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Abstract A brief review of popular polarizable potentials
for water, including both those parameterized to fit
experimental properties, typically of the liquid, or elec-
tronic structure calculations on small clusters, is presented.
The recently developed POLIR potential, which was
parameterized to reproduce both ab initio calculations on
clusters and the experimental liquid IR spectrum, is dis-
cussed, and some new results for both clusters and the
liquid phase are shown, indicating its transferable nature.

Keywords Polarization - Vibrational spectra -
Transferable potential

1 Introduction

Polarization can broadly be defined as the response of
molecular electrostatic properties to an electric field, which
may be applied externally or arise from the local environ-
ment, namely the surrounding molecules. The corresponding
polarization energy and forces are nonadditive in nature,
since the interaction between two molecules is influenced by
the presence of other molecules. Most existing polarizable
potentials [1-11] invoke dipole polarizable sites: In the
presence of an electric field, a dipole is induced, which in turn
changes the electric field elsewhere and interacts with the
other charges, dipoles, induced dipoles, etc., of the system.
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Note that even molecules without induced dipoles
respond to an electric field by orienting their permanent
dipoles, yielding a nonzero average system dipole. In this
article, “polarization” denotes induced dipole polarization,
which is our focus, not the “permanent dipole polariza-
tion” present in all models.

Polarization energies and forces are a class of many-body
interactions. Consider three particles A, B, and C interact-
ing with each other. The total “two-body” interaction is the
sum of the interactions of A with B, B with C, and A with C.
However, if the total interaction energy is not equal to the
sum of these two-body energies, the remaining energy is
referred to as the many-body energy (or in this case the
three-body energy). Ab initio interaction energies are not
pairwise additive, and the many-body interactions can be
substantial. For example, ab initio calculations in water
clusters have shown that while the two-body energy dom-
inates and forms & 80% of the total energy, the many-body
energies form the remaining ~20% [12].

Another indication of the importance of polarization in
water is the change in dipole moment as one goes from the
gas phase to the liquid. Gas-phase water molecules have a
dipole moment of 1.85 D, while in the condensed phase, it
goes up to an estimated range of 2.5-2.9 D [13, 14]. The
increase is a result of polarization [15].

Polarization is not the only many-body interaction in
nature, but it contributes significantly and, furthermore,
provides a convenient framework to empirically include
other many-body interactions in a force field [16, 17].
Furthermore, the short-range damping schemes [18] to be
described below provide a treatment of classical charge
penetration and an effective treatment of quantal exchange.
Intramolecular charge transfer is treated via configuration-
dependent charges, while intermolecular charge transfer is
outside the scope of this work.
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The earliest potentials developed for water were
“effective” pair potentials like the SPC [19, 20] and TIPnP
[21-26] families. These models have Coulomb interactions
due to the partial charges, and Lennard—Jones type van der
Waals interactions, both of which are two-body. However,
by parameterizing with fits to experimental observables
like the density and radial distribution functions of liquid
water at around 300 K, they include, in an effective man-
ner, the action of polarization. The resulting partial charges
were found to give a higher dipole moment than the gas-
phase monomer and closer to the value found in the liquid.
While effective pair potentials do reasonably well for the
liquid, they fail to describe water clusters [27, 28]. A
number of them do poorly in reproducing the phases of ice
and the melting temperature (unless they were parameter-
ized to do so) [29, 30].

The ultimate goal is potentials that are transferable, that is,
not limited to the conditions for which they were parame-
terized. Polarization, allowing many-body interactions and a
dipole that varies with the environment, is a crucial element
in this regard [31-33]. A nonpolarizable model that increases
the monomer permanent dipole above the true monomer
value to mimic the effect of polarization in the ambient liquid
is obviously not transferable to small clusters [28], and
probably not to high temperatures, since permanent dipole
polarization is washed out by thermal agitation, while
induced dipole polarization is not. Considerable effort has
been directed to the development of polarizable force fields
for water, because of its significance under diverse condi-
tions and its evident signatures of polarization mentioned
above, and because it acts as a test subject for general
methodologies of force field development.

