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The temperature and pressure dependence of the previously developed polarizable atomic-multipole-based
AMOEBA water potential is explored. The energetic, structural, and dynamical properties of liquid water are
investigated via molecular dynamics simulations at various temperatures ranging from 248 K to 360 K and
pressures up to 5000 atm. The AMOEBA model, derived solely from known gas-phase and room-temperature
liquid properties, produces a maximum liquid density around 290 K at 1 atm. The quantitative agreement
between AMOEBA and experiment is good in general for density, heat of vaporization, radial distribution
functions, magnetic shielding, self-diffusion, and static dielectric constant. Based on comparison of two variants
of AMOEBA water, as well as results from other water potentials, it is suggested that the temperature at
which the maximum density occurs is closely related to the tetrahedral hydrogen-bonding network in the
bulk. Explicit dipole polarization and internal geometry in the liquid play vital roles in determining the self-
diffusion and dielectric constants. The development of the AMOEBA model demonstrates that a realistic and
well-balanced atomic potential requires a sophisticated electrostatic description and inclusion of many-body
polarization. Within the current polarizable atomic multipole framework, a potential derived from limited gas
phase and condensed phase properties can be applied across a range of physical and thermodynamic
environments.

Introduction the determination of unambiguous parameters for different
energy components (e.g., electrostatics and repulsion-dispersion)

Modeling of electronic polarization and other effects such becomes problematic. Explicitly polarizable water models have

as prqton dissociation were introduced mtp .emplrlgal water the potential to reduce this concern.
potentials over two decades afj&.However, it is only in the ) N
past several years that systematic attempts have been made to AMONg the nearly 50 water models reviewed by Gutliot
implement such models for use in general simulations of 2002., almost half are polarizable. The .numberls apparently still
substances other than water. In the search for more accurat&™oWwing; for example, two Drude oscillator-based polarizable
potentials, increasing effort has been devoted to improving the force fields, the charge-on-spring (COS) médsid the SWM4-
electrostatic description via inclusion of lone-pair charge sites, PP modef have recently been published. Some of the other
higher-order electrostatic moments, and secondary effects suc{ecent water potentials, including BSY, POLS/TZ(QZ)?
as electronic polarization. The main advantage of polarizable PPC® TIP4P/FQ;t and TIP5P? have been applied with
models is their ability to adapt spontaneously to changes in the 'é@sonable success to study of the temperature or pressure
physical-chemical environment. Examples include changes from dependence of water properties. Of these, only TIPSP does not
a vapor to a liquid phase, from a polar to a nonpolar milieu, |ncIUQe gxphcﬂ polarization. Results with TIP5P indicate that
and from a neutral to a highly charged environment as often Polarization may not be necessary to reproduce many water
observed in biological systems. This adaptability is critical for Properties, and its enhanced electrostatic description due to
modeling the coexistence of multiple phases of water, whose introduction of additional charge sites evidently improves its
dipole moment is enhanced by nearly 50% upon moving from Performance. However, the parametrization of TIPSP involved
gas phase to the liquid. Furthermore, polarization also enhanceglirect fitting to experimental temperature dependence data. The
the transferability of a general potential model that aims to Predictive power of such a model is limited, and it would be
describe interactions in heterogeneous molecular systems, wher®rohibitive to exploit this approach in parametrization of a
nonideality is a direct result of many-body effects. general force field. The other polarizable models seem to enjoy
Even though most water potentials have been derived for and@ Similar degree of success to TIPSP, especially in terms of
applied to ambient conditions, many chemical and biological réproducing the temperature of maximum density (TMD).
processes require water to undergo temperature or pressuréﬂowever, problems still exist with all current models. The BSV

changes. As a result, nonpolarizable force fields face the Model gives rise to too steep of a decrease in density at
dilemma of having to describe a wide range of conditions with temperatures above the TMD. Similar to TIP5P, the polarizable

a single set of parameters. Due to their implicit inclusion of PPC°model displays a sharp transition in its density through
polarization, models with fixed electrostatics can only rely on the TMD region, even though other thermodynamic properties

one specific environment for their parametrization. Consequently c@lculated at fixed experimental density show good agreement
with experiment. The PPC potential appears to be “under
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condensed phase valueZ.6 D). In addition, the PPC model dependence at 1 atm pressure, results from both the 216- and
has zero polarizability in the out-of-plane direction, while the 512-molecule systems were obtained, while pressure-dependence
experimental polarizability in this direction (1.43Ris almost studies were carried out on boxes of 216 water molecules.
as large as in orthogonal directions. The authors state thatPeriodic boundary conditions were imposed throughout, with
attempts to parametrize a fully polarizable model resulted in long-range electrostatic interactions treated using the standard
degradation of computed liquid properties. The POL5/TZ(QZ) Ewald summation technique. All molecular dynamics production
potentia? is a true ab initio model, like our AMOEBA (Atomic  simulations use a 1 fstime step. Sample calculations at 298 K
Multipole Optimized Energetics for Biomolecular Applications) and 1 atm were performed using a 0.1-fs time step, yielding
model®? in the sense that the gas-phase molecular dipole andidentical results within statistical error for the thermodynamic
quadrupole moments, and cluster binding energies for the dimerproperties studied here. A tapering function based on a 1.2-A
through hexamer, are comparable to high-level ab initio results, switching window is used to reduce vdw interactions to zero at
while experimental liquid properties are also reproduced. A distances beyond 12 A. The Berendsen thermostat and b&tostat
major difference between AMOEBA and POLS5 is that our were used to enforce constant temperature and pressure. Note
model adopts ab initio-derived atom-centered multiple moments that the Berendsen weak-coupling methods do not correspond
through the quadrupole, and avoids the use of underdeterminedo any standard ensemble, but MorisHitaas derived formulae
off-atom charge sites. In addition, AMOEBA accounts for for computing fluctuation properties from the ensemble associ-
polarization via induced dipole moments rather than fluctuating ated with weak-coupling. Simulations of the 512-molecule box
charges. between 255 K and 360 K were carried out for 1.5 ns at
Explicit polarization provides a physical means for separating temperatures of 290 K and below, 1 ns at 298 K, and 700 ps
the different contributions to molecular interactions. It allows above 298 K. To sample the density of the smaller 216 molecule
direct utilization of high-level ab initio calculations in the gas box, similar simulations were carried out for various lengths
phase for derivation of the permanent electrostatic moments,ranging from 1 to 3 ns. The first 200 ps of each MD trajectory
making such models attractive in deriving general force fields. were deemed the equilibration period, and this portion was
The many-body effects should be verified via comparison with discarded when computing average properties. The heat of
ab initio energies and structures of various small clusters. Oncevaporization,AH,, at 273 K and above was calculated from
an independent electrostatic model is finalized, limited liquid constant pressure simulations, rather than at fixed experimental
properties can be used to refine the vdW (repulsion-dispersion) density, using
parameters, which are not well-determined by cluster properties.
This is a somewhat simplified picture, and polarization is not AH,=Hgs— Hjq ® Uges— Uy + RT (@)
the only physical element missing from the current generation
of classical pairwise models. Nonetheless, direct treatment of

