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Atom-Bond Electronegativity Equalization Method Fused into Molecular Mechanics. II. A
Seven-Site Fluctuating Charge and Flexible Body Water Potential Function for Liquid

Water

1. Introduction

The structural investigation of water has strong historical
precedence; its roots trace at least as far back as Roentgen’s
early work on the structure of water and the explanation of its
density maximurhand Bernal and Fowler's model of hydrogen-
bonding structure in the liquiel.In principle, an accurate
characterization of the molecular structure of liquid water can
be found from solution scattering experiments. The X-ray
scattering studies of Narten and Léwand the neutron diffrac-
tion experiments conducted by Soper and co-wofkérare
commonly cited as the definitive sources for the radial distribu-
tion function @oo, guH, Jow) Of liquid water. Neutron diffraction
with isotopic substitutions (NDIS) has been used to measure
intermolecular partial pair correlation functions for liquid
water4—8 The self-diffusion coefficient of pure water has been
measured to be 2.8 102 m?/s at 298 K, using the diaphragm-
cell techniquéor the pulsed-gradient spirecho (PGSE) NMR
method? Simultaneously, several theoretical methods have been
developed to give more-explicit considerations of the properties
of liquid water. Ab initio molecular dynamics (MBY13is free
from any approximations of empirical parametrization. Because
of the computational requirements of the ab initio models, their
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The ABEEM-7P model, which is a transferable, intermolecular-potential seven-points approach including
fluctuating charges and flexible body, is based on the combination of the atom-bond electronegativity
equalization (ABEEM) and molecular mechanics (MM). This model has been successfully explored in regard
to the properties of gas-phase small water clusters in reasonable agreement with available experiments and
other water models. This model is further tested by comparing the calculated energetic, structural, and dynamic
properties of liquid water over a range of temperatures {28 K) with available experimental results and

those from other water models. Molecular dynamics simulations of liquid water with ABEEM-7P were
performed using the Tinker MM program. All simulations were conducted in the microcanonical NVE ensemble
or canonical NVT ensemble, using 216 water molecules in a cubic simulation cell furnished with periodic
boundary and minimum image conditions, and the density of the solvent was set to the experimental value
for the temperature of interest. The ABEEM-7P potential gives a reasonable experimental reproduction of
the intramolecular ©H bond length and HO—H bond angle in the liquid at room temperature. The ABEEM-

7P model presents the quantitative charges of O atoms, H atorid, idnds, and lone-pair electrons per
monomer water in the liquid and their changing in response to different ambient environment from 260 K to
348 K. Especially, ABEEM-7P applies the paramé{gr (R 1) to explicitly describe short-range interaction

of the hydrogen bond in the hydrogen-bond interaction region. The computed ABEEM-7P properties of the
liquid-phase water at room temperature, such as average dipole moment, static dielectric constant, heats of
vaporization, radial distribution function, and diffusion constant, are fairly consistent with the available
experimental results. The ABEEM-7P model also performs well for the temperature dependence of liquid
properties: the static dielectric constant and the heats of vaporization by ABEEM-7P decrease as the temperature
increases, in good agreement with the experimental values.

application has been limited, so far, to small systems and short
times; however, they have provided a wealth of information
about water.

A critical component in the theoretical research involves the
intermolecular potentials that describe the interactions between
monomers in the fluids. Simple point-charge mo#eR® such

as SPC? SPC/EY TIP3P, TIP4P$ and TIP5P%?1are now used
widely as condensed phase potentials in computer simulations
of energetic and structural properties of water. These rigid
nonpolarizable models use fixed charges that must reflect
average or mean field-charge values for the particular phase
and have limited transferability to other thermodynamic states
and may exhibit problems in mixtures with ions or nonpolar
species, because the electronic configuration of a given water
molecule should be dependent explicitly on its environment.
For example, the monomer dipole moment from its isolated gas-
phase valuw® of 1.85 D is enhanced to the generally accepted
value’28of 2.6 D for a water molecule in the ice Ih. There is

a considerable controversy on the exact value of the average
molecular dipole moment in condensed phases, and, recently,
a value of~3.0 D has been reported for liquid and solid phases
of water12.28-30

Polarizable empirical force fields are “effective” potentials
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the local density distortions or responses around a given atom,introduces molecular flexibility, which will analyze the vibration
and electron transfers from atom to surrounding atoms or bondsof bond lengths and angles and allow the evaluation of
within the same molecule. Dipole polarizable models are intramolecular interactions. Such improvements have been
constructed to treat the first effe€t,** whereas fluctuating desirable to develop models with increasing accufdeyd the
charge models treat the second effct> Another model allows ABEEM-7P force field has reproduced several gas-phase
for charges to move between any charged sites such as atomsproperties of water clusters §8), (n = 1—6)° that are in
bonds, and lone-pair electroffisOther models combine both  reasonable agreement with those measured using available
inducible dipoles and fluctuating charg®s®® Polarizable experiments and ab initio calculations.