In this paper, we present a brief review of polarizable
force fields for water, including the various techniques of
implementing polarization. The manner of parameteriza-
tion defines two main categories: They may be parame-
terized based either on experimental quantities associated
with the condensed state, or on ab initio (electronic struc-
ture) calculations. The second half of the paper discusses
some recent results using the flexible POLIR water
potential recently developed in the Keyes group [10].
POLIR is a hybrid model in the sense that it was param-
eterized to both ab initio calculations on water clusters and
the IR spectrum of the ambient liquid. POLIR does fairly
well in predicting the properties of liquid water, despite
having used no bulk information but the spectrum, and
does remarkably well in reproducing additional spectro-
scopic properties that were not built in. In the original
paper, Mankoo and Keyes showed that POLIR gets the
HOH angle increase on going from the gas phase to the
liquid. The calculated diffusion constant, radial distribution
functions, and the dielectric constant of liquid water are
reproduced reasonably well. In this paper, we further
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explore the properties of POLIR, both in clusters and in the
liquid.

2 Theoretical methodology for polarization

In this section, we present a few of the methods used to
describe polarization in force fields.

2.1 Point inducible dipoles

A brief description of the method of point inducible dipoles
is provided by the following example. Consider a system of
N water molecules with a dipole polarizability, «, on each
oxygen atom. In addition, the H atoms and the O atoms
have fixed charges, gy and go, respectively, such that each
molecule is neutral. The induced dipole moment, g;, on the
O atom of molecule i is given by:

E; + ZTU W
J#

; (1)

n=a

where the two terms in the bracket are the field, E;, at the O
atom of molecule i from the permanent charges excluding
those on molecule i, and the field from other induced
dipoles, where

E, — Z Z qjﬁrr;?ﬁl;/‘,m. 2)

= om=13 Tiljm

The summation involves the atomic partial charges on
molecule j at atomic site m, g;,,, where m = 1 denotes the
O-site on j, m = 2, 3 denotes the 2 H atoms on j, and 7; ;.
is the vector between the O-site on i and the atomic site m
on j. Exclusion of intramolecular polarization by
permanent charges is usual, but is not justified if one
seeks to describe molecular vibrations. The dipole tensor
T;; is a 3 x 3 matrix whose elements are:

By
TﬁV — M _ % (3)
/A 3
ry ri
where f and y denote the Cartesian components X, y, or z,
0p, is the Kronecker delta and 7; refers to the vector
between the O-sites of molecules i and j. The polarization

energy is given by:

1
Upot = Z —#;-Ei — Z[ﬂi -Tym] + St M (4)
i A
The induced dipoles are obtained from Eq. 1, and the
straightforward solution involves matrix inversion.

Unfortunately, this proves to be too expensive for most
problems, and hence, iterative schemes are often used to
obtain the induced dipoles and evaluate Eq. 4. One can also
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use an extended Lagrangian formalism wherein the
induced dipoles are treated as dynamical variables with
an associated mass and are propagated in time [34].

The above equations can be generalized to include
higher permanent moments (p) than charges alone. Eq 1
then takes the more general form,

W= B+ E™) (5)

A problem with point dipoles is that, at short distances, the
polarization energy diverges [18, 35]. For a diatomic parallel
to the field, the “polarization catastrophe” occurs at an
interatomic distance of (4o, )", where o and 5 are the
polarizabilities of the two atoms/sites. In models with
distributed atomic polarizabilities in which intramolecular
induced dipole interactions are allowed, the distances can be
short enough to cause this catastrophe. A number of methods
have been proposed to overcome the problem, the most
widely used of which is Thole’s damping [18]. The electric
field at site i, E;, and the elements of the dipole tensor,
T;;, between sites i and j are given by

q;(rij)7j
Ei = fi(ry) =5, (6)
i i
where we note that the charge may be position dependent,
and
Ly

