapormodeling the response to both types of external fields simul-

pressure of thab initio FQ water model at 298 K, however, taneously. This limitation is clearly shown in Ed.5), which
is about— 0.6 kbar(compared to the experimental value of s rewritten below:

0.001 kbay. This result is less satisfactory. Nevertheless, we
note that the error introduced in the density due to this dis-
crepancy is approximately 2.7%, raising it from 0.997 to
1.024 g/cmi (based on liquid water compressibilityThere-
fore theab initio FQ water model should also give reliable where A denotesCJC', andv’ is Cv. The polarization re-
water properties in a constant pressure simulation. VergponseAQ (i.e., the change in charge distribution due to the
small adjustmentéwithin the accuracy of the present level of external field, depends only upon the values of the potential
ab initio calculation$ can be made to give more accurate at the charge sites in the model. Thus, if there are two dif-
vapor pressures. When a more sophisticated functional forrferent external potentials;; andv,, which have identical

is used for the pair part of the potential, allowing a better fitvalues at the charge sitéa condition that is trivially satis-

to the full ab initio dataset, we expect these results to im-fied, for example, by taking linear combinations of field
prove. sources and solving for the coefficientbut induce signifi-

AAQ=—V, (50)
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cantly different polarization responses in an accurate quarthese cases. What remains to be determined is whether the
tum chemical calculations, the model is fundamentally incadegradation of the computational efficiency as a consequence
pable of reproducing any such differences. of adding enough charge sites to converge the response func-
To what extent can the FQ model properly resolvetion will be substantial. In practice, it is likely that compro-
variations in the polarization response arising from spatiamises will have to be reached, depending upon the available
inhomogeneity? This is most easily understood via arcomputer resources and the goals of the simulation.
eigenvalue/eigenvector decomposition of E&0). A, a real In Sec. IV we also try to establish correlations between
symmetric matrix [(NmoidNsie™ Nmoe PBY (NmodNsie  the three-body energy and the molecular polarizabilities. Our
—Npmgie) for constraint Eq(7)], has a set of eigenvectoig results show that potential function parameters that give a
that satisfy the equation reasonable representation of the three-body energies of water
trimers from quantum chemical calculations could lead to a
Agi=dii, (52) wide range of values for,,, the y component molecular
yy?
where theJ; are the correspondingea) eigenvalues. The Ppolarizability (i.e., along the HH axjs and thus suggest little

solution forAQ can then be written as correlations between the three-body energiesapd From
simulations of pure water, the averaged induced dipole along
AQZE aij’le, (52) the HH axis is nearly zero, as expected, if the solvent re-

sponse is regarded as a dielectric continuum reaction field. In
this case, a solute water molecule would induce a net solvent

the applied field vector. The magnitude of the polarizationreaction field along the Omolecular axis, but not along the

response to an applied field can thus be decomposed in%direction. It is difficult, however, to extend such an expla-
different amplitudes]j’l, each of which is associated with a nation appropriate for bulk systems to small molecular clus-

particular spatial pattern of the field as it is resolved by theters' Morepver, one would expect t_lyec_;omponent of the .
charge sites. induced dipole should have nonvanishing effects on the in-

Thus, in our FQ model for water, there are three charg tantaneous dynamics of individual water molecules in the

sites, and hence, for any value of the FQ parameters, exactly Ik’l a}[nd thﬁj‘ aff]?ct thte_ re_zlaxatlton t(:ynarglcs tobzetLved n
two spatially resolved polarization responses. If the accurat imu ‘; '%nsa th eretore, 1 'Sf |(:11|T3(_)r_ta_1n FO un Celzrls an te ;ea-
guantum chemical polarization response is fit well by twoSONS benind the success o initio FQ model presente

eigenvaluegit can be decomposed in exactly the same fash" Sec. V. In other words, is it due to the compensation of
ion, except in this case there are, in principle, an infinite

out-of-plane polarization by the relatively large value of
number of modes the current model can be made to repro- vy’ or that only the polarization along the, @xis matters?
duce this via parameter adjustment. On the other hand,

great deal of additional work will be required to answer
there are a larger number of important modes, the fit CaIII is question. Furthermore, the differences between the two
encompass only a limited subset of these, and will invariabl

pproaches for modeling many-body interactions, as mani-
make errors in others. This explains why it is that different

estations of monomer properties or as captured in molecular
parameter values result from fitting to different chemicaICIUSterS’ are of great importance to establishing a general and
datasets.

efficient procedure for constructing accurate initio force
However, the model can be systematically improved bQields. These issues are currently under investigation.
adding charge sites. The key to limiting the number of
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