dipoles describe the induction effect, whereby the electric field  |n this study, we will continue to develop the ABEEM-7P
caused by other atoms and molecules polarizes an atom centefmodel to simulate the large-scale condensed phase properties
which, in turn, produces an electric field that affects neighboring by MD simulations and compare the data with available
centers and their fields. More-recent activity has involved the experimental results. This paper is organized as follows. Section
development of fluctuating charge models, which have polar- || describes the ABEEM-7P model in general form, as well its
izability to all orders in the charge moments and not only the specific application to liquid water. Section Il is devoted to
dipole polarizability, compared with dipole polarizable models. the computational details of simulation procedure. Section IV
The fluctuating charge force fields are based on the electro- presents the results of the computation and discussion. Fi-

negativity equalization method (EERY®* and the recently  nally, a brief conclusion and outlook to future applications are
devised atom-bond electronegativity equalization method given.

(ABEEM),%5-59 hoth sourced in the context of density functional

theory (DFT)?%-72 The widely used fluctuating charge models

of treating the water system were reported by Rick et’ahgse 2. ABEEM-7P Model
models are called TIP4P-FQ and SPC-FQ, using the TIP4P and

SPC water geometries, and the TIP4P-FQ model gave better The nonrigid body and fluctuating charge model, which is a
results for various properties. transferable, intermolecular, seven-point approach (ABEEM-

7P), is introduced by Yang, Wu, and Zhzkdn which the bond

and angle are allowed to vibrate and the partial charges on
charged sites are treated to response to changes in their
environments. The ABEEM-7P model uses the combination of

by Stillinger and Rahma® this model allowed the H atom to the ator_n-bond electronegativity equalization and molecular
dissociate in the liquid. The model reproduced the water mechanics (ABEEM/MM). . L

structure but gave a diffusion rate that was too small. The Atom-bond  electronegativity — equalization — method
diffusion properties of water seem to be dependent on the (ABEEM)®%% has been developed by Yang and co-workers
internal flexibility; however, there is disagreement about whether in the framework of density function theory and successfully
flexibility increase& or decreasé880 the diffusion constant. ~ @pplied to compute charge and energy of a single organic or
Several studies of flexible three-point water mo#&t3 7678 biological macromo_lecule. When extending the ABEEM model
found that flexibility did not increase the tetrahedral structure, {0 @ System containing many molecules, such as a water system,
whereas, in other simulations, flexibility did lead to a more- SPecial attention must be given to the description of the
tetrahedral structurd3 Lately, Stern and Berre performed ~ intermolecular potential energy surface (IPS). In the water
path-integral MD simulations of a flexible, polarizable water SYyStem, many of the special properties are due to the ability of
model that was parametrized from ab initio calculations. Their Water molecules to form hydrogen bonds with other water
computed results demonstrated that the distributions-eHO ~ Molecules; thus, correct description of the hydrogen bond is
bond lengths and HO—H angles in liquid phase were in €ssential to IPS. Yang, Wu, and ZRadave introduced a

agreement with experimental measurenféffand other previ- hydrogen bond interaction region (HBIR)", in which the
ous reported flexible modef8:8283 Conceptually, because of ~ interaction between the lone-pair electron of the O atom of one
the increasing electric field experienced by the water molecule, Water molecule and the H atom of the other is dependent on
the O-H bond length stretches and the-®—H bond angle  their distance until the hydrogen bond is formed, and they have
decreases in value, to give a larger dipole moment. Although USed a new fitted functioki,(Rp.) that was extracted from
rigid water is still used most commonly in simulations of the initial ABEEM overall correction coefficienk®* to
different systems, including liquid water and macromolecules describe the electrostatic interaction of the intermolecular

in solution, an increasing number of recent simulations do hydrogen bond in the HBIR effectively. The total energy
include internal flexibility!8:2345 expression of the ABEEM for a water system is written as eq

1:

Another attempt to improve potential functions for liquid
water is the addition of molecular flexibiliti#23:45.7586 j e ,
allowing the G-H bond lengths and HO—H bond angles t
vibrate. An earlier novel flexible water model was pioneered