) 3 S,
Tf' :fS(’"ij)r_j_fB(i’ij)%. (7)

5
ij ij

ﬂ "
ij
The damping functions, f5(r;) and f5(r;), are

) b
] (8)

(oi0)
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Al

and

fs(rj)=1—|1+a

b b

i ,1 exp —al i > . (9)
(auiy)° (e

The value of the exponent, b, is typically set to 3,
although 4 and noninteger values have also been used [10,
36, 37]. The damping constant, @, was originally set to 0.5
by Thole, and a number of groups since then have used a as
a parameter to be optimized [6, 7, 10, 11, 37, 38]. Different
damping constants have been invoked for the dipole tensor
and the electric field, and for intramolecular interactions
and intermolecular interactions [7, 10, 37] Alternative
damping functions have been proposed, including a linear
Thole type and a Gaussian [39, 40].

—

2.2 Drude oscillator/charge-on-spring models

The underlying principle behind the Drude oscillator [41]
and charge-on-spring [42, 43] models is that two charges of

equal and opposite sign represent a dipole, which changes
as the separation of the charges changes [44]. In the case of
water, one of the charges (—¢gpq1) is fixed at the O-site, and
the other charge (also called Drude particle, with +¢p,)) is
attached to the first charge via a harmonic spring (see
Fig. 1), with an equilibrium separation of zero and a spring
constant of ko The position of the second charge is

ro + quIE/kPOI' (10)

The induced dipole is given by the product of the field-
induced separation of the charges, gpoi, Efkpo, and the
magnitude of the charge, gpol,

= qlzolE/kpolz (11)

so the polarizability obeys o = qﬁol lkpor. One difference
between the charge-on-spring model of Yu et al. [42] and
the Drude model (SWM4-DP) [41] is that the former has
three sites, with the O atom carrying a charge go along
with the induced dipole charge of —¢p.1, whereas the latter
has four sites, with the O atom carrying just the charge
—Qpol> and the charge go of the oxygen shifted to an
“M-site”.

There are a number of ways that Eq. 11 can be solved to
get the induced dipoles, for example, iterative methods as
in the charge-on-spring implementation by the Yu et al.
[42], extended Lagrangian type methods wherein the
“Drude particle” is treated as a dynamical variable and
propagated in time similar to the position vectors, etc [41].

2.3 Fluctuating charge models

In these models, the environment, through the electrostatic
potential, is assumed to change the electronegativity of the
atomic sites, and charge flow takes place in order to
equalize the electronegativity [45]. The potential energy of
a system with N charges is given by

N
qiqj
U:;ui+27j’+vvdw, (12)

i<j

éq pol
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|
M
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Fig. 1 A schematic diagram of the Drude oscillator model

H
q.
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where

1
up = u0+XiQi+§JiQi (13)
is the energy of the creation of a partial charge, g;. The
derivative of U with respect to ¢; gives the
electronegativity per unit charge of atom i, and hence
minimizing the energy with respect to the atomic charges,
that is,

SU

5—% =0, (14)

is equivalent to equalizing the electronegativities. Equa-
tion 14 gives rise to a set of coupled equations that can be
solved either iteratively or, as in the Drude oscillator case,
one can use an extended Lagrangian scheme wherein the
charges are also considered to be dynamical variables.
During the electronegativity equalization process, one can
impose charge neutrality either on the molecule or simply
on the entire system. In the latter case, charge transfer
between molecules takes place, which in some case can be
so high as to be physically unrealistic [44].

3 Types of polarizable models

One can divide polarizable models into two types,
depending on whether they are primarily parameterized on
experimental properties of the condensed phase, or on
electronic structure calculations on water clusters. A brief
description of some potentials belonging to these two cat-
egories is presented in the following two subsections.

