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Our ab initio transformed spectroscopically determined force field (SDFF) methodology emphasizes, in addition
to accurate structure and energy performance, comparable prediction of vibrational properties in order to
improve reproduction of interaction forces. It is now applied to the determination of a molecular mechanics
(MM) force field for the water monomer and dimer as an initial step in developing a more physically based
treatment of the hydrogen bonding that not only underlies condensed-phase water but also must be important
in molecular-level protein—water interactions. Essential electrical components of the SDFF for monomer
water are found to be the following: an off-plane charge distribution, this distribution consisting of four
off-atom charge sites in traditional lone pair (LP) but also in inverted lone pair (ILP) positions; allowance for
a diffuse size to these off-atom sites; and the incorporation of charge fluxes (i.e., the change in charge with
change in internal coordinate). Parametrization of such an LP/ILP model together with the SDFF analytically
transformed valence force field results in essentially exact agreement with ab initio (in this case MP2/6-
31++G(d,p)) structure, electrical, and vibrational properties. Although we demonstrate that the properties of
this monomer electrical model together with its van der Waals and polarization interactions are transferable
to the dimer, this is not sufficient in reproducing comparable dimer properties, most notably the huge increase
in infrared intensity of a donor OH stretch mode. This deficiency, which can be eliminated by a large dipole-
derivative-determined change in the effective charge flux of the donor hydrogen-bonded OH bond, is not
accounted for by the charge flux change in this bond due to the induction effects of the acceptor electric field
alone, and can only be fully removed by an added bond flux associated with the extent of overlap of the wave
functions of the two molecules. We show that this overlap charge flux (OCF) emulates an actual O—H++<LP—O
intermolecular dipole flux, reflecting the unitary nature of the hydrogen-bonded system in the context of
MM-separable molecules. The effectiveness of incorporating the OCF noncanonical character demonstrates

that a distinctively QM-unique property can be substantively represented in MM energy functions.

1. Introduction

In pursuing our goal of producing more physically accurate
molecular mechanics (MM) force fields for biomacromolecules,
we have paid particular attention to the importance of assuring
consistent agreement with all elements of the classical physics
of the system. Thus, we have required that, in addition to
presently satisfactory structures and energies, interaction forces
should be reproduced more accurately than is achieved in current
standard force fields. Since what then follows is greater accuracy
in reproducing vibrational properties, we call this a Spectro-
scopically Determined Force Field (SDFF).! This ab initio-
transformed energy function is based on the recognition that
attention to vibrational properties, i.e., modes, frequencies, and
intensities, ensures the accurate reproduction of interaction
forces.2 Such attention to forces, whose correctness is not
necessarily guaranteed by energy reproduction alone,? is critical
to achieving maximum accuracy in structure and molecular
dynamics calculations.

The unique characteristic of the SDFF methodology is its
use of an analytical transformation that automatically determines
the valence parameters (i.e., the complete set of force constants
and the intrinsic geometry parameters) from quantum mechan-
ical (QM) equilibrium structures and Hessians in combination
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with given nonbond potentials.* This, of course, emphasizes the
importance of assuring a comprehensive description of the
nonbond terms, which we find also guarantees maximum
transferability of the valence parameters. The QM calculations
are also used to directly optimize other components of the force
field. Since all QM quantities originate from the wave function
and thus are internally self-consistent, the SDFF protocol also
achieves this by using QM-derived polarizability (and deriva-
tives) in combination with QM-derived charges (and dipole
derivatives) to weave together a self-consistent electrical model.
The SDFF methodology has been implemented to produce force
fields for hydrocarbon chains of saturated, both linear,> and
branched,® as well as olefinic’ types, for single chains as well
as for crystals,®® and for peptide models such as N-methylac-
etamide! and an alanine dipeptide analogue,” as well as
providing the basis for calculating infrared (IR) intensities'® in
addition to frequencies.

In view of its obvious importance in the computational
simulations of biomolecular systems, we have initiated the
development of an SDFF for water. Since the structure of this
molecule is not at issue, the main concern in producing a reliable
MM representation of water must be to achieve an accurate
physical description of its interaction with other molecules. We
begin with treatments of the monomer and dimer as an
introduction to the study of peptide-bonding water molecules
and larger water clusters. The SDFF approach in this case not
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only aims at the ultimate development of a comprehensive
computational understanding of the properties of liquid water
but also provides the opportunity to establish on a complete
QM basis the physical requirements for a description of
hydrogen bonding in the SDFF and more generally in MM force
fields. Since we insist not only on a spectroscopically complete
analysis of the intramolecular vibrations but also on that of the
intermolecular modes, this methodology obviously provides a
very sensitive probe of the hydrogen-bonding interactions.

In this paper we present the components that we have found
to be important in such an SDFF for water. Our aim is to
determine the kinds of physical terms in the energy function
needed to provide (in addition to accurate structures and
energies) maximally correct forces, and therefore vibrational
dynamics, not simply to parametrize an arbitrary energy function
to yield better frequencies. We wish to develop a transferable
model that will finally account for condensed-phase properties
on the basis of molecule—molecule interactions since we also
want such an SDFF to be appropriate for specific protein—water
interactions. As a start, by elucidating a deficiency in current
energy function treatments of hydrogen bonding, our SDFF
provides the most QM-compatible MM representation to date
of this interaction in the water dimer.

2. Calculations

As in the case of our SDFF for macromolecules,' we require
that the SDFF for water reproduce a comprehensive set of QM
properties. We have calculated these using the GAUSSIAN 98!
and GAUSSIAN 03'? programs mainly for structures and
energies and the GAMESS!3 program for electric potentials on
planes. Although it is well-known that very high-level QM
theory provides results in better agreement with experimental
values, we have used the MP2/6-314++G(d,p) level of theory
because it is the foundation of our present peptide-chain SDFF.!2
In developing our models for biomolecules, we emphasize
internal compatibility over using different levels for the various
components. Since the SDFF protocol is strongly guided by
overall QM agreement, we expect that, although specific
parameter values of the energy function may change with the
chosen basis set level, the primary physical features of our water
model will not be altered.

Corrections, such as counterpoise!* (CP), for basis set
superposition error (BSSE) due to limited basis functions should
be included in QM calculations of clusters. Since it has been
shown that without BSSE corrections clusters become too
attractive,'® we have applied CP corrections to dimer interaction
energies in connection with the parametrization of our van der
Waals (vdW) potential. Although not incorporated, our MP2/
6-31-+-+G(d,p) results show a 0.1 A elongation in the hydrogen
bond distance of the optimized water dimer when the CP
correction is taken into account, in comparison to CP-uncor-
rected results, all CP-corrected intermolecular vibrations come
out with lower frequencies (e.g., 32 cm™! in the hydrogen bond
stretch vibration), and due to the small changes in the OH bond
lengths the lowest CP-corrected OH stretch frequency is
calculated 18 cm™' lower than that without CP corrections. Other
studies have come to similar conclusions. !¢

The first step in our general SDFF procedure! is the
parametrization of the nonbond terms, which starts with
optimization of the electrical parameters mainly to ab initio
electric potentials (since this can be done independently of other
interactions, which do not contribute to the electric potential).
As in our previous implementations,'”!® this was done by
calculating the potential at points on carefully selected planes
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Figure 1. Sketch of MP2/6-31++G(d,p) water dimer with atom
numbering.

through and outside the molecule. In the SDFF philosophy,
monomer properties should be transferable to clusters, with
cluster-specific physical features being additionally included as
required. Thus, we first optimize the parameters for the water
monomer, which in this case encompassed potentials on a plane
containing the molecule, planes perpendicular to the molecular
plane and containing the OH bond and the bisector of the HOH
angle, and planes perpendicular to the molecular plane and
perpendicular to the bisector. Electron density profiles around
the monomer were also obtained, on planes through and outside
the molecule. Such potentials and electron densities were also
calculated in the presence of homogeneous electric fields of
varying strengths and directions with respect to the molecule.