Lately, Yang, Wu, and Zh&&reported a new water model:
a transferable, intermolecular, seven-point approach including
fluctuation charges and flexible body (ABEEM-7P), which N R . 2
coupled the fluctuating partial charges calculated by atom-bond Enpeem = Z[Eia — Wialia T MaGial +
electronegativity equalization method (ABEEM) developed by =
Yang and co-workef§-%° and molecular mechanics (MM). The Z[E}“Gp) — WOy + My Ghigpy ) +
ABEEM-7P model uses a slightly complicated tetrahedral P
geometry that _i; sim_ilar to t_hat \_/vith the TIP5P model and [E?‘(afb) — lur(afb)Qi(afb) + nr(afb)qiz(afb)] +
introduces additional interaction sites, atoms, bonds, and lone- &
pair electrons, to describe the charge in more detall, i.e., there
are seven charged points (three atoms, two bonds, and two lone- Z
pair electrons) in monomer water, all of which are fluctuating Fhacsn  Raign = i Raigp)
with changing environments. In addition, the ABEEM-7P model

Nmol

kia,i(g—h)Qiaqi(g—h) kia,i(lp)qiaQi(Ip)
—+ —
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where Nmo) represents the number of water molecules in the
system, and the summation covers all water moleculgsyr,,

and g, are the valence-state chemical potential, the valence-
state hardness, and the partial charge of asadmmoleculei,
respectively;ui,_p), ia-n, and G-t are the valence-state
chemical potential, the valence-state hardness, and partial charg
of bonda—b in moleculei, respectively; angc,, 7, and

Oigp) are the valence-state chemical potential, the valence-state

hardness, and the partial charge of lone-pair electpoin
moleculei, respectively. It is easy to see that the first term in
eq 1 represents the intramolecular energy for water molecules,
whereas the second term represents the intermolecular interac
tion energy between water molecules. The paramleisran
overall correction coefficient that is similar to that previously
reported in the ABEEM pap€eis®® and is same both in the
first and second term, ang) 1(Rinjjip) is related to the separation
between the H atom belonging to moleculend the lone-pair
electron belonging to molecujen the hydrogen-bond interac-
tion region (HBIR)%®

The existence of a unique chemical potential everywhere in
the molecule establishes the electronegativity equalization
principle’®72-74 The effective electronegativity of atom a,
bonda—b, and lone-pair electrolp in moleculei is now defined
using eq 1, according to its formalism by means of density
functional theory, as the negative of the corresponding chemical
potentialy, i.e., the partial derivative of the total energywith
respect to the corresponding electron number or partial charge:

-, =_[%E 9E
*a Ha oN RNa 8q Rga

wherey, is the corresponding electronegativity for atargsame
for the bond and lone-pair electron) in the conceptual density
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functional theory. Thus, we can obtain eq 2 for the effective
electronegativity of atona, bonda—b, and lone-pair electron
Ip in water moleculd, respectively:
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in which xia = —ttia: Xitat) = ~Hiaty @iy = ~Higy are
the valence-state electronegativities of atanbonda—b, and
lone-pair electrorlp in moleculei, respectively.Cia-n)ia =
Kia,i(a—b)/Ria,i(a—b)» Dia—by),ib = Kib,i(a—t)/Rib,i(a=b), Cia, anNdCigp) are
regarded as adjustable parameters.

For a system of many molecules, the charges also are not
independent variables, because there is a charge conservation
constraint. For uncharged molecular systems, the constraint can
be of two types:

(1) The entire system is constrained to be neutral, so
individual molecules can carry a nonzero charge, because there
can be intermolecular charge transfer. In addition, the corre-
sponding chemical potentials of all the atoms, bonds, and lone-
pair electrons of the system will be equal. As a result, there is
only one charge constraint equation and one electronegativity
equalization equation of the entire system.
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(2) Each molecule is constrained to be neutral, so there isno ABEEM-7P has a tetrahedral geometry for the O atom,
intermolecular charge transfer, and the chemical potentials of similar to the ST2 model of Stillinger and Rahmithe TIP5P
an atom, a bond, and a lone-pair electron will only be equal model of Mahoney and Jorgens&?! and the POL5 water
within a molecule. Therefore, there dxg,o charge constraint potential of Stern et & The coefficients*, n*, C, andD of
functions and\ino electronegativity equalization functions. The ABEEM and the parametens, a, fy, €, andrmin of MM are
details have been explicitly described in the literafiré 6° adjusted to reproduce properties (structures, dipole moments,