3.1 Models parameterized to bulk experimental
properties

Some of the earliest polarizable potentials, POL1 [1],
RPOL [3], etc., were based on the work of Applequist et al.
[46], wherein atomic polarizabilities were derived by fitting
molecular polarizabilities to the experimental values. The
Applequist-type models had both intra- and intermolecular
polarization, but comparatively, small values of the atomic
polarizabilities prevented a polarization catastrophe.

The POL1 model of Caldwell et al. used the Applequist
values for the atomic polarizabilities and fit the remaining
terms in the potential to get the liquid density and internal
energy. The gas-phase molecular polarizability in POL1 is
lower than the experimental value, and a modified version
with the correct value, RPOL, was developed by Dang. The
atomic polarizabilities were removed in the Dang-Chang
[5] model and replaced by a single polarizability (with the
gas-phase value of 1.44 A) at a massless “M” site close to
the O atom along the O-H bisector, which also carries the
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partial charge corresponding to the O atom. The partial
charges and the position of the M-site were parameterized
to reproduce the gas-phase dipole and quadrupole
moments. Although the remaining parameters were
essentially determined by fits to experimental properties of
the liquid phase like the internal energy and diffusion
constant, care was taken to obtain a reasonable description
of cluster energies as well. However, this model consis-
tently predicts lower three-body energies compared to the
ab initio results for isomers of the water hexamer cluster
[11].

Fluctuating charge as a mechanism of polarization was
first introduced by Berne et al. in their SPC-FQ and TIP4P-
FQ potentials [45], which are rigid with either the TIP4P or
SPC geometry. An advantage of these models is that the
force calculation is less time-consuming than the usual
iteration to obtain the induced dipole, and the intermolec-
ular interactions (apart from the van der Waals term)
retained the Coulombic form with simple charge—charge
interactions. Using the extended Lagrangian formalism,
they were only 1.1 times slower than the corresponding
fixed point charge models. Unfortunately, SPC-FQ and
TIP4P-FQ have no out-of-plane polarizability [28].

The charge-on-spring models were parameterized to fit
experimental quantities like the heat of vaporization and
the density [42]. The SWM4-DP and SWM4-NDP (Drude)
potentials were also parameterized to bulk experimental
properties [41, 47]. The result is a good description of
ambient liquid water, but not of clusters [28]. The SWM4-
DP monomer has a much lower polarizability of 1.04 Adas
opposed to the experimental gas-phase value of 1.44 Al
However, it should be noted that the goal has been to
efficiently introduce polarization into large biological
simulations, for example, proteins, which are typically
carried out at ambient conditions. The models now
encompass not simply water, but other molecules like
alkanes and aromatic compounds [48-50].

3.2 Ab initio-based models

Recent advances in electronic structure theory have made
accurate high-level calculations on water clusters easily
accessible, and force fields have been accordingly param-
eterized based upon two broadly different decomposition
schemes of the ab initio energy:

1. Consider a system of n water molecules. For the sake
of simplicity, let them be rigid, with the monomer
energy denoted U;. The energy of a dimer formed by
molecules i and j is U(ij), the energy of a trimer of
molecules i, j, and k is U(ijk), and so on. The ab initio
interaction energy AU,(1,2,3,...,n) can be decom-
posed with a cumulant expansion [12, 51-53],
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AU, =U(1,2,3,...,n) —nU,

n—1 . n—2n—1 n . (15)
=Y AUG) + D> AU(ik) + -+
i=1 i=1 j>ik>j

where AU(ij) and AU(ijk) are the two- and three-body
energies,

AU(ij) = U(ij) — 2Uy, (16)
AU(ijk) = U(ijk) — 3U; — (AU(ij) + AU(ik)
+ AU(jk)). (17)

This many-body decomposition scheme has been used to
develop a number of water models. For example, in DPP
[7] and DPP2 [11], the Thole damping of the polarizability
was parameterized, so that the model recovers the three-
body energy of water hexamers and the remaining terms
were fit to the energies of a selection of water dimers (two-
body energies).