After electrical parameters are determined, our SDFF proto-
col! proceeds to the determination of the vdW parameters, in
this case by fitting to ab initio (CP-corrected) interaction energies
of multiple configurations of fixed-monomer dimers (in order
to minimize geometry-related effects) at several intermonomer
distances in the range of 1.8 to 5.0 A (in some cases up to 15
A). Such configurations included H,O-++OH, approaches along
the bisectors with molecular planes parallel and perpendicular;
OH,*+*H,0 approaches of similar kinds; stacked approaches
with molecular planes parallel and dipole moments parallel,
antiparallel, and perpendicular; as well as analogues of the
hydrogen-bonded dimer structure.

3. Physical Features and Parameters of SDFF Water

As the results of QM calculations on the water monomer
(Hi—0,—H3) and water dimer (H;—O;—H3-++OsHy, Figure
1) were assimilated and compared to various essential charac-
teristics of the model, it became clear that certain requirements
had to be incorporated into an SDFF model of water. It is
important to note that no changes are made to the basic form
of the SDFF energy function,' which, designed to reproduce
the Born—Oppenheimer surface, incorporates (quadratic, cubic,
and quartic) diagonal and (quadratic) off-diagonal valence terms,
Fourier-series torsions, a Lennard-Jones (L-J) type of vdW term,
charge and dipole electrical interactions that include fluxes as
well as static components, and polarization to account for
induced effects. Only the values and physical meanings of
specific parameters are affected by the hydrogen-bonding
interaction. We first consider the elements required in an isolated
water monomer, and through our studies of the monomer in an
electric field environment (as is found in the dimer) we move
to an investigation of the interactions in the actual water dimer.
In this sequential way we have been able to determine some of
the important physical features involved in hydrogen-bonded
water—water interactions and to suggest the ways in which other
MM functions may need to be modified to account for dimer
properties.

3.1. Essential Components of Monomer SDFF Water.
Since there are no intramolecular (1,4 and higher) vdW or
electrostatic interactions in water, the SDFF transformation* of
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Figure 2. Interaction energy difference (in kcal/mol) between coplanar
and perpendicular MP2/6-31++G(d,p) fixed-monomer H,O-+-OH,
configurations as a function of O-++O distance (in A) at the MP2/6-
31++G(d,p) level (black circles) and with our SDP-LP/ILP model (gray
circles).

the monomer gives the valence force constants and the intrinsic
structure parameters equal to the ab initio values. A detailed
study of various aspects of such a model has yielded the fol-
lowing features.

3.1.1. Off-Plane Charge Distribution. In examining the
various force field representations for the electrical interactions,
we have also found, as has long been known, that a simple
nucleus-centered point net charge model gives a bad reproduc-
tion of the electric potentials (rrms (V) = 14.9%; see Table S1
of the Supporting Information). Although a significant improve-
ment can be achieved by adding a (point) dipole at the O nucleus
(rrms (V) = 4.9%, Table S1 of the Supporting Information and
ref 17), all planar component arrangements still result in a zero
perpendicular quadrupole moment element (Q.. in Table S1 of
the Supporting Information) in the nonzero-trace representation
(the ab initio value being nonzero), which can only be corrected
by some off-atom charge distribution or by explicitly designed
electrical multipoles. Interestingly, additional evidence for a
nonplanar charge distribution comes from the nonzero energy
difference between the coplanar and perpendicular plane ar-
rangements of the fixed-monomer H,O+++OH; dimer configura-
tions. At an O-++O separation of 2.6 A this MP2 energy
difference is 0.85 kcal/mol, and for any reasonable potential-
derived atomic point charge model the electrostatic difference
due to the H atoms alone is ~0.1 kcal/mol for a ~0.4 ¢ H
charge. Since the cylindrically symmetric electric fields of these
configurations lead to a zero contribution from induction
energies, and the total vdW contribution (as well as separate
H:++H, O++-0O, and H-++O contributions) is essentially zero, it
follows that the ~0.7 kcal/mol remainder must be attributable
to nonplanar electrostatic interactions. This is also strongly
supported by the slower-than-vdW falloff in energy with O++-O
separation, ~7~>, as shown in Figure 2.

3.1.2. Off-Atom Charge Sites. Granted that there is no unique
way for a model to represent with accuracy and convergence
the electric potential around a molecule, nevertheless a choice
designed to achieve “chemical reasonableness and transfer-
ability” can be effective.!® Our determined essentially spherical
electron density around the O nucleus as well as its gas-like
behavior when placed in a homogeneous electric field (i.e.,
slightly deformed but with no visible lone pair (LP) character-
istics) suggest a spherical off-atom arrangement of charges.
However, on planes beyond ~0.5 A outside the molecule near
the O nucleus and perpendicular to the bisector of the HOH
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Figure 3. SDP-LP/ILP water dimer: oxygen, red; hydrogen, yellow;
off-atom sites, white.

angle the electron density pattern is distinctly elliptical, with
an indication of extension in the traditional lone pair directions
(i.e., in the plane through the bisector and perpendicular to the
plane of the molecule). We have chosen to represent this external
anisotropy, as have others?*?! and is supported by electron
localization function studies,?? by LP off-atom charges attached
to the O nucleus. Aside from the obvious nonsphericity of such
an LP-only model, calculated electron density profiles indicated
that the electron cloud around the O nucleus is also shifted
toward the H nuclei, and the optimization to the QM electric
potential additionally pointed to the necessity of adding two
off-plane charges attached to the O nucleus and in the plane of
the LP charges (the bisector plane) but pointing toward the H
nuclei. We call these an inverted lone pair (ILP), and note that
a single such configuration was indicated by earlier studies
aimed at finding the optimal location of water-oxygen lone pair
charge sites.”? Our combined set of four off-atom charges with
the traditional three charge sites at the positions of the nuclei,
which we call a lone pair/inverted lone pair (LP/ILP) model, is
the simplest off-atom charge arrangement to provide a more
accurate reproduction of our selected QM properties. Of course,
the off-atom charge parameters (charge, distance from the O
nucleus, and location with respect to the bisector of the HOH
angle) need to be determined by optimization to appropriate ab
initio properties. In the course of studying such optimizations,
we also examined additional dispersion of these charges but
did not find that this results in any significant improvement in
properties.

Such off-atom sites, illustrated in Figure 3 for the dimer, are
incorporated in the SDFF in the following manner. Any number
of off-atom charge sites may be positioned relative to a host
atom and a few reference atoms in the same covalent structure.
Since we use bond charge increments (bci), every off-atom site
also has a counterion that is placed on the host atom. At each
host atom, a molecule-fixed coordinate frame is constructed
based on the given configuration of reference atoms. For water,
the oxygen is chosen as host atom, and the local axes consist
of three vectors (if off-plane sites are used), i.e.,

vi= Nl(erl + er2)

V2 = N2(er1 - erZ) (1)
V3 =Nj(e, Xe,)

where e,; and e,, are bond unit vectors going out from the
oxygen, and N, N,, and N3 are “normalization” factors. The
normalization is done once, at a chosen reference geometry,
and N, N,, and N5 are held fixed thereafter. The distance vector
d; of an off-atom charge site i from its host atom is then
determined by three coefficients c;,

d;=c; vy tcpvytepvs (2)

The vectors vy, v2, and vz are not unit vectors at all geometries,
which has the intended consequence of making the off-atom
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sites obey the local symmetry. For example, if the HOH angle
becomes linear, all these sites in a plane perpendicular to the
molecule, but containing the bisector, will coincide with the
oxygen (i.e., with their counterions) and therefore be neutralized.
Off-atom charge sites on the same host atom do not interact
with each other or with the host atom. This also holds for off-
atom charges on different host atoms if the respective host atoms
are excluded from electric interactions, such as atoms in the
1,2 and 1,3 positions.