Generally, force fields used in molecular mechanics (MM) energies, vibration frequencies) of the small water clusters
calculations describe the potential eneEggf the water system,  because the water trimer, tetramer, pentamer, and hexamer are
written as a sum of the intramolecular vibration energy, the van some of the dominant structures identified in room-temperature
der Waals (vdW) dispersion energy, and the electrostatic liquid water and isomers of the hexamer have a special role in
interaction energy. The total energy of the ABEEM-7P model, the properties of liquid water and i€&% In monomer water,
based on the combination of the ABEEM and MM (ABEEM/ the ABEEM-7P model gives the partial positive charges on O
MM), can be expressed as follows: and H atoms, which are balanced by appropriate negative

charges located around the—® bonds and the lone-pair

z D[e—z(x(r—reu) _ Ze—a(r—reo)] + electron centers. For two different types of neutrality constraint

Easeeminim = and electronegativity equalization, ABEEM-7P fits different

bonds

(H,lp in HBIR)

12 kip,H(Rp,H) functions respectively, to describe the best relation-
£.00 — 6 0) + zz z Fminia,jo _ ship petween the separation qf the lone-pair eIec'Fron and the H
& es" € - Z ia,jb Fajb atom in HBIR. T_h_e methoq W|_th a charge n_eutrallty constraint
and eletronegativity equalization on the entire system is called
ABEEM-7P-1, whereas the method with a charge neutrality
Mminiajo|® ,qup) constraint and eletronegativity equalization on each water
2 + ; > KpnRuj)s— molecule is called ABEEM-7P-2. The details of ABEEM-7P
Fiajb al Ipe) iH,i(Ip) parametrization can be found in ref 55.
The ABEEM-7P potential has been successfully applied to
1 GiaGj Gi@-b%ig-h ql('P)quP) accurately reproduce gas-phase state properties of small water
K~ Z R ZZ)ZR ZZ Z R clusters (HO), (n = 1—6) and lower energetic isomers (cyclic,
ajp  Ta @-be-h PP TR (P cage, book, and prism) of hexamer wateincluding optimized
geometries, monomer dipole moments, vibrational frequencies,
qlaql(g h) CliaCl( Ip) cluster interaction energies, a}nd lower energetic cpnformgtiqns
of hexamer water, etc. In this study, the properties of liquid
Z R,aj(g h) Z R,amp) water by the ABEEM-7P model over a range of temperature,
(a=H Hin HBIR such as bond length and bond angle, charge distribution,
andlp notin HBIR) monomer dipole moment, heat of vaporization, static dielectric
Gia-t)%(1p) constant, radial distribution function, and diffusion coefficient,
= 3 will be examined by MD simulations.
54 BRiab)ip)

3. Computational Details of Simulation Procedure

All MD runs are performed using the modified Tinker
In the ABEEM-7P model, the Morse potential is chosen for program in the canonical (constant temperature and volume,
the bond stretching, because it can describe a wide range ofNVT) ensemble with Berendsen thermostats in the micro-
behavior from the equilibrium geometry to dissociation, and canonical (constant energy and volume, NVE) ensemble with
the harmonic potential is used to describe the angle bending.the velocity Verlet integrator. All runs use cubic periodic
The Lennard-Jones (LJ) interaction energy between water boundary conditions, 216 water molecules, and a time step of
molecules involves not only vdW parameters for the oxygen 1 fs. The density of solvent is set to the experimental value for
oxygen interactions and hydrogehydrogen interactions but  the temperature of interest (26848 K)°1~93 py adjusting the
also for the oxygerhydrogen interactions. For the oxygen  volume of the box. In the NVT ensemble, the temperature is
hydrogen interaction, the well depth equals the geometric meanallowed to vary approximately:5 K around the desired
of the well depth for the two pure species and the minimum temperature. Minimum image conditiddsare used, and,
energy distance is given as the arithmetic mean. The electrostatichecause solvent molecules are explicitly present, no macroscopic
interaction is the key point of the implementation of ABEEM dielectric constant is needed. The computer processing unit
in MM. The simplest and most consistently used combination (CPU) required for simulations with our ABEEM-7P model is
of ABEEM and MM is to take the last term of eq 1 into eq 3, an approximate factor of 3.0 larger than for the corresponding
that is, to calculate the intermolecular electrostatic interaction fluctuating charge model, such as TIP4P-FQ. For the conven-
(Eeled Of eq 3 using the ABEEM charges. In eq B, is the ience of computations by the ABEEM-7P potential, several
dissociation energy of the bond andis related to the bond  points must be mentioned:

force constantd = /f/(2D), wheref, is the bond force (1) Although the ABEEM-7P water model computes the
constant)reqis the equilibrium bond lengtH is the angle force explicit charges of atoms, bonds, and lone-pair electrons in the
constant;feq is the equilibrium bond anglegiajp and rminiajb water system, the force is only acting on the atoms by the