2. One may also decompose the interaction energy into
distinct physical contributions like the electrostatic
component, the induction term, and the dispersion
term. One of the earliest schemes is the Kitaura—
Morokuma analysis [54]. Recently, the ALMO [55]
and the SAPT [56] decompositions have been used to
develop model potentials.

The two classes of decomposition method are not
independent. For example, with SAPT, one can determine
the two- and three-body contributions to the polarization
energy, the exchange energy, and so on. These kinds of
decompositions were used to parameterize, in part, the CC-
pol [9] model, while DPP2 also used them to parameterize
terms like the two-body dispersion energy.

One of the more widely used ab initio-based models is
the AMOEBA potential [6]. It is flexible, with simple
expressions for the zero-field monomer energy, including
anharmonic contributions, for the bond stretching and
bending terms, along with a term that couples the stretch
and the bend. AMOEBA has permanent multipoles up to
the quadrupole on each atom, obtained from distributed
multipole analysis [57]. The atomic polarizabilities were
taken from the work of Thole and, since intramolecular
induced dipole-induced dipole interactions are allowed,
Thole damping is included, with exponent b = 3. The
damping constant, a, was determined by a fit to water
cluster energies, and the van der Waal’s interaction terms
were fit so as to reproduce both the water dimer energies
and some bulk properties like the liquid density.

Many of the models discussed so far like DPP, DPP2,
CC-Pol, and TTM [58] are rigid. As one goes from the gas
phase to the liquid, the HOH angle goes from 104.5° to
around 107° [59]. However, most flexible potentials exhibit
a decrease in the angle. In AMOEBA, the equilibrium

angle in the monomer has been set to 108.5° to get
agreement with liquid properties [6].

Accurate fits of the water monomer potential energy and
dipole surface by Partridge and Schwenke [60], based on
high-level ab initio calculations, proved to be a key
ingredient in the development of accurate flexible members
of the previously rigid TTM family by Burnham and
Xantheas (TTM2-F [61]), Fanourgakis and Xantheas
(revised TTM2-F [62] and TTM3-F [38]), and Burnham
et al. (TTM4-F [37]). An important aspect of these models
is their ability to reproduce the increase in the HOH angle
upon condensation, as well as the vibrational spectra of
water clusters, liquid water, and ice. The earlier flexible
TTM potentials were not as successful as the later versions,
namely TTM3-F and TTM4-F.

Interestingly, water in the gas phase dissociates to
neutral radicals, which is the limiting case of the Partridge—
Schwenke dipole surface [38]. However, in the liquid, the
dissociation products are ions, and therefore, TTM3-F uses
an appropriately modified dipole surface [38]. On the other
hand, TTM4-F attempts to reproduce both the monomer
dipole surface and the polarizability surface [37]. One
should note that these models were parameterized using the
results of electronic structure calculations and thus lack the
effect of nuclear quantization, which could be included by
the use of path integral methods like centroid molecular
dynamics [63-65].

While most ab initio-based polarizable models include
only dipole polarizabilities, the ASP potential of Millot and
Stone includes both dipole and quadrupole polarizabilities
[66]. It was parametrized to fit electronic structure calcu-
lations on both the monomer and the dimer and was later
reparameterized (ASP-VRT) to fit spectroscopic data from
vibrational-rotational-tunneling experiments [67].

The list of models mentioned in this section is by no means
exhaustive. The broadly applicable algorithms for polariz-
able force field development, SIBFA (Sum of Interactions
Between Fragments Ab initio computed) [68] and EFP
(Effective Fragment Potential) [69], based on ab initio
energy decomposition schemes, have associated water
potentials. The GEM model of Piquemal et al. [70] is an
extension of the SIBFA method wherein the atomic charge
densities were fit to Gaussian s-type functions. As mentioned
earlier, water acts as a “test subject” for development, and in
that spirit, the SIBFA and the AMOEBA approaches have
been extended to systems of biological interest [71, 72].