polarization is the most important remaining step toward more per mole of molecules. The kinetic energy contributions in the

reahsﬁc potentials for general molecular smulapon. gas and liquid phases essentially cancel, andPttigerm for
Using the above approach, we are developing a completeihe |iquid is negligible relative to the corresponding teiRTY

polarizable atomic multipole-based force field for biological for the gas phase. An analytical formula consisting ofta 5

studies. As the first step toward this goal, an AMOEBA water gegree polynomial was fitted to the temperature dependence of

model was reported in an earlier publicatigithis model was  the enthalpyH of liquid water at 1 atm. Differentiation of this
derived from ab initio data and ambient liquid density and heat tqrmula gives a relation for the heat capacity:

of vaporization, and validated for a spectrum of gas-phase and

whereH is the enthalpy andl is the potential energy in kcal

condensed-phase properties. In the present work, the model is ITH.
applied, without any further modification, to simulate liquid Co= (Aﬂ 2)
water over a wide range of temperatures above and below the ar /e

freezing point, and at a series of high pressures. Comparison is

made against other recently developed water potentials, as weliSubstituting®= (WIH [K[H [PVLinto this equation results
as a variant of the AMOEBA model. Contrasting the success N

and failure of different polarizable and nonpolarizable models

over a range of thermodynamic conditions furthers our under- Wjiq 9
standing of the physical chemistry of water at the microscopic P aT /e + ER 3
level, but also provides an insight into the development of

transferable atomic potentials for other molecules. It is our goal \ynere (Kis the internal kinetic energy, and each degree of
in the following sections to demonstrate that the AMOEBA  raeqom contribute®/2 to the heat capacity. Note that eq 3 is
model behaves satisfactorily over a range of temperature ands,; 5 flexible water model, where there are nine degrees of
pressure conditions. Equally important, parametrization of the ¢.o0qom per molecule. For a rigid model, the second term in
model is .robust. in the sense that extension to other moleculareq 3 is reduced toR The [PViterm for the liquid is assumed
systems is straightforward. to be independent of temperature within the range studied.

Water—dimer interaction energies are computed with respect
Computational Details to the flap angler in Figure 7, in the following fashion. First,
the dimer is optimized for each potential. Then, with the internal
The details of the AMOEBA water model and its parameters geometry of each molecule fixed, the flap angle is changed by
have been described previoushMolecular mechanics calcula-  rotating the hydrogen bond acceptor molecule while the
tions were carried out using the TINKER molecular modeling molecular planes are kept perpendicular to each other as in the
packagé? A cubic box of either 216 or 512 water molecules dimer minimum. Ab initio energies as a function of flap angle
was used to compute all properties, other than the dielectric are obtained at the LMP2/aug-cc-pVQZ level using the Jaguar
constant (which is discussed below). For the temperature programt’
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The water self-diffusion coefficients were evaluated from the 1.02
mean-square-displacement (MSD) using the Einstein relation, o1l —
“‘ —4— AMOEBA
. 1.00 A - R BP-NV
D =Zim dar @ - r(ty)l’C @)
6t — dit 'g o099 } —e—TIP4P-FQ
o]
The static dielectric constant was estimated from droplet z 098 |
simulations, where a water sphere of radius 12 A containing § o, | ¢
242 molecules was retained inside a wall boundary potential as 2
described previoushi2 The fluctuation of the droplet dipole 0.96 .
moment sampled from a nonperiodic constant temperature 00 | . »
simulation is related to the static dielectric constant®by
0.94
2 3 2 200 250 300 350 400
1Y/l . (61 - 1)[(1 + 262)(2 + E2) - 2(r1/r2) (1 - 62) ] Temperature (K)
keTr,® (e, + 26)(2+ €,) — 2(ry/r,)* (1 — €))(e; — ) Figure 1. Temperature dependence of the density of water at 1 atm
(5) pressure. The experimental data are from Rell.
wherer; andr, are the radii of the inner and outer shells 1.02
respectively, andV is the total dipole moment of the inner 1.01 ——AMOEBA (512)
sphere. All nonbonded interactions within the droplet were ::g:g:}f‘ﬁ‘
computed without cutoffs, and radii of = 6 A andr, = 12 A 1.00 F

were used. The dielectric constant of the inner skelican be
determined from the equation by either setting= 80 or
invoking the approximatiom; ~ €,. Our previous calculations

/ —Expt
0.99 7

wl /Y

Density (g/cc)

showed that the results obtained from a periodic simulation using 097 |

Ewald summationq = 82) and a droplet simulatiore & 81) 006

are in close agreement at ambient temperature and pressure. '