3.1.3. Diffuse Off-Atom Charges. In view of the diffuse
character of the electron density, we have examined whether it
would be useful to give some extension to the charge distribution
of a water monomer by allowing for diffuse off-atom sites in
our SDFF, i.e., by giving a “size” to the off-atom charges. A
useful technique for doing this, originating from fluid dynamics,?*?
is to replace the distance R from the charge to a point by the
buffered distance

R=VR+5 3)

where s is the buffer size. At close distances, this makes the
charge behave like a charge distribution,?® with almost no
computational overhead. Actually, the only additional computa-
tion required is to replace R by R,. There are no additional terms
in the derivatives with respect to the Cartesian coordinates. This
is seen in the following way. Since R;> = R*R + s?, we have

aR
R-—=R-R )
Xy Xy
so that
R, R SR

axka Rs axku (5)
This expression contains the same terms for all values of s,
including s = 0. It is straightforward to show that the second
(and higher) derivatives also do not contain any additional terms
for nonzero s. Note that R; is a scalar only; the vector R remains
unchanged and does not depend on s.

3.1.4. Incorporation of Charge Flux. As noted above, an
important feature of the SDFF (not included in currently standard
MM functions) is the incorporation of charge fluxes, i.e., change
in charge with change in internal coordinate. For a bci, g(b),
associated with a bond b we have!

qb=qy»+ Y ay(S;— Sy (6a)
J

where go(b) is the bci at zero deformation of the internal
coordinates S;, and ay; is the charge flux, i.e.
_ dgb)
AT
J

(6b)

For water OH bonds we define ¢g(b) as the charge on the H
atom, the counter-charge, —¢q(b), being added to the O atom.
The most significant charge flux in the context of this work
turns out to be the diagonal OH bond charge flux, i.e., the rate
at which the OH bci changes when that same bond is elongated.
As is well-known?”-?8 and has been further emphasized,?® such
charge fluxes, which are obtained directly by optimization to
ab initio dipole derivatives, are intrinsic properties of the isolated
molecule in the absence of electric fields (and in the case of
the water monomer, of internal polarization interactions), lead
to the coupling of intramolecular and intermolecular coordinates,
and are involved in providing correct forces, both internal as
well as in interactions with other molecules.> We have empha-
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sized that they should therefore be included in MM energy
functions independent of polarization to provide needed physical
accuracy.”> We have also shown that charge fluxes in the SDFF
serve not only to predict correct IR intensities'? but to understand
structural changes such as nitrogen pyramidalization in pep-
tides® and the electrical contribution to peptide torsion poten-
tials.> It is therefore not surprising that such fluxes are
particularly important in an MM function for water, where, as
we have already shown,? they play the central role in accounting
for the HOH angle increase from monomer to dimer and the
liquid state as well as the variation of this angle with tem-
perature.

3.1.5. Polarization. Polarization can be an important com-
ponent in describing electrical interactions in MM energy
functions,’! although it has been noted that the charge fluxes
can have a comparable or even larger effect.?$32 While it is
only applicable in the presence of external electrical interactions,
as in the dimer, we include polarization here as a property of
the monomer. We have implemented linear polarization in our
SDFF, using our recently developed group polarizability model
for water,? since it may be important in clusters and in the
condensed phase. It also improves the agreement in the third
lowest intermolecular frequency and intensity of the dimer.

The complete set of the final electrical and force constant
parameters of the water monomer is given in Table 1. The
corresponding parameters for various nonpolarizable test models,
as well as the monomer and dimer electrical, structural, and
vibrational properties resulting from them, are given in the
Supporting Information (Tables S1 and S2). Although the vdW
interactions occur between monomers (and are discussed in that
connection below), they represent properties of the monomer
and their parameters are therefore included in Table 1. The
combination of the parameters of the electrical model and the
vdW interactions together with the SDFF-transformed valence
force field constitute our monomer SDFF water, which we term
a Spectroscopically Determined Polarizable Lone Pair/Inverted
Lone Pair (SDP-LP/ILP) model.

3.2. Additional Components of Dimer SDFF Water and
Physical Features for Treating Hydrogen Bonding. In the
spirit of the standard formulation of MM energy functions, we
expect dimer SDFF water to incorporate the basic monomer
parameters, such as the intrinsic structural parameters and force
constants as well as the electrical model (see Table 1). The
obviously needed additional components would involve the
nonbond terms such as the vdW interactions and the effects of
polarization (already incorporated in Table 1; see section 3.1.5).
The hydrogen bond, however, clearly may need special treat-
ment since the close approach of donor and acceptor introduces
nonclassical effects that are the result of the overlapping of the
wave functions of the two molecules.* To assess this possibility,
we explore the induction contributions by determining the effects
of the electric field of the acceptor on the properties of the donor
and then assessing the extent to which the implementation of
conventional MM energy terms may need to be adjusted.

3.2.1. van der Waals Potential. The optimization of vdW
parameters is in general nontrivial and nonunique,! but we found
that although this was true for nonrealistic electrical water
models the parameters became unique for more realistic models.
We used the m—n L-J vdW potential in the A—B form? since
this permits separate evaluations of the repulsive and attractive
parameters. Optimization of the A and B parameters to our
fixed-monomer dimer configurations revealed two important
features. First, use of a 12—6 potential did not allow a reasonable
optimization of attractive parameters, and various properties
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TABLE 1: SDF-LP/ILP Water Monomer Parameters and Dimer-Specific Charge Fluxes

parameter” monomer dimer® parameter monomer dimer®
charge parameters polarizability derivative parameters
qon 0.4156 00/0R (par) 7.44
qip —1.0539 d0/dR (perp) 0.96
Oip 120.0 d0/06(par) —1.00
Rup 0.30 ao/90(perp) 1.11
SILp 0.05 80(/80(00p) —-0.25
qLp —0.5068
OLp 95.0 force constants
Rip 0.43 Fr 1248.07
SLp 0.05 Fy 98.50
rrms (V) 0.95 JRR —24.93
fro 36.20
charge fluxes qor 0.9634
arr(0—H)) —0.2696 —0.2841 qo.0 105.3526
arr'(0,—Hy) 0.0478 0.0762 CIR —2984.2
are(O>—Hy) 0.0938 0.0921 CoR 4759.2
arr(0O2—Hz) —0.2696 0.0339 Clo —26.2
arr(0,—H3) 0.0478 0.0180
are(O2—Hs3) 0.0938 0.1220 van der Waals parameters
arr(O5—Hag) —0.2281 An 6.0915
arr'(Os—Hag) 0.0523 By 0.
aro(Os—Hase) 0.0936 Ao 179.5880
rms (/) 0.02/0.03 5.49/6.58 Bo 25.5517
oo 0.0552
polarizability parameters rms (Ein) 0.18
o 0.982
o, 1.188
a3 0.976