Although the polarizable potentials mentioned above
can be around twenty times slower than simple point
charge models in MD simulations [73], that price must be
paid for a realistic description of systems with significant
many-body effects, such as charged systems like excess
electrons in water and heterogeneous systems like water in
cavities [74-76].
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3.3 POLIR potential

As mentioned in the introduction, POLIR is a hybrid water
potential. It has permanent charges, permanent dipoles, and
dipole polarizabilities on the O and H atoms. The charges
depend on the internal geometry. If one labels one of the
hydrogen atoms as H; and the other as H,, then the charge
on H; is given by

qu, = ¢" + 1 - (rom, + rom, — 2 16y)
+C3~(VOH1 _rOHz) (18)

The charge on H; can be similarly written, and the charge
on the O atom is given by —(gu, + gu,). The interaction
terms are intermolecular charge—charge, inter- and intra-
molecular charge—permanent dipole and charge-induced
dipole, dipole—dipole (which includes both permanent and
induced dipoles), and intermolecular van der Waals, a
function of the O-O distance. The charge—charge, charge—
dipole, and dipole—dipole interactions are all damped using
the Thole method. The zero-field monomer energy is given
by the Partridge—-Schwenke function, and therefore, in
order to avoid double counting, the zero-field intramolec-
ular charge—dipole and dipole—dipole energies are sub-
tracted from the total energy.

POLIR takes nothing but the monomer potential energy
function from Partridge—Schwenke. The charge, qo, and all
other elements of the dipole surface are determined in the
fitting process and have no relation to PS. Note also that
these parameters have a single value, they are not rede-
termined for different states of water.

The Thole damping constants, the constants c1 and ¢3 in
the geometry-dependent charges, the polarizabilities, and
the van der Waals terms are determined by fits to properties
of the monomer (dipole surface, polarizability surface,
etc.), dimer PES scan, and the pentamer minimum energy.

POLIR is constructed with the idea that polarization is
so important for spectroscopy that the quality of the
spectroscopic predictions is a good indicator of the quality
of the overall description of polarization. Correspondingly,
optimizing a potential for vibrational and intermolecular
spectra is a good way to optimize the treatment of polari-
zation. The equilibrium hydrogen charge, ¢°, is determined
primarily by fitting the O-H stretch region of the IR
spectrum in the ambient liquid. Every time ¢° was varied,
the potential parameters were refit to ensure that the
potential reproduced the dimer PES, the monomer prop-
erties (e.g. the dipole moment) etc.

In the fit process, the correct frequency and absolute
intensity occur simultaneously. Since the intensity is
dominated by induced dipoles [77], the importance of
polarization for the frequency shift is strongly suggested.
Perhaps interestingly, the result is ¢° = 0.42, the value
obtained [20] in the SPC/E potential, which attempts an
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effective treatment of polarization within a pairwise addi-
tive approach.

Note that POLIR is the only potential that includes the
charge—dipole interaction on bonded OH atoms. It is dif-
ficult to see why this term should be negligible for vibra-
tional spectroscopy. When an induced dipole changes,
physics requires that its interaction with the charge on a
bonded neighbor changes, which changes the vibrational
frequency.

POLIR is designed to be used with classical simulations,
in conjunction with the most simple, essential quantum
corrections. In calculating the IR spectra, we use an har-
monic intensity correction and the Berens—Wilson anhar-
monic frequency correction [78], which is a redshift of
184 cm™! in the monomer, and, most encouragingly, not
much different in the liquid and ionic solvation shell.
Further details of the parameterization and the calculation
of the IR spectra are given in Refs. [10, 33].