Due to the cost of traditional Ewald simulation, we have chosen 095 |

to use droplet simulations at a series of selected temperatures 0,94 , , ,

to compute dielectric constants. Simulations of 2 ns were carried " 00 250 300 350 400
out for temperatures of 323 K and below, while 1 ns was found Temperature (K)

to be sufficient at higher temperatures. The statistical error of Figure 2. Temperature and system-size dependence of the density of

the simulation results are estimated by the same method AMOEBA and AMOEBA-v water. The experimental data are from
described in our previous AMOEBA water stutfy. Kell.24

transition than real water. The TIP5P results shown are those
reported by Mahoney and Jorgen¥erfrom Monte Carlo
Density. It is well-known that the density of liquid water  simulations with molecule-based truncation of nonbonded
exhibits anomalous temperature dependence. The maximuminteractions at 9 A. A related rigid, fixed-charge water model
density under 1 atm of pressure, 0.99995 ¢jamecurs at 277 included in the comparison is an extension of TIP5P to a six-
K. A number of water models, including BSY2,PPC1° TIP4P/ site model as proposed recently by Nada and van der Wébden.
FQ! and TIP5P? are reported to reproduce the temperature of This potential is represented as -6RV in the following
maximum density within a few degrees. Other models, such asdiscussion. Both TIP5P and 6@V have been explicitly
COS? NEMO,'® SPC?° and TIP3P2! display no TMD within parametrized to reproduce the temperature dependence of water
the commonly studied temperature range. Still other potentials, properties. The main differences between the TIP5P anrd 6P
SPC/E22 ST22 TIP4P21 POL5/TZ, and POL5/Q2 have well- NV models are that the latter has a longer OH bond and a larger
defined TMDs that deviate from 277 K to various extents. HOH angle, hydrogen vdW sites, and an extra charge site
However, among models that precisely replicate the TMD, none located near the molecular center-of-mass. The THH®
accurately reproduces water density at temperatures away fronpotentiat! is a polarizable model with fixed geometry taken
the TMD, and their deviation from actual densities increases directly from the original TIP4P model. POL5/TZ and POL5/
as the temperature moves further from the TMD. TIP5P, for QZ° are two recently developed rigid five-site models that
which densities over a range of 150 K have been reported, showscombined fluctuating charges and induced dipoles in their
too strong of a temperature dependence (i.e., the computedireatment of polarization, These models closely resemble
density becomes too low) above 277 K. The density of TIP4P-FQ in the shape of their temperature vs density curves,
polarizable PPC, reported between 267 K and 298 éhibits but have the TMD shifted to about 295 K with the entire curve
a very similar trend. Densities calculated with the BSV model shifted to lower density by approximately 0.01 g&m
decrease even more quickly as the temperature increases above The TIP5P and AMOEBA results shown in Figure 1 are
280 K. obtained from simulations on boxes of 512 molecules. It was
Due to the large number of water potentials in the literature, previously reported that the TMD for TIP5P increased from
it is prohibitive to discuss all of them in detail. Instead, we will 280 K to 295 K when either a smaller box of 216 molecules or
focus on recently developed potentials and mention older modelsa smaller cutoff for charge interactions was used. When Ewald
only as necessary. The density of water as a function of summation is used for AMOEBA, we find the density
temperature calculated with selected water models is comparedemperature curves for 512- and 216-molecule systems to be
with experimental measuremetttim Figure 1. It is immediately identical within statistical accuracy, as shown in Figure 2. This
clear that all theoretical models exhibit a sharper density result suggests the finite-size dependence in TIP5P simulations

Results and Discussion
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may have been due to the differing electrostatic cutoff meth- TABLE 1: Parameters for the AMOEBA and AMOEBA-v
odologies. The maximum density of the AMOBEA water model Water Models

occurs at approximately 290 K, as is also the case for the 6P AMOEBA AMOEBA-v
NV model. This temperature is closer tq _the TMD of@ 285 O—H Bond bo (A) 0.9572 0.9572
K, than to that of ordinary water. In addition, AMOEBA water K (kcal/mol/A?) 529.6 529.6
displays a somewhat broader density transition than the rigid H—O—H angle 6, (deg) 108.50 104.52
TIP5P, 6P-NV, and TIP4P/FQ models, even though the ngkcallmd/fad) 34.05 34.05
AMOEBA curve is still narrower than experiment. The agree- Jrey-Bradley o (%) 1.5537 1.5139
; ; Ki (kcal/mol/A2) 38.25 38.25
ment between AMOEBA and experiment is excellent above 273 | .. qer Waals
K, whereas the AMOEBA density in the supercooled region o Ro (A) 3.405 3.410
decreases too steeply at cooler temperatures. The statistical € (kcal/mol) 0.110 0.114
uncertainty (standard error) of the sampled density is 0.0051 H Ro (A) 2.655 2.820
glen? at 255 K and 0.0001 g/chmt 363 K, with generally € (kcal/mol) 0.0135 0.0160
. . : . reductiort 91% 85%
smaller uncertainty at the higher temperatures in this range. polarizability o (AY)

In previous studies, Jorgensen and JeffSoave investigated O 0.837 0.837
the temperature dependence of the density for the fixed charge H 0.496 0.496
SPC, TIP3P, and TIP4P water models. Neither of the three-site Multipoles

. q —0.51966 —0.51966
SPC and TIP3P models produced a maximum between 323 K d, 0.14279 0.14279
and 473 K, and their densities increased monotonically with Qu 0.37928 0.33928
decreasing temperature. However, the TIP4P potential does have Qyp —0.41809  —0.41809
a density maximum of 1.018 g/émat 260 K. The parametriza- Qz 0.03881 0.07881
tion of TIP5P revealed that the temperature dependence of its g _062(?3?3859 _8'32323
density is very sensitive to the position of lone pairs on the dz -005818 —0.05818
oxygen atom, and tuning this position allows accurate reproduc- Qu —003522 —0.03673
tion of the correct TMD of water. By contrast, no information Qyy —0.10298  —0.10739
on temperature dependence was used in the parametrization of Qz 0.13820 0.14412
AMOEBA, and no adjustment of electrostatic parameters was  aThe Reduction Factor defines the position of the hydrogen vdw
made when computing the density profile. center as a percentage of the distance from O to H along their

Furthermore, AMOEBA is a flexible model that allows internuclear vector.

internal geometry changes. Interestingly, the water geometry istag| g 2 Dipole and Quadrupole Moments of Water
found to have a strong influence on the anomalous density

maximum. To illustrate this point, we present in Figure 2 results Expt AMOEBA = AMOEBA-v

from a variation of our AMOEBA model (abbreviated as u 1.85 1.77 (1.85) 1.85

AMEOBA-v) that was previously investigated in the process S;X ggg gi’g §2§i23) 22-1‘%0
. . . L y —2 —217 (2. vy

of obtaining the final AMOEBA potential. The major difference . _01% ~0.33 (-0.20) 014

between AMOEBA-v and AMOEBA lies in the choice for the .