are the LJ well depth and minimum energy distance for atoms repartition of charges from bonds and lone-pair electrons to
a andb in molecules andj, respectively; andy is the charge atoms. We will try to assign a small charge mass, which is a
calculated from the ABEEM method. For the explicit description fictitious quantity, to the sites of bonds and lone-pair electrons,
of the combination of ABEEM and MM and the construction which will be an improved alternative for the ABEEM-7P model

of the ABEEM-7P model, the readers can refer to ref 55. in the future. Atoms in the system are randomly assigned
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TABLE 1: Properties of the ABEEM-7P Model for Liquid Water, Including the Average Bond Length ( ron), Average Bond
Angle (0on), Energy (Uiiquid), Heat of Vaporization (AHy,p), Average Dipole Moment ), Static Dielectric Constant o), and
the Translational Diffusion Constant (D) at Room Temperature (298 K}

ABEEM-7P POLS TIP4P-FG TIP5P MCDHO® experiment
ron (A) 0.968-+ 0.002 0.985 0.970
6 now (deg) 102.8+ 0.8 102.79 0.01 1082 102.8
Uquia (kcal/mol) —10.26+ 0.08 —9.92+ 0.01 —9.89+ 0.02 —9.87+0.01 —10.40+ 0.01 -9.92
AHyzp (kcal/mol) 10.85+ 0.08 10.51+ 0.01 10.48+ 0.01 10.46+ 0.01 10.99+ 0.01 10.51
1 (D) 2.80+ 0.01 2.712+ 0.02 2.6 2.29 3.0% 0.01
€o 76+1 98+ 8 79+8 82+ 2 78.3
D (x 10°° m?s) 1.8£0.1 1.81+ 0.06 1.9+ 0.1 2.6+ 0.04 2.3

a2 Also shown are the available experimental results and other potential vakesn ref 58.¢ From refs 47 and 54! From refs 20 and 21.
¢ From refs 45 and 83.From ref 85.9 From intramolecular ©H and H-H distances reported in ref 85From ref 86.' From refs 92 and 97.
I From refs 102 and 103.From ref 105.

velocities that are appropriate for the temperature of simulation, electrons), the TIP4PFQ potential of Rick, Stuart, and
according to Maxwellian distribution. Atoms are allowed to Berné’>* (an empirical polarizable model with fluctuating
move according to Newton's equations of motion, and the charges), the POL5 potential of Stern et%fan ab initio model
velocities of atoms are adjusted intermittently until the system including polarizable electrostatics based on the combination
reaches the desired temperature. of the fluctuating bond-charge increments and the polarizable
(2) The cutoff for the nonbonded interactions is 9.0 A for all dipoles); and the MCDHO potential of Saint-Martin eta#3
simulations and the nonbonded interactions are truncated, usinga flexible, polarizable water model parametrized from the ab
force shifting?®> where the calculated forces and energies are initio calculations).
smoothly shifted to zero at the cutoff distance. This scléme 4.1. Liquid Water at Room Temperature and Pressure.

has been observed to give similar structural and dynamic pro-4.1.1. Bond Length and Bond Angle. Table 1 summarizes the
(3) The fact that charges are or are not allowed to transfer simulations. The ABEEM-7P water model presents theHD

between different molecules or just between charged sites onstretching via a Morse function, which is similar to the MCDHO

the same molecule makes some difference for the two ABEEM- \yater models83 and the H-O—H bending by a harmonic

7P model$® For the computed properties of gas-phase small potential, whereas the MCDHO model used a quartic polyno-
water clusters, the ABEEM-7P-2 model, which constrains the pyjg)4583The computed average bond length in the liquid state,
charge neutrality and electronegativity equalization on each using the ABEEM-7P model, is 0.968 A, in excellent agreement
water molecule, gives better results, to some degree, than thosgyitn recent experimental measurement (0.9708&;&3,“(1 the
by the ABEEM-7P-1 model, which constrains the charge corresponding value of the flexible, polarizable MCDHO water
neutrality and electronegativity equalization on the entire water ,odel was 0.985 A. For both flexible force field models
system, especially for comput_atio_n of the dime_r dipole moment. (MCDHO and ABEEM-7P) and experiments, the average value
Therefore, in the present application, we have included a chargent hond length is shifted toward longer length in the liquid phase.
neutrality constraint on each water molecule and there is no However, both ABEEM-7P and MCDHO simulations show a
charge transfer between molecules and the effective chemicalgpitt toward smaller HO—H angles in the liquid phase (the
potential of an atom, a bond, and a lone-pair electron are to beaverage angle by ABEEM-7P and MCDHO is 102&nd
equal only within a molecule, i.e., the ABEEM-7P-2 model 15 79 respectively), in contrast with the larger angle deduced
(simply referenced as ABEEM-7P). Rather than solve for the 5y experimental measurements of the intramoleculai-H
charges exactly at each time step, we recalculate the charges ofjistance® This discrepancy seems to be common, because the
the atoms, bonds, and lone-pair electrons every picosecond, iny_o_pH angle for many other flexible water models also grows
consideration of the expensive computational time. smaller upon solvatioff798283Note that an earlier refererie