Because POLIR has been parameterized partially to the
liquid-state experimental IR spectrum, and because of the
anharmonic frequency correction, some effects of nuclear
quantization have been implicitly taken into account.
Therefore, an explicit treatment, for example, with centroid
MD, would lead to some amount of double counting and
does not fit with our approach. The internal energy of the
ambient liquid using POLIR is —12.8 kcal/mol, and the
experimental value is —9.9 kcal/mol [21]. The discrepancy
could be due to nuclear quantization, but the agreement
seems satisfactory for a quantity that was not incorporated
in the parameterization. Although we have already dem-
onstrated transferability for the potential energy of mini-
mum energy configurations of clusters, this could be an
issue for the average total energy.

3.3.1 Cluster properties

The original POLIR paper examined the IR harmonic
spectra of a few water clusters [10]. Now, we explore in
greater detail the energetic properties of an important water
cluster—the hexamer; significant low-lying isomers are
shown in Fig. 2. We compare the energies calculated with
POLIR and other polarizable potentials with the ab initio
energies (CCSD(T) [79] energies). Since some of these
models are rigid, with the bond angles and bond lengths set
to the gas-phase monomer, we took the ab initio clusters
(from Ref. [11]) optimized with rigid monomer constraints.
From the root mean square deviation in Table 1, it is clear
that POLIR does very well in predicting the cluster ener-
gies (Fig. 3). We performed a many-body decomposition
of the energies, as in Sect. 3.2, and the three-body energies
(Fig. 4, Table 2) are once again quite impressive, all the
more so given that the model was not parameterized to any
hexamer properties.
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Fig. 2 The four isomers of the
hexamer water cluster
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Table 1 The root mean square deviation of the energies of the four

isomers of the water hexamer cluster for the various models with
respect to the ab initio CCSD(T) values

Model RMSD with respect
to CCSD(T)

DC 5.50

AMOEBA 0.47

TTM3-F 3.12

POLIR 0.39

The DC, AMOEBA, TTM3-F, and CCSD(T) results were taken from
Ref. [11]

-38

-39 O%Q

-40
5 A
S - == DC
= . «{i= AMOEBA
3 . .
= 4 TTM3-F
20
g 43 == POLIR
w

amaleny CCSD(T)

-44

-45

-46

Ring Book Cage Prism

Fig. 3 The energies of the four isomers of the water hexamer cluster
for the various models along with the ab initio CCSD(T) results. The
DC, AMOEBA, TTM3-F, and CCSD(T) results were taken from Ref.
(11]

3.3.2 Liquid-state properties

In order to calculate liquid-state properties, we performed
MD simulations in the NVE ensemble at 300 K with
periodic boundary conditions, using the Ewald summation
[80] technique. The simulation box contained 128 water
molecules at a density of 0.997 g/cc. The simulations were
used to compare the rotational dynamics as well as the
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Fig. 4 The three-body energies of the four isomers of the water
hexamer cluster for the various models along with the ab initio
CCSD(T) results. The DC, AMOEBA, TTM3-F, and CCSD(T) results

were taken from Ref. [11]

Table 2 The root mean square deviation of the three-body energies
of the four isomers of the water hexamer cluster for the various
models with respect to the ab initio CCSD(T) values

Model RMSD with respect
to CCSD(T)

DC 1.79

AMOEBA 1.43

TTM3-F 2.87

POLIR 0.61

The DC, AMOEBA, TTM3-F, and CCSD(T) results were taken from
Ref. [11]

Raman spectra of POLIR with experimental results. We
also examined the HOH angle distribution.