% The notation and the units for the parameters are the following: (1) Electric model optimized for the ab initio energy-minimized geometry
to the ab initio electric potentials: gon is the OH bond charge increment (i.e., the charge of the H atom in electrons); guwp, Gwp, Rup, and spp
are respectively the charge at the off-atom ILP site (in electrons), the angle between the ILP charge sites (in deg), the distance between the
oxygen nucleus and the ILP charge site (in A), and the size of the ILP charge (in A); qup, OLp, Rip, and sip are the corresponding parameters of
the off-atom LP charge sites; and rrms (V) is the relative root-mean-square deviation (in %) from the MP2/6-31++G(d,p) electric potentials.
(2) Charge fluxes optimized to the ab initio dipole derivatives: agg is the diagonal OH bond charge flux parameter (in ¢/A); agg' (in e/A) and
arg (in e/rad) are the OH bond charge flux cross terms due to the deformation of the other OH bond and the HOH angle, respectively; and rms
(I) is the root-mean-square deviation (in km/mol) from the MP2/6-31++G(d,p) dipole derivative-determined IR intensities. The first rms
deviation is for all and the second for all non-OH stretch vibrations (including intermolecular vibrations). (3) Polarizability parameters
optimized to the ab initio electric potentials in the presence of external homogeneous electric fields: ay, a,, and o3 are respectively the group
polarizability parameters (in A3 along the bisector of the HOH angle, perpendicular to the bisector but in the molecular plane, and
perpendicular to the molecular plane. These are located on the bisector, 0.19 A from O toward the H atoms (ref 33). (Polarizability does not
affect the calculation of the isolated water monomer properties.) (4) Polarizability derivatives (in atomic units) are directly derived from QM
(here MP2/6-31++G(d,p)): da/dR(par) and do/oR(perp) are the polarizability derivatives with respect to the OH bond (par = parallel to the
bond, perp = perpendicular to the bond); da/d6(par), da/d6(perp), and da/d6(oop) are the polarizability derivatives with respect to the HOH
angle (par = along the bisector, perp = perpendicular to the bisector but in the molecular plane, oop = perpendicular to the molecular plane).
(Polarizability derivatives do not affect the calculation of the isolated water monomer properties.) (5) Valence force constants (for the
functional form, see ref 1): F, f, qo, c¢1, and ¢, are respectively the diagonal force constant, the interaction force constant (cross-term),
the intrinsic structure parameter, and the cubic and quartic anharmonicity parameters. R refers to OH stretch and 6 to HOH angle bending. The
energy is in kcal/mol, the bond length in A, and the angle in radians. (6) van der Waals parameters (for the functional form, see ref 1): Ay and
By are the repulsive and attractive parameters of the hydrogen atom, respectively; Ao and Bo are the repulsive and attractive parameters of the
oxygen atom, respectively; 0o is the shift parameter of the repulsive interaction center (in A) of the oxygen atom; and rms (Ej,) is the
root-mean-square deviation (in kcal/mol) from the MP2/6-31++G(d,p) CP-corrected interaction energies. The energy is in kcal/mol and
the distance in A. ® All parameters optimized to the monomer except the charge fluxes are transferred directly to the dimer for the dimer SDFF.

improved as m decreased to the 9 to 7 range. Since we found
the 9—6 potential to be very satisfactory for the hydrocarbon
SDFFs,> we retained this form for the L-J potential. Second,
close contact repulsive interaction energies of the dimer
configurations, especially those of the O+++O configurations,
were consistently larger than the corresponding ab initio values,
suggesting that the optimal location of the interaction center
for the repulsive vdW term of the O atom might not be the
nucleus itself. Indeed, optimization corrected this over-repulsion
in the dimer interaction energies and placed this interaction
center & = do(02H; + OH3) = 0.064 A from the O nucleus
along the bisector toward the H nuclei (where d¢ is the shift
parameter, given in Table 1, and O,H; and O,Hj3 are bond

vectors). This again reflects the fact that the electron cloud
around the O nucleus is shifted toward the H atoms, and in a
sense is equivalent to providing some anisotropy to the vdW
interaction of the O atom. Interestingly, roughly this shift is
also given by the independently determined parameters of the
LP and ILP sites. Similar optimizations for the H atom had only
minor effects on dimer energetics, and the vdW interaction
center of this atom was left at the nucleus. Our studies showed
that the attractive parameter of the H atom is very small and
poorly determined, and we have therefore constrained it to zero
(see Table 1 for the optimized vdW parameters). The inclusion
of the optimized shift for the interaction center of the O repulsive
vdW term also resulted in better agreement between the SDFF
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TABLE 2: Properties of the SDP-LP/ILP Water Monomer*

Mannfors et al.

TABLE 3: Properties of the SDF-LP/ILP Water Dimers®

property SDFF ab initio” property m-SDFF d-SDFF ab initio
electrical properties Ein —5.2442 —5.2983 —4.7923
u 2.2277 2.2279 u 3.1941 3.1965 3.2156
bonds
Ou o o 0,-H, 0.9623 0.9628 0.9626
Qv —2.561 —2.5850 0,—Hs 0.9660 0.9707 0.9699
Q- ’ ’ Os—Hae 0.9646 0.9649 0.9645
0,405 2.9706 29714 2.9108
Qe 2.343 Hyee 2.004 20011 1.94
O 0431 3°++0Os .0049 .00 9436
0 —1.173 angles
H,—0,—H3 105.0211 105.2333 105.4842
structure
R 0.9634 0.9634 Hs—Os—He 104.5050 104.4874 105.6095
: ) H,—0;::-0 106.1751 106.5351 108.9406
0 105.3526 105.3526 e ?
¢ . torsions
J(HOH) lrg‘ll;esnms 1619.6 H,—0,+++Os—H, 120.2881 120.3371 119.0007
1 . . e Yue Y — — _
1>(OH s5) 38633 3863 4 H;—0;°++Os—He 120.2881 120.3371 118.9962
v3(OH as) 4010.1 4010.2 oop angles
IR intensities O,-+*H;—He—Os —48.9737 —49.0842 —46.9161
I 8.59 8.59 ip angles
L 63.31 63.33 O,+++Hs—He—0s 0 0 —0.0130
H3“‘H4_H(,_O5 0 0 _00091
“The notation and the units for the properties are the following: .
(1) Electrical properties: u is the molecular dipole moment (in . frequencies
debyes); and Q.., Q,y, and Q.. are the giagonal quadrupole moment Vi (A, ) 134.2 133.8 142.0
elements (in Buckinghams, or debye A), the first and second sets Va (A”) 164.3 164.7 169.3
being the components of the traceless matrix and the matrix with a V3 (A’ ) 182.5 182.6 176.4
non-zero trace, respectively. The molecule is in the xy plane and its Va (A,) 196.6 198.8 202.5
dipole moment is along the y axis. (2) Structural and vibrational Vs (A”) 383.6 385.7 373.8
properties: R is the OH bond length (in A); 0 is the HOH valence Vs (A") ) 589.5 590.7 675.8
angle (in deg); vi(HOH), v»(OH ss), and v3(OH as) are respectively v7 (HOH) 1665.0 1659.6 1633.6
the HOH angle bending, symmetric OH stretch, and antisymmetric vg (HOH)* ) 1650.7 1649.5 1651.5
OH stretch frequencies (in cm™); and I, L, and I; are the IR vo (Hi0:Hs ss') 3876.9¢ 3807.6 3783.3
intensities (in km/mol) of the particular intramolecular vibrations. vio (HsOsHe s3) 3856.8 38529 3858.1
> MP2/6-31++G(d,p). v11 (H;O.H;5 as’) 4016.1¢ 3981.6 3974.5
V12 (HsOsHg as) 3998.6 3994.2 3997.6
and ab initio interaction energies (the rms deviation decreased IR intensities
from ~0.4 to ~0.2 kcal/mol) and improvements in the repro- I 171.7 171.9 133.8
duction of the two lowest intermolecular frequencies. I 220.5 219.3 147.6
3.2.2. Hydrogen Bonding. As expected, it is clearly evident I 30.5 31.0 76.8
that using only intrinsic monomer parameters in the water dimer Ly 27.3¢ 27.9¢ 157.2
does not correctly describe the physics that is essential in the I 189.2 189.2 124.5
LT . . Is 186.8 186.8 186.2
hydrogen bonding interaction: force agreement, which would A 89.9 951 1093
produce mode, frequency, and intensity agreement,? is unac- Is 815 702 560
ceptably poor. A particular indication of this is seen in the I 15.9 2233 261.7
apparent large change in the optimized diagonal O,—H3 bond m 12.8 14.2 13.3
charge flux from the monomer value of —0.2696 ¢ A~! (Table I 96.2 1454 120.9
I» 61.6 89.5 91.9