(4) For all molecular dynamics, 100 ps of equilibration is  enorted an experimental angle in the liquid (10 #at was
followed by 500-ps simulations (used for calculations of the 554 smaller than the gas-phase value and very close to the value
various properties) and an additional 500-ps trajectory is yetermined by the ABEEM-7P and MCDHO models. Although
conducted at<298 K, to ensure the stability of the computed o - o—H angle in the liquid phase, as determined by the
values, which is due to much-slower convergence at low sgppp-7p model, is smaller than the gas-phase monomer
temperaturé? angle, ABEEM-7P predicted a slight increase in the average
bend angle in gas-phase water clustersqH (n = 2—6). The
average angle of dimmer and cyclic®), (hn= 3, 4, 5, 6) is

In this section, we present the results and discussions from105.06, 106.15, 105.73, 105.94, and 106.64, respectively,
our MD simulations on several properties such as bond length and the corresponding value of hexamer isomers (book, prism,
and bond angle, charge distribution, monomer dipole moment, cage) is 105.28 105.22, and 105.01, respectively, all of which
heat of vaporization, static dielectric constant, radial distribution are larger than the gas-phase monomer angle of 1045@
function, and diffusion coefficient for liquid water at a range are in agreement with the ab initio resuitsA change in the
of temperatures (266348 K) by means of the ABEEM-7P force  angle upon solvation is likely, because of at least two competing
field. We make comparisons with the available experimental effects?® Polarization from surrounding molecules induces a
data and also compare the results with other water potentialslarger dipole moment and, thus, should be associated with a
that have been reported in the literature, including those from smaller angle. However, the constraint of (partial) tetrahedral
the TIP5P potential of Mahoney and Jorgensen &P-#i(an ordering should induce a larger angle closer to the tetrahedral
empirical fixed charge force field with five interaction sites angle (109.49). In addition, Burnham and Xantheas recently
located on the O atom, two H atoms, and two lone-pair suggested that the most probable reason some models could

4, Results and Discussions
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Figure 1. Distribution of charges of (a) O atoms, (b) H atoms, (c) HO bonds, and (d) lone-pair electrons for liquid water at 298 K, as determined
by the ABEEM-7P potential.