equilibrium HOH bond angle. Other parameters were optimized ar: %?‘:32 %teaa'? bo;’;r:r?gel‘éegfalngg'?’;‘ae"g%° F';’;Aecr’]g]%ée‘;agjr‘;sfor
. . : - i . values i

following identical protocols, so the vdWs and electrostatic - experimental gas-phase angle of 10752

parameters vary insignificantly. The hydrogen reduction factor

is changed from 0.85 to 0.91 solely because the latter providestemperaturé® The only available experimental neutron diffrac-

a superior fit to water dimer structures and energies of tion data show no overall tendency between 298 K and 473
configurations other than the equilibrium structdifeThe K.2% Even though the DOD angle derived from OD and DD
detailed force field parameters for AMOEBA and AMOEBA-v  (istances increases from 106254 298 K to 107.3%at 323 K,

are compared in Table 1. The latter model has a TMD around all other data points at higher temperatures fluctuate insignifi-
275 K, and the density in the supercooled region is in excellent cantly around the former value. Subtle changes in water
agreement with experiment. To illustrate the difference between geometry with temperature, especially the HOH angle, may play
the two models, the molecular moments computed by each arean important role in the water density anomaly. It is conceivable
listed in Table 2. As previously discussEdthe flexible that models with geometry-dependent electrostatics can produce
AMOEBA model adopts a larger equilibrium angle of 108.5 the correct geometric response to changes in temperature, as
in the gas phase such that the average angle in the condensegiell as the transition from gas to liquid.

liquid-phase becomes 108,3n good agreement with experi- Additional evidence for the influence of the bond angle on
mental and QM simulation evidence. AMOEBA-v has a the density profile is revealed by a comparison between TIP5P
“correct” equilibrium HOH angle of 104%5in the gas phase, and 6P-NV. One goal in the creation of the 6V model
which contracts to 101in liquid water. We have previously  from TIP5P was to reproduce the experimental melting free
discussed the hypothesis that unphysical contraction of the HOHenergy of ice?® Interestingly, the 6PNV model uses a fixed
angle is a consequence of the lack of geometric dependence oHOH angle of 108, and has a density vs temperature curve
electrostatics in AMOEBA; that is, the permanent atomic similar in shape to that of TIP5P with its fixed HOH angle of
multipoles of water remain constant with respect to bond 104.5. However the 6PNV curve is shifted to higher
stretching and angle bending. Approaches to incorporate suchtemperature and lower density, resulting in a good agreement
effects have been suggesté&urthermore, the AMOEBA HOH with the AMOEBA results.

angle expands slightly in the liquid from 10571t» 105.60 as The development of the TIPxP series of potentials points to
the temperature rises from 255 K to 348 K. This trend an intrinsic dilemma for nonpolarizable models: the parameters
contradicts a theoretical estimate of the perturbation in liquid determined from ambient liquid phase properties are not unique,
water that suggests a small angle contraction with rising and some choices will perform poorly under other conditions.
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Figure 3. Pressure dependence of water density at 298 K. The at 1l atm pressure.
experimental data are from Sato ef@l.
bar, indicating saturation of the ability to undergo compression.

For example, the addition of off-atom sites in moving from It is conceivable that an alternative functional form for vdw
TIP3P to TIP4P to TIP5P generally improves the electrostatic interactions, rather than reparametrization of existing models,
treatment. However, none of the TIPxP models appears to will be required to improve the compressibility of water models.
provide the correct average molecular moments in the liquid. Radial Distribution Functions. The radial distribution
The density vs temperature dependence of the various modeldunctions (RDF) of liquid water provide information about the
further demonstrates the need for a nonpolarizable model to fit average packing of molecules, and can be derived from
as many liquid properties as possible in order to provide an experiments such as neutféand X-ray?® scattering. Figure 4
“averaged” electrostatic description for the condensed phase.summarizes the @O RDF of AMOEBA water as sampled
In contrast, a polarizable model such as AMOEBA is subject from simulations of a 512-molecule box at temperatures from
to less ambiguity since it can rely on high level ab initio 265 to 363 K and 1 atm of pressure. Clearly, the first peak height
calculations to determine permanent electrostatic parametersis reduced as temperature increases, but the position of the first
However, empirical optimization is still required to determine peak remains nearly constant. Another apparent change is that
the vdW parameters. Using either experimental or ab initio the first minimum and the second peak become less pronounced
polarizabilities, the vdW values can be derived to maintain with increasing temperature. The effect of pressure is not shown,
consistency between gas-phase clusters and liquid simulationsbut is very similar to that of increasing temperature. The major
The resulting potential energy is well balanced, and as evidentdifference is that increasing pressure insignificantly alters the
from the above simulations, can be reasonably applied underfirst peak height. For example, at a pressure of 3000 atm, the
different conditions without further modification. height of the first peak is only reduced by 0.2 vs the 1 atm