1) to the effective (to be defined below) dimer value of +0.0339
e A1 (see Table 1). This change is required to obtain acceptable
reproduction of the experimentally well-known dramatic IR
intensity increase in a donor hydrogen-bonded OH stretch mode
compared to the isolated monomer OH stretch mode (from an
ab initio monomer value of 8.59 km/mol, I, in Table 2, to a
dimer value of 261.7 km/mol, Iy in Table 3). This change
indicates, as is well-known,?? that an important electronic
reorganization is taking place in the dimer system. In the spirit
of our MM philosophy, we want to incorporate in our SDFF
the physical basis for such changes, and we began by exploring
the induction effects of the electric field of the acceptor on the
donor, electrical interactions being a key ingredient in hydrogen
bonding.® It should be noted that the electric field referred to
here is that due to the classical field of the acceptor MM charge
distribution and is not to be construed as associated with the
full electron distribution in the hydrogen-bonded system. In the
MM representation, any effects due to QM wave function
overlap would have to be treated independently.

“The notation and the units for the properties are the following:
m-SDFF is the SDP-LP/ILP model (i.e., with monomer charge fluxes),
and d-SDFF is the SDP-LP/ILP with individually optimized dimer
charge fluxes. (1) Ejy is the interaction energy in kcal/mol, and u is the
molecular dipole moment in debyes. (2) Structural properties: bond
length is in A and angle (valence, torsion, out-of-plane and in-plane) in
deg. In this case we use dihedral angle for torsion, Wilson’s definition
[Wilson, E. B.; Decius, J. C.; Cross, P. C. Molecular Vibrations. The
Theory of Infrared and Raman Vibrational Spectra; McGraw-Hill: New
York, 1955] for out-of-plane angle, and an average of the difference of
the valence angles around the bond O,+++Os or Hj;+--Os (e,
1/5(02++*Os—Hy — O,°++Os—He) or '/»(Hz***Os—Hs — Hz***Os—Hp))
for in-plane angle. (3) Frequency v is in cm™!, IR intensity / is in km/
mol. ss' and as' refer to modified ss (symmetric stretch) and as
(antisymmetric stretch) modes: in ss’ s(O,H;)/s(O,H3) ~ 0.4/1.0; in as’
the ratio is reversed. The dimer has C; symmetry. » Mode is mixed but
contains mainly the Hy—Os—Hs angle. © Mode is mixed but contains
mainly the H;—O,—Hj angle. “Mode description differs from ab
initio, m-SDFF being essentially the same as in water monomer.
¢ Mode description differs from ab initio (see text).
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Figure 4. Optimized O,—H; charge flux (in e A’l) of fixed MP2/6-
31++G(d,p) water monomer in homogeneous electric field (in atomic
units) along the bond. Positive corresponds to the O,—Hj direction.

3.2.2.1. Homogeneous Electric Field. Although the electric
field experienced by the donor molecule from the acceptor is
not homogeneous, it is useful to consider first the uniform case
since it can reveal major impacts of this interaction. Earlier
studies of the water monomer in external homogeneous electric
fields*®37 were focused on OH stretch frequency shifts and
intensity changes induced by this interaction. We are additionally
concerned with the physical impacts that such a field has on
terms in the MM energy function, in particular on our model
of the water monomer. To elucidate this, we studied two
situations: the effect on a molecule of fixed structure, which
reflects only the results of polarization by the electric field, and
then the effect on a flexible one, which includes polarization as
well as the results of structural changes due to the field.

In the first case, the water monomer was kept fixed at its
MP2 equilibrium structure and placed in a homogeneous electric
field parallel as well as antiparallel to the O,—Hj3; bond
(perpendicular components have relatively little effect on the
electrical properties of the bond??). This arrangement is also
close to the substantive situation in the equilibrium water dimer,
in which the hydrogen bond angle O—H-+++O is close to 180°
(174.8° at the MP2/6-314++G(d,p) level) and the field is directed
close to the O,—Hjz bond direction (about 10° from this
direction).

In considering how the induced electrical forces might be
accounted for in an MM energy function, we evaluate the
changes in the dipole derivatives as a function of the applied
electric field. The molecular dipole moment is # = Hstart HKind,
where fgat is the static dipole moment and ging = 0E is the
moment induced by the field, E, as given by the molecular
polarizability o.. The dipole derivatives in Cartesian coordinates,
Xk, are then

. = % + 8—OLE + a@ (7)

ox,  0x,  0x 0x,
We have examined two situations: in the first, we assume that
Op/0x = Opstar/0x; and optimize charge fluxes to the ab initio
dipole derivatives separately at each electric field. This is
equivalent to implicitly absorbing the induction effect into the
charge fluxes, i.e., having the charge fluxes emulate the static
as well as the induced effects. (Of course, in the homogeneous
field the adE/dx; term is zero.) For this case, Figure 4 shows
the O,—Hj3 bond charge flux as a function of the electric field.
The following can be deduced: first, there is a slight asymmetry
resulting from the noninclusion of a small hyperpolarizability;33
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Figure 5. Comparison of MP2/6-31++G(d,p) fixed-monomer O,—Hj3
dipole flux (in e, black circles) and ab initio polarizability derivative
term (gray circles). Positive corresponds to the O,—Hj direction.

second, the dependence of the charge flux on electric field is
seen to be essentially linear for fields up to ~0.01 au (0.51 V/A)
and to depart from linearity for stronger fields; and third, the
charge flux in parallel fields becomes less negative at stronger
fields, eventually becoming positive at a field strength of ~0.04
au. We note that, utilizing our dimer model parameters (Table
1), the electric field strength at and along the O,—Hj3 bond is
0.0209 au, well within the range studied in Figure 4. The
differences between the QM and SDFF dipole derivatives were
found to be essentially zero up to the field strength of about
0.01 au, whereas without charge flux optimization, namely using
only the monomer zero-field charge flux at each point, the
deviations increase substantially with increasing electric field.
Thus, the charge flux optimization yields good results, but the
changes in parameters are unphysical and would be cumbersome
to implement in an MM energy function.