not accurately reproduce the increase in the bend angle in ice (1) There are some discrepancies for charges of atoms, bonds,
Ih, with respect to the monomer, was due to the linear dipole and lone-pair electrons between liquid water and gas-phase small
moment surface (DMS¥ water clusters, because of the different environment around
4.1.2. Charge Distributions. The charge distributions of atoms, monomer water. For example, the average charge of the O atoms
bonds, and lone-pair electrons in the liquid water by the in quasi-cyclic small water clusters £§8), (h= 2, 3, 4, 5, and
ABEEM-7P water model are shown in Figure 1. Compared to 6)°>is 0.0985, 0.1030, 0.1050, 0.1044, and 0.1050, respectively,
other potentials, the ABEEM-7P model fully considers the and, inthe lower energetic conformeéref hexamer (cage, book,
conformational changes and molecular vibrations and can giveand prism), the average value is 0.1058, 0.1060, and 0.1062,
the explicit quantitative charges of all atoms, bonds, and lone- respectively, whereas, in liquid water, at room temperature, the
pair electrons. The fixed charge models, such as TIP4P andaverage charge of the O atoms is 0.1132. Therefore, the more
TIP5P, use fixed charges, which must reflect average or meansophisticated charge model is essential to improve a water model
field-charge values for the particular phase and have limited that has worked well in all types of environmeftgspecially
transferability to other thermodynamic states; the fluctuating for some heterogeneous solutions.
charge TIP4P-FQ model presents the charges based on the (2) Similar to gas-phase small water clusters, it is interesting
EEM also originated from the DFT but uses the TIP4P that, only from charge values, we can observe the bound or
geometry; the POL5 model, which combines the fluctuating free H atoms, and the bound or free lone-pair electrons (the
charge and polarizable dipole models, presents the fixed oxygenbound H atom means that it takes some contributions to the
lone-pair electron charges; and the flexible, polarizable MCDHO formation of the hydrogen bond, whereas the free H atom does
model presents the molecular polarizability by a mobile charge, not). For example, the charges of H atoms in one water molecule
whose position is determined by minimizing the energy for any are 0.3889 and 0.3885, and it is undoubted that both H atoms
given atomic configuration. The ABEEM-7P potential gives the must participate in the formation of the hydrogen bond, and
positive charges located on O and H atoms, which are balancedhen these two H atoms can be called bound H atoms. But the
by the negative charges located on theDbonds and lone- charges of the H atoms in another water molecule are 0.4616
pair electrons. The computed maximum, minimum, and averageand 0.2913, we can thus obtain such conclusions that one H
charge for O atoms via ABEEM-7P in liquid water€).1006, atom (0.4616) is bound and the other H atom (0.2913) is free.
0.1309, and 0.1132, respectively; for the H atoms, the corre- For the bound and free lone-pair electrons, it is same as those
sponding values are 0.2265, 0.5298, and 0.3813, respectively,of H atoms. The charges of the lone-pair electrons in one water
for the O—H bonds, the corresponding values ar@.1617, molecule are—0.2881 and—0.2845, which means that both
—0.1411, and—0.1516, respectively; and, for the lone-pair lone-pair electrons are bound, whereas the values of lone-pair
electrons, the corresponding values af®3395,—0.2235, and electrons in another water molecule ar®.3017 and-0.2607,
—0.2862, respectively. Compared to the charges of gas-phasevhich means that one—0.3017) is bound and the other
small water clusters (#D), (n = 1—6), two points must be  (—0.2607) is free. Figure 1 shows that the charge distributions
mentioned: of the O atoms and lone-pair electrons have two obvious peaks
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25 7P model explicitly partitions the electronic density into atoms,
bonds, and lone-pair electrons, and then, as a result, ABEEM-
7P may give a reasonable dipole moment that is in fair
agreement with the experimental vafife.

4.1.4. Static Dielectric Constant. The static dielectric constant
15 or permittivity is dependent on the magnitude of the dipole
moment, the number of dipoles per unit volume, and the extent
to which the directions of the dipoles are correlated. The static
104 dielectric constanteg) is calculated from the fluctuations in the
total dipoleM of the central simulation box, according’to
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Figure 2. Distribution of the dipole moments of the ABEEM-7P model
in liquid water at 298 K.

wherep is the densityk the Boltzmann’'s constant, afdy

the total number of molecules. The static dielectric constant
provides another estimate of the dipole moment of a water
molecule. The computed value by the ABEEM-7P model is
o shown in Table 1, with the values of TIP5P, TIP4P-FQ, POL5,
and the charge distributions of H atoms also has two peaks,ang the available experimental result. Although the static
although those are not very obvious, which indicates that, at gielectric constant by the ABEEM-7P potential is slightly small

room temperature, there are two different types of lone-pair (€0 = 76 £ 1), this value is similar to the experimental value

electrons (or O atoms) and H atoms: one is bound and the other(60 = 78.3)102103T|p5P and POL5 overestimated this value

is free. The bound and free atoms or lone-pair electrons are (., — g2 + 2 and 98+ 8, respectively), and MCDHO did not
important to further understand the average number of hydrogenpyedict the dielectric constant.