The pressure dependence of density for AMOEBA water at value, even though features beyond the first peak are already
298 K has also been investigated. The density sampled fromflattened and beginning to disappear. This picture is consistent
MD simulation was typically well-equilibrated within 200 ps.  with the current state-of-the-art theory that water is a dynamic,
Following equilibration, an additional 300 ps of trajectory was rapidly changing mixture of tetrahedral ice Ih-like and denser
generated and analyzed to obtain converged values at the variougce Il-like structures* The nearest neighbors are well-defined
pressures. The standard errors are withih0005 g/cri. The in both types of ice with an ©-O separation of about 2.8 A.
results are compared with experimental densitiesid those However, the next-nearest neighbor @ distance is about 4.5
reported for TIP5®in Figure 3. The isothermal compressibility A in the tetrahedral ice Ih structure, and only 3.4 A in ice II.
at room temperature, estimated from the slope of the curve atThe former distance corresponds to the usual location of the
1 atm, is roughly 55x 10° atnmr!. This is higher than the  second peak in the ©O RDF, while the latter distance
experimental value of 45.8 10° atni™%, but lower than values  correlates with the location of the first minimum. As the
reported for TIP3P and TIP4P. Even though the density profile temperature rises, the amount of ice ll-like structure grows,
of TIP5P is very similar to that of AMOEBA in the low-pressure  whereas the ice Ih type of tetrahedral structure becomes less
region, a lower value of 4% 1C° atnT for TIPS5P was obtained ~ populated, leading to a flattening of the RDF beyond the first
by Mahoney and JorgenséhThe TIP5P model, which uses a  peak. A possible rationalization is that the ice Ih structure is
Lennard-Jones 126 vdW potential, is more compressible than favored by the hydrogen-bonding interactions within the tetra-
real water at high pressure. The buffered-T4vdW potential hedral arrangement, while dispersion forces are predominant
used with AMOEBA, which is softer than Lennardones in in ice 11.%4 Transforming from the former to the latter would
the short-range repulsive region, leads to an even higherrequire energy to bend the hydrogen bonds while gaining
compressibility. This seems to contradict the commonly held favorable dispersion interactions. Within this framework, the
view that Lennard-Jones potentials have too stiff of a repulsive water density maximum can be interpreted as the result of a
wall based on comparison with experimental rare gas poten- competition between the typical thermal contraction and the
tials 31 Furthermore, the compressibility of both AMOEBA and rising proportion of less-dense ice Ih-like structures at lower
TIP5P, related to the slopes of their density vs pressure curves,temperature.
are more problematic within the 1 to 2000 atm range than at  As noted above, the AMOEBA and AMOEBA-v force field
higher pressures. The too-high absolute density at high pressurgparameters differ only slightly, yet their TMDs are separated
is merely the result of a high compressibility at relative low by about 15 K. Hence, it is of interest to compare the RDFs of
pressure. In fact, the density vs pressure slope actually ap-these two models at various temperatures. Figure 5 shows the
proaches that observed in experiment for pressures above 300@hange in the RDF of AMOEBA-v from 298 K to 260 K is
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6 266K/210MPa AMOEBA and TIP5P RDFs remain nearly invariant throughout
o 51 X — the full temperature and pressure range. However, the experi-
© 4- — Soper mental first peak location exhibits stronger pressure dependence
2 34 SeEKTIP - -+ AMOEBA at room temperature than does either set of simulations. At 298

2 N - PSP K the experimental first peak shifts from agreement with the

11 TIP5P position to agreement with AMOEBA as the pressure is

0 . T . increased from 0.1 to 210 MPa. At lower or higher temperatures,

15 3.0 45 6.0 75 the AMOEBA RDFs show very good agreement with those of
r(A) . . . . "

P Soper for the first peak locations, which are rather insensitive

7] (b) to the high pressure. It is not clear if the strong pressure

6 208K/210MPa dependence at room temperature is an artifact of the neutron-

5 scattering data analysis or a special characteristic of water at
8.. 41 p—— room temperature that empirical potentials are unable to
2 4] A - - - AMOEBA reproduce. At the elevated temperature of 423 K, the first peak

2 [\, 296KN0.IMPa — - PSP in the AMOEBA RDF is too low in comparison with the RDF

1 \ derived from neutron scattering, while the TIP5P peak is even

0 . . . lower. This is reflected in the low density of TIP5P water at

1.5 3.0 4.5 6.0 75 this high temperature as suggested by the trend in Figure 1. At
r(A) all temperatures, pressure effects on the RDF, especially features

8 ! . L

71 (C) beyond the first peak, seem to correlate with the overestimation

o pr, of isothermal compressibility by AMOEBA and TIP5P. Ac-

5 cording to the two-state theory described above, the RDF
8 4 between 3 ath 5 A becomes flat at high pressure as tetrahedral
o ) . mm local structures are replaced by ice ll-like states.

2 Nwwompa — - TIPSP The agreement between the AMOEBA and experimental

1 O---H RDFs is similar in quality to that for the ©®O RDFs

0 : . : (not shown). The main exception is that at 423 K the-B

15 3.0 45 6.0 7.5 RDFs from the AMOEBA model compare very well with
r(A) experimental RDFs across the full pressure range, even beyond

Figure 6. Comparison of experimental and simulated-O RDFs at

various temperaturepressure conditions. The experimental data are

from Soper®

somewhat less dramatic than that for AMOEBA. The greater

the first peak. Both the first and second peaks of the TIP5P
O---H RDF are consistently about 0.2 shorter than the experi-
mental results at 423 K.

Molecular Interactions. It has been speculated that the

change in the AMOEBA RDF in the 3.4 to 4.5 A region can be tetrahedral network in materials such as water and liquics SiO
attributed to a more rapid diminishment of the ice Il state and plays a critical role in their anomalous behavigt&oth liquid
enhanced ice lh-like character as the temperature decreasesyater and Si@display density maxima, with the latter at 1500
leading to a density maximum at a slightly higher temperature °C. The tetrahedral network in water is maintained by the
for AMOEBA. hydrogen bonds. The improvement in calculated properties on
Radial distribution functions for water under ambient condi- moving from TIP3P to TIP4P and TIP5P is attributed to better
tions, as well as at various extreme temperatures and pressureglescription of waterwater interactions, possibly leading to
have been derived from neutron scattering experiments by enhancement of tetrahedral structure in the liquid. One char-
Sopers® A direct comparison of the experimentat-@D RDF acterization of such interactions is the dimer association energy
with AMOEBA and TIP5P results is presented in Figure 6(a) as a function of the dimer flap angle (the angle between the
through 6(c). The overall agreement between AMOEBA and vector connecting the donor and acceptor oxygen atoms, and
the experimental RDFs is reasonable, but subtle differencesthe vector bisecting the HOH angle of the H-bond acceptor
emerge upon closer inspection. The first peak locations in both water, as illustrated in Figure 7). It was shown by Mahoney
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Figure 8. Distribution of water dimer flap angle values in simulations Temperature (K)
of liquid water at ambient temperature and pressure. Figure 9. Average hydrogen bond angle in AMOEBA and AMOE-

and Jorgenséhathat, unlike the TIP3P and TIP4P water dimers, BA-v water as a function of temperature.
the TIP5P dimer association energy possessed a double-well . . . e
dependence on this angle, with the minimum energy angleszhfgjfrsqens'tly m?xnt?ur? ir;zs?tllon':t_han Iguuf{ih&mh Its
corresponding more closely to those found in tetrahedral OIH---O : ar:ge cl) abou tnd |fgur(ta) tr’] A&gggigge q
structures. We compare the dimer association energy pmﬁleAMOEBanet va uets are prtesen: or bo -6H dist an
with respect to flap angle for AMOEBA, TIP5P, 6/V, and -V atroom temperature. A maximum Istance

ab initio quantum results at the LMP2/aug-cc-pVQZ level in of 2.9 Aand a maximum OH-O angle of 120 were used as
Figure 7. The 6PNV potential gives a similar double-well the hydrogen bond criteria. The common trend is that the angle

profile to that of TIP5P. However both models yield stronger Valutf] betcomes Ia}:rger,(javgmg egﬁgtéegptegah?dral net\/:{orrll<t||ng,
interactions than found in the ab initio calculations, as required as he temperature deciines. ISplays a stgntly