A more physical picture would assume that the induced
effects of the homogeneous electric field are explicitly accounted
for by the Eda/dx; terms. To test this, the charge fluxes were
constrained to the isolated monomer values, and internal
coordinate dipole fluxes'® were optimized to represent the
induced part of the MP2 dipole derivatives at each electric field.
Internal coordinate dipole fluxes, d;, describe the rate of change
in the molecular dipole moment, g, with deformation of internal
coordinates, Sj, i.e.,

=%
d= a5, (8a)
so that
U=yt Z d;(S; = Sjo) (8b)
J

where p is the dipole moment at zero deformation of the S;.
The dipole fluxes were introduced in the SDFF to account for
vibrational IR intensities!” and they provide a very close
connection to the quantities in eq 7, but are not presently
incorporated in the energy function. With the OH bond as Sj,
we find from MP2 calculations on the isolated monomer that
the component of do/dS; along the bond is the most dominant
element of that tensor, and has the value 7.44 au (Table 1). By
calculating d; = E0da/dS;, and comparing them with the SDFF
dipole flux values optimized along the O,—H3 bond to the dipole
derivatives at the different fields, we can evaluate the accuracy
of an energy function featuring the Eda/aS; term. Figure 5 shows
this comparison. The agreement is almost exact up to a ~0.01
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au field strength, the optimized dipole flux parameter showing
a slight nonlinearity at higher field strengths.

We conclude that the Edo/dS; term basically accounts for
the dipole derivative behavior in the homogeneous electric field,
but that, since the present SDFF does not provide for dipole
fluxes or polarizability derivatives in the energy function,
the optimized charge fluxes can provide a suitable emulation
of the induced effects. In this sense, they may be considered
effective charge fluxes, although their detailed physical origin
still needs to be established.

Before examining the results in an inhomogeneous field, we
tested the effect of geometric flexibility on the electric field
behavior of the charge flux by optimizing the structure of the
water monomer as a function of the homogeneous field. In this
case the field is automatically along the dipole moment direction,
i.e., the bisector. The optimized O—H charge fluxes derived
from the ab initio dipole derivatives of the energy-minimized
molecule differ relatively little from those of the molecule at
the fixed geometry (for example, at a field strength of 0.0272
au the O,—Hj3 charge flux for the minimized molecule is
—0.1512 ¢ A1 whereas the comparable value for the fixed
molecule is —0.1473 e A~!) and the molecular property
agreement with ab initio is very good.

3.2.2.2. Inhomogeneous Electric Field. In the actual water
dimer, the donor molecule of course does not reside in a
homogeneous but in an inhomogeneous electric field. It is
therefore of interest to determine the relative effects of the field,
E, and the field gradient, JE/dx; (see eq 7), on the properties of
the donor, particularly on the effective charge flux of the
hydrogen-bonded O,—H3 bond. We examined this by placing
a donor molecule in the LP/ILP monomer charge distribution
of a dimer-positioned acceptor molecule (a so-called external
charge distribution, ECD). Although the acceptor charge
distribution would differ somewhat due to the polarization by
the donor, this effect is thought to be relatively small.3® This is
also supported by our finding that the natural population analysis
(NPA) charges on the acceptor change by only ~1% to 3%
from those of the monomer. In these (QM and SDFF) calcula-
tions the system was constrained to the MP2 energy-minimized
structure of the dimer, with only the Hz*++Os distance being
varied. For maximum agreement with the corresponding QM
calculations (i.e., monomer in a fixed point charge distribution),
the LP/ILP electrical model without size but with group
polarization was used for the donor molecule while the same
monomer LP/ILP charges as in the QM calculation were used
for the acceptor molecule.

Since in the SDFF the monomer in the ECD has to be treated
similarly to the dimer and because the QM calculations give
only monomer (in this case donor) properties, the dipole
derivatives for the acceptor were calculated using our program
and the above-explained LP/ILP charge distributions of the
donor and acceptor. The optimization of the charge flux
parameters of the monomer-ECD system to this combined MP2-
LP/ILP dipole derivative matrix yields a diagonal O,—H3 charge
flux parameter of —0.1227 ¢ A~!, compared to the value of
—0.2696 ¢ A~! for that optimized to the water monomer. The
acceptor LP/ILP average electric field along the donor O,—Hj3
bond is 0.0209 au, and, assuming that this is representative of
the effect of the field alone, by using the charge flux values
from Figure 4 for the homogeneous field component, —0.1209
e A1, the field gradient contribution to the change in charge
flux is therefore —0.0018 ¢ A~! (—0.1227 — [—0.1209)).
Compared to the homogeneous field contribution, viz., +0.1487
e Al (—0.1209 — [—0.2696]), the gradient contribution is seen
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Figure 6. Optimized O,—Hj charge fluxes (in ¢ A~!) as a function of
the elongation from the MP2/6-31++G(d,p) minimized Hjz+:+Os
distance (in A) for the SDP-LP/ILP dimer (black circles) and the
polarizable LP/ILP electrical model without size donor in the nonpo-
larizable LP/ILP without size external charge distribution of the acceptor
(gray circles). Excluding the Hs<++Os distance, the structures were
constrained to the MP2/6-314++G(d,p) optimized dimer structure.

to be quantitatively small. (If, because of its closeness to the
polarization center,>? we use the field at Oy, 0.0093 au, the bond
charge flux is —0.2015 ¢ A~1and the field gradient contribution
is +0.0788 ¢ A~! compared to a field contribution of +0.0681
e A1) Aside from the issue of such relative values, it is
noteworthy that the combined electric field effects have
increased the charge flux by an effective nontrivial 0.1469 e
A1 (—0.1227 — [—0.2696)).

3.2.2.3. Wave Function Overlap. Despite including homo-
geneous and inhomogeneous field components in the monomer-
ECD system, we still find that the calculated intensity of the v
stretch mode, 80.1 km/mol, is in significant disagreement with
the ab initio dimer value, 261.7 km/mol, even though the
intensity of the other stretch mode, v;;, 134.8 km/mol, is in
reasonable agreement with the ab initio value, 120.9 km/mol
(Table 3). As previously noted, the full water dimer O,—Hj
charge flux optimized to the MP2 dipole derivatives is +0.0339
e A~1 (Table 1), an effective increase of +0.1566 ¢ A1 over
the ECD value (—0.1227 ¢ A’l). We also find that the intensity
of v9 has now increased to 223.3 km/mol, in reasonable
agreement with the ab initio value, 261.7 km/mol, while the
intensity of v; is not significantly affected over the ECD value
(Table 3). This increase in the O,—Hj charge flux is clearly a
result of the overlap of acceptor and donor wave functions in
the formation of the QM hydrogen bond, and although we refer
to it as an overlap charge flux (OCF) it does not necessarily
describe any real flow of charge but only emulates a dipole
flux caused by a deformation of the charge distribution in dimer
formation. The OCF reduces to practically zero, leaving just
the electrical contribution, by ~1 to 1.5 A separation of the
monomers from equilibrium (an observation also noted by
others?), as is shown in Figure 6 for the dimer as well as the
ECD case as a function of the H3++Os separation.

Dipole fluxes (or charge fluxes that emulate them) optimized
to the dimer dipole derivatives cannot directly be assigned
locations in the system. However, the physical origin of the
OCF can be further elucidated by evaluating changes in the
electric-potential derived charges as a function of bond defor-
mation. In Figure 7 we show the CHELPG charges on the Hj
atom, as given by Gaussian 03 in a fixed monomer and a fixed
dimer, as a function of elongation of the O,—Hj3 bond (i.e., Hz
being the only atom moving). The initial slopes of these curves
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Corresponding SDP-LP/ILP charges of the off-atom LP site facing Hs,
LP(H3). Excluding the O,—Hj3 bond, the molecules have been fixed to
their MP2/6-31++G(d,p) structures.