3.3.2.1 Rotational dynamics Mankoo and Keyes [10]
obtained a diffusion constant of 2.4 cm%/s, close to the
experimental value of 2.3 cm?/s [81]. Here, we continue
the test of the dynamical aspects of POLIR. The rotational
dynamics of water have been studied in great detail using
both IR spectroscopy and NMR techniques [82-84]. These

@ Springer
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Fig. 5 The Raman spectra from POLIR and the experimental Raman
spectra from Ref. [82]
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Fig. 6 The distribution of HOH angles in liquid water calculated
with POLIR

experiments provide the characteristic rotational times for
various vectors like the H-H vector, the O-H vector, and
the vector normal to the plane of the molecule. The NMR
rotational time for any unit vector, i, is given by the
integral (from O to oo) of the correlation function,
C,.(0), where

Cuu(r) = (P2(a(t) - u(0))), (19)

and P,(x) is the second Legendre function. We obtain a
decay constant of 2.9 ps for both the H-H and O-H vec-
tors, which compares well to the experimental values of
2.36 ps [82] and 2.4 ps [84], respectively. For the unit
vector normal to the plane of the molecule, we find a
characteristic time of 1.7 ps, while the experimental value
is 1.8 ps [84].

3.3.2.2 Raman spectroscopy Raman spectra (Fig. 5)
were calculated from the correlation functions of the
appropriate elements of the polarizability tensor of the
entire system [85],

@ Springer

and

[ —iwi 1
Iyu(@) o< Q(w) / e (5 Tr(B(0) - B(2))dt (21)
Here, o is one-third the trace of the polarizability tensor,
o, and B is the traceless anisotropic part.

a=oal + . (22)

In Fig. 5, we present the VV and VH spectra for POLIR
in the O-H region, as well as the corresponding experi-
mental spectra [86]. The calculated spectra are in reason-
able agreement with experiment, although our VV line is
somewhat too narrow. The Raman spectra were not used in
the parameterization, and hence, this qualitative agreement
is a true test of POLIR.

3.3.2.3 Bond angle POLIR gives an average bond angle
of around 107°, in good agreement with experiment. We
calculated the distribution of the bond angles (Fig. 6) and
found it to be surprisingly broad, with significant popula-
tions ranging from as low as 95° to as high as 112°! This
matches results from ab initio simulations [87] to the
TTM2-F potential [59]. It is puzzling that rigid models do
as well as they do in describing the liquid, given that they
lack the high angular flexibility shown by “real” water.
Examining the compensating effects in these rigid models
might prove interesting.

4 Conclusion

For many years, theoretical and computational chemistry
and physics focused on pair potentials, due to their trac-
tability. It is now clear, however, that many-body energies
and forces are not small corrections in water; they are
extremely important. The need to go beyond pairwise
additivity has been masked somewhat by the use of pair
potentials optimized for a particular thermodynamic state,
providing an effective treatment of many-body effects.
However, such potentials are not transferable.

Polarization is both a real many-body effect and allows
parameterization of other many-body effects. Consequently,
considerable recent effort has been devoted to the develop-
ment of polarizable potentials for water, with application to
environments ranging from small clusters to the condensed
phases. These models have been parameterized to fit either
experimental properties or ab initio calculations on clusters,
or in some cases both (“hybrid”).
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The importance of polarization is perhaps best seen by
expanding the list of “test” properties beyond the usual
pair distribution function, diffusion constant, etc., to
spectroscopic properties. The vibrational IR intensity/
molecule increases by a factor of 18x upon condensation
[88], and the increase is due to polarization. The IR spec-
trum is seeing induced dipoles; that is, if the dipole is
decomposed into its permanent and induced parts, the
dipole correlation that determines the spectrum is domi-
nated by the induced-induced term [77].

The POLIR potential was developed based on the idea
that spectroscopic properties must enter the parameteriza-
tion, as optimizing the spectra optimizes the treatment of
polarization, which is important for everything else. PO-
LIR has shown promising results for clusters, liquid water,
solvated ions [33], and ice. While flexible, polarizable,
models like POLIR are computationally challenging, the
accurate treatment of the many-body polarization forces
results in a transferable force field capable of reproducing
spectroscopic properties.
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