: . S . steeper change than AMOEBA-v at temperatures below 290
%/I%E?A? Ogigzi?\;eonégi\e_lvd%%%;d :))(L::;]I:J 'g esz;??; lfrl;[(lj?gtw-]r he K, where the density reaches the maximum for AMOEBA. This

guishable energy profiles. A shallow plateau occurs near a flap is consistent with our earlier observation that the first minimum
angle of 40 with the global minimum located at 5,7as also and second peak of the-CGO RDF deform more rapidly for

: . AMOEBA than for AMOEBA-v as the temperature decreases.
predicted by LMP2/aug-cc-pVTZ calculations. The complete .
basis set (CBS) MP2 dimer energy at the global minimum is .Th? §ma|ler average QHO gngle in AMOEBA-v serves to
estimated to be 5.0 kcal/m#1:3 Another way to examine the inhibit development of ice Ih-like structure where the hydrogen

orientationally averaged watewater interactions is to look at boﬂgiﬁéfngfsfr t; Iigeaa;]ratlhag tlrr:elche clilr.o en bonding structure
the second virial coefficients. We have reported previously the . veway yz ydrog Ing structu

AMOEBA second virial coefficients at temperatures between n a §|mulat|on IS to compare with experimental magnetic
298 and 773 K. These coefficients, calculated directly from shielding data. The geometries of hydrogen-bonded water dimer

water dimer interactions averaged over all possible orientationsStrUCtures haV(_e”E)een extra_cteg_frlgm s!mulatlolns Zt a ie(rjl_es of
at a range of ®-0 distances, are in excellent agreement with temperatures. The magnetic shielding is correlated with dimer
experimental values. The corresponding AMOEBA-v results, geometry by
not reported here, are very similar to those for AMOEBA. To 3
achieve the liquid density anomaly, it seems necessary for the 0=A+Brgy+Ca+DRy "+ Ef (6)
water dimer to possess an energy minimum for tetrahedral
configurations. However, this will cause a nonpolarizable model whereo can be either the isotropic average shieldimgeo, or
to overestimate the dimer interaction energy. Unfortunately, the the anisotropyAc. The geometric parametersy, Rqo, o, and
gas-phase dimer interaction does not explain the TMD discrep- are defined in Figure 7. The values éf through E are
ancy between AMOEBA and AMOEBA-v in the liquid. constants (different fasiso andAo) that have been determined
Analysis of dynamics trajectories was performed to directly from density functional theory by Modig et &.Using these
sample the waterwater flap angle from liquid simulations at same constants, we have compui@go and Ao from the
298 K. The histogram of flap angles, shown in Figure 8, simulation-sampled geometries. The results, shown in Figure
confirms that TIP5P is on average more tetrahedral in the liquid 10, are in good agreement with experiment for the average
than either TIP3P or the AMOEBA variants. However, the sharp shielding, while the shielding anisotropy of both AMOEBA and
peaks in TIP5P population at tetrahedral flap angles, corre- AMOEBA-v shows somewhat too weak of a temperature
sponding to the deep wells observed in the dimer energy profile dependence. There is little difference in the overall trends
in Figure 7, indicate enhanced structure beyond that found for produced by the two models.
the AMOEBA model. Upon investigating the flap angle Heat of Vaporization and Heat Capacity. The heat of
distributions for AMOEBA between 260 K and 348 K, it is  vaporization,AH,sp, Of water at room temperature is one of
found that peak height increases with decreasing temperaturethe data points used in parametrization of the AMOEBA models.
while the most probable flap angle remains essentially constant.Most water potentials, such as TIP4P, TIP4P/FQ, TIP5P, and
The increase in the probability peak also becomes more dramaticPOL5/T(Q)Z, exhibit a larger temperature dependenceMdya,
at low temperature, indicating a prevalence of tetrahedral than does real water (see, e.g., Figure 16 in Stern €aat
structure that leads to the sharp density decrease in theFigure 12 in Yu et af). A similar trend is observed for
supercooled region. AMOEBA in Figure 11. This temperature dependence is
The hydrogen bond angle OHO was conjectured to be  obviously related to the heat capacity,. However, the
critical in the water density anomaly since water has a much temperature derivative @H,4p gives rise taACy, the difference
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Figure 10. Comparison of the scalar magnetic shielding and anisotropy . ) . .

from AMOEBA water, AMOEBA-v water, and experiment. The solid ~ Figure 12. Specific heat capacity of liquid water as a function of

line and filled points are the average isotropic shielding data. The dashed!€Mperature. The experimental data are from Angell &t and from

line and open points are anisotropy data. The lines are derived from K€ll.

experimental measuremefitsThe squares and triangles are AMOEBA  \\d be an additionalR/2. Thus, the heat capacity of a flexible

and AMOEBA-v results, respectively. model is greater than that of a rigid one b2 + 3R/2 — 3R

12.0 = 3R, or approximately 6 cal/mol/K. Consistent with this
estimate, it was shown previously for AMOEB#that C, is
1.5 4 reduced by roughly 7 cal/mol/K when the intramolecular
——Expt geometry is fixed during simulation. Hence, a total correction

' T AMOEBA of 9 cal/mol/K has been deducted from the AMOEBA results.