represent the diagonal O,—H; CHELPG charge fluxes in an
unrestricted atomic point charge model: for the monomer this
is —0.2163 ¢ A~! and for the dimer it is —0.2020 ¢ A~!
(compared to our optimized SDFF monomer value of —0.2696
e A1), The near equality of the dimer CHELPG charge flux to
that of the monomer shows that the intrinsic monomer param-
eters are transferable to the dimer, and the fact that complete
polarization, represented by an incremental ECD-induced ef-
fective charge flux, viz., +0.1469 e A1, does not fully account
for the final required +0.0339 ¢ A~! effective O,—Hj charge
flux in the dimer indicates that the OCF must be associated
with hydrogen bond-induced changes resulting from the QM
interactions between donor and acceptor. The underlying
question is the physical origin of this OCF, and for the answer
it is necessary to inquire into the changes in the acceptor partner
in the hydrogen bond. We do this by directly observing the
changes in the atomic and off-atom site charges in a fit to the
dimer electric potential as a function of the H3+++Os distance
(Hj3 again being the only atom moving). Thus, using our own
method!” and the geodesic point selection scheme for the
calculation of the electric potential,*® we have calculated the
charges with O,—Hj3 bond elongation in the MP2-minimized
dimer by utilizing our monomer electrical model but setting all
0,—Hj; charge fluxes to zero. The charges on H3 and on the Os
LP site facing Hs (named LP(H3)) are shown in Figure 7. (Other
charge fluxes, except those related to the O,—Hj; bond, are very
similar in monomer and dimer.) The changes in the charge on
LP(H3) demonstrate that hydrogen bonding also leads to
reorganization of charge on the acceptor. If we take the initial
slope of this change in charge as an LP(H3)—Os charge flux
due to elongation of the O,—Hj3 bond, viz., —0.313 ¢ A“, and
transform it into a dipole flux (which is closer to a basic QM
quantity), viz., |drp| = Rpparp = 0.43(0.313) = 0.135 e, then
we find that this is in rough agreement with the OCF
transformed to a dipole flux, viz., ldocyl = Roy3dock =
0.97(0.157) = 0.152 e. The notion of a dipole flux on the
acceptor is also supported by electron density difference plots,
which show significant changes around Os,*!*? with the atomic
dipole on Os found to change from 0.1309 au in the monomer
to 0.1939 au in the dimer.*

Although it has been proposed that the significant change in
the mainly O,—Hj3 stretch IR intensity arises from dynamic
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effects that can be attributed to a so-called charge transfer charge
flux,3® the results described above lead us to believe that most
of the OCF can be explicitly attributed to an intermolecular
dipole flux on the acceptor. Such a flux is not surprising since
hydrogen bonding is expected to lead to changes in the
properties of both donor and acceptor. The OCF contribution
is expected to be comparable to that from polarization,3® which
we also find for our MP2/6-31++G(d,p) SDFF model: the
change from the ECD alone, 0.1469 ¢ A~1, is similar to that
from the OCF, 0.1566 ¢ A~

The challenge will be to incorporate such intermolecular
dipole flux changes on hydrogen bonding into an MM force
field in a physically meaningful way. It is clear that a new kind
of addition to the classical MM function is needed if the donor
and acceptor electrical properties are to be accurately described.
In particular, it will be necessary to account for the variation of
this acceptor flux with H+++O distance as well as angle on the
basis of the QM-determined relationship. This should be
feasible, and can be expected to give a much more physically
reliable description of the properties of the moieties that
participate in a hydrogen bond.

4. Ab Initio Agreement of the SDP-LP/ILP Water Model

4.1. Monomer SDP-LP/ILP Water. The parameters result-
ing from the incorporation of the components of our SDFF
treatment of the water monomer are given in Table 1, with
the minimized monomer properties of our SDP-LP/ILP model
being presented in Table 2. As previously noted, the model
gives very good monomer electrical properties: the electric
potential around the monomer has an rrms deviation of
0.95%, the dipole moment agreement is excellent (the ab
initio moment is somewhat high for our basis set in
comparison with values ranging from 2.04 D* to 1.98 D%
for more extensive basis sets), and the quadrupole moments
(the latter are given in the traceless and nonzero-trace matrix
forms to emphasize the necessary nonzero Q.. elements) are
very good. Since the valence parameters and charge fluxes
are derived directly from analytically transformed QM results,
the monomer frequencies and IR intensities agree essentially
exactly with the ab initio results. We note that, because there
is no intramolecular nonbond potential for isolated monomer
water, the SDFF force constants, and therefore the frequen-
cies, are independent of the electric model.! However, the
IR intensities are not model independent, and therefore the
charge fluxes for different electrical models can be different
(see Table S1 in the Supporting Information).

A further assessment of the performance of this model can
be gained from the results in which a water monomer was
energy minimized in varying electric fields along the bisector.
First, all charge flux parameters were constrained to the
monomer value, then they were optimized at each electric
field to the MP2 dipole derivatives to include induced effects,
and in both cases various monomer properties were examined
as a function of the field. A comparison of the MP2 and SDFF
results is given in Table 4 for the zero and the largest field
used, viz., 0.0272 au. If charge fluxes are constrained to the
monomer value at each electric field (SDFF2), the agreement
for structural parameters and frequencies is comparable to
the case of individually optimized charge fluxes (SDFF1),
but the intensity agreement is (and therefore the force
agreement must be?) significantly poorer (essentially main-
taining values with field that are equal to the zero-field case).
As discussed earlier, the monomer SDFF2 (i.e., SDP-LP/
ILP) model augmented by the polarizability derivative terms
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TABLE 4: Variation of Water Monomer Properties® with
Electric Field”

E=0 E =0.0272
MP2  SDFF1 SDFF2 MP2  SDFF1 SDFF2
R 0.9634 09634 0.9634 0.9685 0.9698 0.9669
0 105.35 10535 10535 101.57 101.27 101.93

u 22279 22277 22277 26710 27641 2.7361
v(HOH) 16193 1619.5 1619.5 16950 17063 1717.1
I(HOH) 88.7 88.7 88.7 109.0  107.0 74.3
v(OH ss) 3863.5 3863.3 3863.3 3823.7 3793.1 3841.1
I(OH ss) 8.6 8.6 8.6 46.8 47.5 8.1
v(OH as) 40103 4010.1 4010.1 3923.3 3923.1 3969.2
I(OH as) 63.3 63.3 63.3 121.5 120.4 63.1

« R = OH bond length in A; & = HOH angle in deg; u = dipole
moment in debye; v = frequency in cm™'; ss = symmetric stretch,
as = antisymmetric stretch; / = IR intensity in km/mol. *E =
electric field in au; MP2 = MP2/6-31++G(d,p); SDFFl =
SDP-LP/ILP model with charge fluxes at each E optimized to MP2
dipole derivatives; SDFF2 = SDP-LP/ILP model with charge fluxes
at each E kept at £ = 0 value.

(E0a/dS)) in the energy function would result in performance
effectively equal to SDFFI1. It is worth noting that the
frequencies at the nonzero fields have been calculated with
the SDFF monomer intrinsic force constants. In principle this
can account for the frequency disagreement even for SDFF1,
since just as forces in an electric field derive from the first
derivative of the potential energy, and thus depend on the
field and its gradient,? the force constants derive from the
second derivative and will be influenced by the field, its
gradient, and its second derivative. We have found that exact
agreement with the MP2 frequencies can be obtained with
relatively minor changes in force constants, but since these
were determined manually and not from knowledge of the
explicit field dependences we have chosen not to implement
this change.