For example, at room temperature t8g evaluated from the

temperature derivative of the enthalpy is 30.3 cal/mol/K, and a

Temperature (K)

E 108 final value of 21.3 cal/mol/K is obtained after correction. In
100 | previous worki3 we reported &, calculated from the fluctuation
’ formula to be 28.4+ 2.0 cal/mol/K for flexible AMOEBA
water. Applying the same correction, this heat capacity estimate
951 becomes 19.4 cal/mol/K. The difference in values obtained from
direct differentiation and the fluctuation formula is most likely
8.0 ' ' ' ' due to numerical inaccuracy and limited sampling. The statistical
250 270 290 810 330 350 870 uncertainty of enthalpy calculation on average is 50 cal/mol.
Temperature (K) Thus, the accuracy @, estimated by differentiation is roughly

Figure 11. Temperature dependence of the heat of vaporization of =5 cal/mol/K.
water at 1 atm pressure. The experimental data are from Riddick and  Corrected specific heat capacities over a range of temperatures

Bunger® are plotted in Figure 12. While the heat capacity of ordinary
liquids decreases at lower temperatures, water displays a
between the heat capacities of the gas and liquid phases. It cariramatic increase in heat capacity at temperatures below the
be shown that at room temperature th€, of water is lower  melting point, and seems to approach a singular state around
thanC, by 8 cal/mol/K, which is exactly the heat capacity of the supercooling limit temperature of 2314KSuch anomalies
the gas-phase water (see eq 3, withde to kinetic internal  have also been observed for the isothermal compressibility and
energy contribution plu from the PV term). This difference  thermal expansion coefficient. The AMOEBA heat capacity
may explain the discrepancy between @yof TIPSP reported  exhibits a qualitatively similar anomaly; however, the increase
by Mahoney and Jorgensti(29 cal/mol/K) and that given by occurs at higher temperatures and is more gradual than for real
Stern et aP. (~22 cal/mol/K). In this work, the derivative is  water. The exaggerated constant pressure heat capacity of
taken directly from the liquid enthalpy as shown in eq 2. AMOEBA water, which may also be expressedTé48[$76T)p
The behavior of real water is nonclassical. Neither flexible or [MSK, is a sign of an overestimation of entropy fluctuations
nor rigid molecular mechanics models are fully correct, and in supercooled water where a tetrahedral network is the
corrections must be made in comparing a molecular mechanics-dominant local structuré’.
derived heat capacity with experimental values. There has been Self-Diffusion Coefficient. Early fixed-charge water models,
a suggestion that the quantum correction for a classical rigid such as TIP3P, SPC, and TIP4P, all exhibit much faster
water model due to intra- and intermolecular vibrational modes dynamics than real water. In contrast, many polarizable models
is roughly 2 cal/mol/ke A flexible water model has an including TIP4P-FQ, DC, and POLS/(Q)Z have reasonable
intrinsically higher heat capacity than a rigid model, and needs self-diffusion coefficients, largely due to their explicit inclusion
additional correction prior to comparison with experiment. For of many-body polarization. Under ambient conditions, TIP5P
a rigid water model, the kinetic contribution to the internal is reported to have a diffusion coefficient of 261075 cn/s,
energy per molecule isR3I from assignment oRT/2 to each which is in best agreement among the nonpolarizable models
degree of freedom. The corresponding value RI/2 for a with the experimental value of 2.% 107° cn?¥s*142 The
flexible water model. If the intramolecular potential energy of enhanced tetrahedral structure in the TIP5P water may contribute
a flexible model could be expressed as a harmonic function of to this improvement, even though the dipole moment of an
generalized coordinates, its contribution to the heat capacity isolated TIP5P molecule (2.29 D) is still much less than the
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Figure 13. Temperature dependence of the self-diffusion coefficient Pressure (atm)
of I'qu'd water. The experimental data are from Milland from Gillen Figure 14. Pressure dependence of the self-diffusion coefficients of
etal’ liquid water. The experimental data are from Krynicki et<al.

cpmmonly accepted.value in liquid waterZ.6 D) and the value TABLE 3: Static Dielectric Constant of Water
given by many polarizable models. The temperature dependence
of diffusion for AMOEBA and AMOEBA-v water is shown in AMOEBA AMOEBA-v
Figure 13. The AMOEBA-v results are derived from a nano- temp (K) expte, & <Umol™ € <Umol™
second trajectory of a 216-water periodic system, while the =™ 573 87.74 877415 283 104316 2.90
AMOEBA values are from a 512-molecule simulation. The 208 7830 81.4-14 278 8872416 2.85
diffusion coefficient at 298 K is 1.96x 1075 cn¥/s for 323 69.91 66.5£1.2 273 821415 281
AMOEBA, consistent with the value of 2.& 1075 cn¥/s 348 6243 57.&14 269 6rw12 277
previously calculated from an NVT simulation of 216 AMOEBA aMalmberg and Maryotte

water molecules. Both AMOEBA and AMOEBA-v results

closely follow the experimentally observed diffusion coef- 110

ficient*142 over a full 100-degree temperature span, while 100 1 -

AMOEBA-v has slightly better absolute agreement. The dif- _ ——Expt
ference between simulation and experiment is almost a constanuE a0 4 " AMOEBA-v
at various temperatures. On average, AMOEBA underestimates §

the diffusion coefficient by 0.% 1075 cn?/s. The AMOEBA-v 9 80

model has a smaller HOH angle in the liquid (10).But a £

larger average dipole moment (2.85D) than AMOEBA (1655 s °7

and 2.78D). The smaller size of an average AMOEBA-v % e |

molecule may contribute to its slightly higher diffusion rate. & .

Overall, the good agreement of the AMOEBA models with P 5l

experiment is likely due to their improved electrostatic descrip-

tion, especially the inclusion of explicit dipole polarization. It 40

has been suggested that hydrogen bond kinetics in liquid water 240 270 800 830 860 890
are notably slowed when explicit polarization is included in a Temperature (K)

computational modef; indicating the necessity of explicit  Figyre 15. Temperature dependence of the static dielectric constant
polarization in models that describe water dynamics realistically. of liquid water. The experimental data are from Malmberg and

Furthermore, it has been suggested that quantum effects, whichvaryott6
are missing in classical models, should lead to an increased
diffusion constant? This may explain the consistent underes- and higher order electric moments of the whole system. It also
timation of the self-diffusion constant in polarizable models such requires lengthy simulations of several nanoseconds in order
as AMOEBA, TIP4P/FQ, and POL5/TZ(QZ). to achieve a converged value. Using droplet simulations as
The water self-diffusion constant is known to be relatively described above, has been estimated at different temperatures.
insensitive to pressure effects. Its experimental value at room The results for AMOEBA and AMOEBA-v water are listed in
temperature exhibits a maximum around 1000 atm, and de- Table 3, and comparison with experim&is made in Figure
creases monotonically with pressure at high temperatures. Figurel5. AMOEBA-v has relatively high dielectric constants from
14 presents calculated and experimental diffusion constants a®273 K through 348 K. This is probably due to its consistently
a function of pressure at 298 K and 348 K. Only a few data larger average molecular dipole moment, which is in turn caused
points have been sampled since the statistical error in the resultsy the smaller HOH bond angle adopted by AMOEBA-v. As
prohibits drawing any detailed conclusions. As with the tem- we suggested in previous wotkthe common view that a dipole
perature dependence, the diffusion coefficients at high pressuremoment greater than 2.6 D in the liquid would result in an
are consistently slightly lower than the reported experimental overestimation of the dielectric constant does not appear to hold.
measurement¥. In line with our observation, Hthtl et al*” have proposed a
Static Dielectric Constant. The static dielectric constard,, critical role for average water intramolecular geometry in
is one of the most difficult properties for a water model to determining the dielectric constast. According to their argument,
reproduce without sacrificing accuracy in other thermodynamic the better agreement of AMOEBA's dielectric constant com-
properties, due to its dependence on the fluctuations in the dipolepared to AMOEBA-v can be attributed to the “correct” average
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HOH bond angle. Nonetheless, the molecular dipole moment model (using Ewald summation for electrostatics, and a vdwW
and its fluctuations are obviously directly related to ¢égeThe switching window cutoff at 12 A) are approximately 10 times

wide range of average molecular dipole moments for water slower than for TIP5P (using 9-A truncation for electrostatics
models found in the literature, ranging from 2.2 to 2.8 D, is a and vdW interactions). When the TIP5P model is computed for
direct consequence of the intrinsic electrostatic model, where Particle Mesh Ewald summation and a vdW cutoff scheme
either no polarization or different polarization treatments are equivalent to that for AMOEBA, the CPU time difference is

employed. For a given model, artificial enhancement or reduc- reduced to approximately a factor of 6. Fortunately, many
tion in the degree of polarization without balancing other possible CPU-time optimizations are essentially orthogonal to
components of the potential will undoubtedly undermine the the development of the AMOEBA model itself. For example, a
model’'s overall quality, including the ability to produce the particle-mesh Ewald formulation for multipoles has been

correct dielectric constant. developed by Sagui et &.and is in the process of being
incorporated into our simulation package. It will greatly improve
Conclusions the speed of the AMOEBA model when applied to large

. . . systems, as its computation time scaleNal®g(N) with the
AMOEBA is an atomic multipole-based model that treats system size. For a 4000-atom system, the inclusion of atomic

dipole po!arization .explicitly. The parameters in this water model dipole and quadrupole moments is reported to lead to only a
were derived previously from gas-phase and room-temperaturéy, eefolq increase in CPU time compared with simple atomic

liquid properties, mainly the density and heat of vaporization. 4 ia| charge-based PME. Subsequent inclusion of induced
Itis very encouraging that the AMOEBA model, when extended dipole polarization can be expected to increase the computational

to simulate water under different thermodynamic conditions, o of jarge systems to approximately a factor of 5 with respect
spontaneously reproduces anomalies such the density maximumy, fived atomic charge PME.

above the freezing temperature, and the sharp increase in heat Clearly
capacity in the supercooled region. The guantitative agreement ;

‘(’i‘"th prer|3jelnégl d%ta'rangf]es from (rjgf?so'nable t?f,e),(celIem(‘;mscription of water for many applications. However, physically
ensity, radial distribution function, diffusion coefficient, and = 5ccrate, higher-resolution models are desirable if chemical

d|elgc_?rlc constant under various temperature and pressuré,ccracy is necessary for calculations involving heterogeneous
conditions.

. ) . environments. For the case of pure liquid water, explicit
_ Through comparison of AMOEBA and a variant parametriza- polarization offers no immediate advantages in the modeling
tion, AMOEBA-v, we have demonstrated that much of the of certain properties such as density and heat of vaporization.
anomalous behavior of water is closely related to its hydrogen g, the other hand, properties such as the self-diffusion
bonding properties. Internal geometry is shown to be a key factor coefficient, molecular dipole moment, and other dynamic

in determining the properties of a water model because of its properties are evidently strongly affected by the presence of
correlation with hydrogen bond structure and molecular dipole secondary effects such as polarization. Equally important is the
moment. A flexible model such as AMOEBA is problematic fact that direct inclusion of many-body polarization leads to

in terms of heat capacity and geometric dependence of jgs5 ambiguity in the separation of electrostatic and dispersion
electrostatics. A future challenge for empirical potentials components of the potential. The result of the AMOEBA

therefore lies in the realistic representation of intramolecular yarametrization is a more robust model suitable for addressing
interactions, which may inevitably require a nonclassical the gas-phase dimer and clusters, as well as liquid and solid
description. Results presented for computed water radial dis-properties. The better transferability and well-defined physical

tribution functions tend to corroborate the view that water components of the model make it easily extensible to other small
possesses a mixture of local tetrahedral-like and denser but less;glecules as well as larger, flexible biomacromolecules.

ordered sets of structures. The temperature and pressure

dependence of water thermodynamics is governed by the balance Acknowledgment. We would like to thank the U.S. National
between these two structural types. The AMOEBA model is Science Foundation for support of this work via NSF Grant
less satisfactory in the pressure dependence of its water densityp344670 to J.W.P.. The authors also thank Dr. Alan Grossfield

and behaves similarly to the TIPSP model. It is possible that for helpful discussions on various aspects of the AMOEBA
current generation repulsion-dispersion functional forms need model.
further refinement to address this shortcoming.
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