4.2. Dimer SDP-LP/ILP Water. In Table 3 we present the
properties of the SDP-LP/ILP dimer, both with monomer
charge fluxes (m-SDFF) and with dimer charge fluxes (d-
SDFF), the latter that, because the actual dipole flux
components are not currently implemented in our SDFF
energy function, have had charge fluxes individually opti-
mized to dimer ab initio dipole derivatives in order to
implicitly include polarization and QM wave function overlap
effects (the OCF). The properties of the m-SDFF dimer,
except for the order of v9 and vo as well as of vy, and v
and the value of Iy, are substantively the same as those of
the d-SDFF dimer (which makes this a strong water model
in its own right). As noted before, although most of the
d-SDFF dimer charge fluxes have not changed dramatically
from those of the isolated monomer, the diagonal O,—Hj3
flux has undergone a change, from a value of —0.2696 ¢ A~!
to an effective value of +0.0339 ¢ A~1. A comparison of its
detailed structural properties with the corresponding ab initio
results is quite good. The dipole moment is well reproduced
(although again the ab initio value is high, 3.22 D, compared
to a result with a higher basis set, 2.76 D*}). Some features
can bear improvement (e.g., the H3*++Os distance and the
HOH angles). The frequencies are generally well reproduced,
with the most problematic being v¢ (however, higher level
ab initio computations give a lower value, e.g., 640 cm™! %3
and even 600 cm~!,* as well as when BSSEs are taken into
account), and the IR intensities (considering their greater
degree of sensitivity) are respectably predicted (except for
the hydrogen bond stretch, v4, whose present SDFF mode
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Figure 8. Interaction energy of MP2/6-31++G(d,p) fixed-monomer
dimer (in kcal/mol) as a function of flap angle, H3***Hs—H¢—Os (in
deg), at the MP2/6-31++G(d,p) level (black circles) and with our SDP-
LP/ILP model (gray circles).

description is significantly more Hsz+++Os stretch intensive
than the QM mode, which our tests have ascertained to be
related to the Os vdW shift). We expect that fine-tuning of
the model (i.e., SDP-LP/ILP including polarizability deriva-
tives and the intermolecular O—H-+++LP—O dipole flux),
probably based on higher level ab initio calculations, should
improve these relatively small discrepancies.

We have examined two other features of our SDP-LP/ILP
water model that bear on its predictive capabilities. In the first
case, we examined the energy difference between the coplanar
and perpendicular fixed-monomer H>O+++OH, configurations
as a function of the O-++O distance, which should be a test of
the electrical anisotropy of the model. The comparisons with
the ab initio results were shown in Figure 2. The agreement at
large separations is not surprising, but the relatively good
agreement at short distances is gratifying. Of course, the
agreement could be made perfect if only this test were applied,
for example by changing slightly the oxygen off-nucleus vdW
location; the present position, however, was optimized simul-
taneously to these as well as many other dimer configurations,
and thus represents an overall test. (A similar comment is
relevant to the discrepancy in Ei,: without fitting simultaneously,
as we have done, to many different configurations, better
agreement near the minimum could be achieved, although with
the result of worse (but less visible) agreement elsewhere. We
have avoided this, in the belief that future work can improve
on this property of the model without compromising on the in-
clusion of the OCF.) In the second case, we calculated the
variation in the interaction energy of the fixed-monomer dimer
as a function of the flap angle, viz., the out-of-plane angle
Hj+++Hy—Hg—0s5.2° The comparisons with the ab initio results
are shown in Figure 8, and agreement is seen to be excellent
over the entire range, and much better than those of the TIP4P
and TIPSP water models that have been developed for the
condensed phase.?’

5. Conclusions

As we have emphasized,” accurate prediction of forces,
beyond just structure and energy agreement, is needed to provide
physical reliability in structure and dynamics predictions, which
in turn requires incorporation of accurate charge and polariz-
ability fluxes in MM energy functions. To achieve such electrical
completeness and as critical tests of the energy function,
vibrational properties such as modes, frequencies, and intensities
must be satisfactorily reproduced, i.e., the force field must be
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“spectroscopically determined”. Implementation of this ap-
proach! has now led us to the development of an SDFF for the
water monomer and dimer and, in the process, to evidence for
the greater transferability of parameters and for the need to
incorporate a treatment of the hydrogen bond interaction in force
fields that goes beyond the canonical MM protocol.

We find that the requirements for monomer SDFF water, in
the context of producing agreement with QM structural,
electrical (dipole, quadrupole, and potential), and vibrational
(mode, frequency, and intensity) properties, must include a
number of features in the model: an off-plane charge distribu-
tion, this distribution consisting of four off-atom charge sites,
two in traditional lone pair (LP) and two in inverted lone pair
(ILP) positions; allowance for a diffuse size to these off-atom
charges; and the SDFF incorporation of charge fluxes (i.e., the
change in charge with change in internal coordinate). Such an
electrical model (Table 1), whose parameters are determined
by optimization to the ab initio electric potential and dipole
derivatives, together with the SDFF-transformed valence force
field,! gives an almost exact reproduction of monomer ab initio
(in this case MP2/6-31++G(d,p)) properties. Including polar-
ization and the van der Waals parameters (Table 1), we call
this a Spectroscopically Determined Polarizable LP/ILP, SDP-
LP/ILP, model.

The incorporation of the monomer electrical LP/ILP model
into the SDFF of the dimer involves the addition of three
elements. The first two are standard: the van der Waals potential,
which we find most suitable in the L-J 9—6 form, and whose
parameters are determined from BSSE-corrected interaction
energies of multiple configurations of fixed-monomer dimers
and include an offset of the oxygen vdW center; and polariza-
tion, which we include in the form of a recently developed group
polarizability model3? together with polarizability derivatives.?
The third element is the special treatment needed to describe
the effects of the hydrogen bond interaction, viz., the overlap
of the donor and acceptor wave functions.

The evidence for the latter required departure from the
canonical form of the MM function is the fact that simply
carrying over the monomer parameters together with polarization
and vdW interactions does not satisfactorily reproduce all of
the SDFF-important QM results, outstandingly the huge IR
intensity increase in a donor hydrogen-bonded OH stretch mode.
This intensity is primarily determined by the effective charge
flux in the hydrogen-bonded OH bond, which has a value of
—0.2696 ¢ A~ in the monomer, increases by 0.1469 ¢ A~ to
a value of —0.1227 ¢ A~! as a result of the classical induced
effects from the electric field of the LP/ILP acceptor external
charge distribution (ECD), but still does not attain the needed
effective value of +0.0339 ¢ A1 in the actual dimer required
to yield the ab initio predicted IR intensity. However, we show
that in our electrical model the intrinsic monomer bond charge
flux does not change in the dimer, thus demonstrating that MM
monomer properties are indeed transferable to the dimer. The
additional +0.1566 e A~! effective charge flux that must be
incorporated upon hydrogen bonding actually originates physi-
cally from an intermolecular dipole flux on the acceptor.
(Although such terms are not currently implemented in our
energy function, we have shown that they can be emulated by
an “effective” charge flux on the donor hydrogen-bonded OH
bond.) We designate this additional flux over the induced effects
as an overlap charge flux, OCF, since it arises as a result of the
overlap of wave functions in the formation of the hydrogen
bond. Its value, as suggested,? is approximately equal to that
of the ECD polarization contribution.
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Such an OCF term is not at present included in the standard
formalism of an MM function, but it can be expected to be
incorporated relatively routinely. It is obviously of basic
importance in describing the changed electrical properties of
the donor and acceptor in the dimer and its inclusion is an
important first step in developing a more physical description
of condensed-phase water (obviously necessarily based on
further studies of multiply hydrogen-bonded molecules). At
present, it gives our SDFF water model the maximum currently
available QM compatibility with maximum transferability of
monomer parameters. This physical OCF component clearly
could have fundamental impacts in the treatment of other
hydrogen bond interactions, probably with great significance
for that of the peptide group.*” The fact that such a distinctively
QM-unique property can be modeled in MM energy functions
gives encouragement that other basic ab initio features could
be substantively represented in such force fields.
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