bonds per water molecule that is under consideration. 4.1.5. Heat of Vaporization. The heat of vaporization is
4.1.3. Dipole Moment. Currently, there is some controversy ca|culated according to the following formuf:
in the literature about the “correct” value of the liquid water
dipole moment. A recent analysis of X-ray diffraction (XRD) AHyof(T) = = Ujiguia(T) + PAV = — U;jqig(T) + RT
data by the Soper group, which was the first experimental study
of the average dipole moment in liquid water, inferred a value where AHy,, is the molar heat of vaporization)quia the
of 2.9 D under ambient conditio8.An induction model computed intermolecular potential energy per moleciléie
calculation for the ice Ih lattice gave a dipole moment of 3.09 pressure, andV the molar volume change between liquid and
D.12 This calculation used more-accurate data as input, as wellgas.R is the gas constant, afidis the absolute temperature.
as higher-order terms in the multipolar expansion than in the The computedJjiquia and AHyap Values are given in Table 1,
1966 calculation of Coulson and Eisenberg, which gave a value with the corresponding values that were determined by TAO5P,
of 2.6 D27 DFT calculations on the ice Ih lattice found that the TIP4P-FQ!":5>*POL558 MCDHO,*>%3and available experimen-
dipole moment can vary with the range of 23397 D, tal values'?9-101The ABEEM-7P model gives good predictions
depending on how the electronic density was assigned toof Ujguq (—10.26 kcal/mol) andAHyap (10.85 kcal/mol), in
molecules”® Silvestrelli and Parrinello have suggested that the comparison with corresponding experimental value8.92 and
correct value for the liquid-state dipole moment was somewhat 10.51 kcal/mol, respectively), and the absolute deviation between
larger (~3.0 D), based on ab initio MD simulatioA%191Our ABEEM-7P and experiment is only 0.34 kcal/mol. Two points
ABEEM-7P water model also gives a larger average dipole can be used to explain the slightly larger interaction energy:
moment (2.80 D) than those given by some previously reported (i) the parameters of the ABEEM-7P model are fitted not by
water models in Table 1 (2.29 D from TIP3#212.6 D from the interaction energy of liquid water but by the properties of
TIP4AP/FQY and 2.17 D from POL%); however, this value is  gas-phase water clusters, such as optimal structures, dipole
in good agreement with the latest experimental value (2.9 D) moments, and interaction energies; and (ii) the higher charges
by Sopef®® In addition, as the electric field that is experienced and increased anisotropy of the polarizability may result in a
by the water molecule increases, the flexible body (such as theslightly attractive intermolecular potential energy, which is
O—H bond stretching and the-HO—H bond angles decreasing) similar to other polarizable force fields (such as TIP4PRFQ
in value will result in a larger dipole moment, such as the case and MCDHO®%). MCDHO gives largerUiiquia and AHyap
for the MCDHO model, which predicted a larger dipole moment values (10.40 and 10.99 kcal/mol, respectively) than our
(3.0 D) than that using ABEEM-7P (2.8 D) and experiment (2.9 ABEEM-7P model and experiment.
D). The distribution of the dipole moment, at room temperature,  4.1.6. Radial Distribution Functions (RDFs). The detailed
by ABEEM-7P is shown in Figure 2. ABEEM-7P estimates the structure of liquid water is characterized by the radial distribution
dipole moment of water in the range of 2:38.39 D, which is functions (RDFs). The published RDFs extracted from neutron
broader than the range of 2:8.0 D>* A broad distribution of diffraction or XRD data have varied somewhat over titné.
dipole moments is observed in both the ab initio and the The experiments of Sopeindicated that there was a large
simulations with polarizable potentia&3747:50The full width experimental uncertainty in the peak heights of the RDFs,
at half-maximum is fwhm= 0.422 for the ABEEM-7P model,  perhaps due to the use of different methods for removing the
which is similar to the value (fwhn¥= 0.42) determined by  contribution from self scattering or single-atom scattering,
TIP4P-FQ for liquid water at room temperature (298'*K%ome whereas the peak position showed much less uncertainty and
paper8&*58.99have reported that the calculated dipole moment therefore provided more-reliable points for comparison. The
is strongly dependent on the specific method used to partition RDFs for the ABEEM-7P modelgbo, gon, andgqy) and the
the continuous charge distribution into molecules. The ABEEM- most recent experiments of the Soperflabroom temperature
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(a) 35- isomers are all larger than the available experimental values,
: . ig‘éegM_w to some degree, all of which maybe result in the broader first
3.0 peak by the ABEEM-7P simulations. However, the average
] number of H atoms per water molecule by the ABEEM-7P
potential is 4.75, which is in reasonable agreement with the
experimental value (4.5), and the corresponding value by other
empirical force fields is 4.4, 4.5, and 3.9 by TIP4PQ, POL5,
and TIP5P, respectively. The second peak, which is related to
the tetrahedral structure of the nearest neighbors, is located at
~4.75 A, which is in reasonable agreement with the experi-
mental value £4.50 A) determined by Soper.
4.1.7. Diffusion Constant. The dynamic properties of water,
00 L . as determined by the ABEEM-7P model in MD simulations,
0 2 4 6 8 10 are also listed in Table 1. The diffusion constant is a very
r (angstrom) important parameter, because of the fact that it is one of the
few time-dependent properties that can be measured directly,
(b) 201 —— Soper both in experiments and in simulatiofisThe diffusion constant
e ABEEM-7P ) | . X .
D is determined from the Einstein relation:

2.5

2.0

O — r(0)0
L

whereri(t) corresponds to the position vector of the center of
mass of moleculé and the average is taken over all molecules
and simulations run in the NVE ensemble. Transport properties
are intimately related to the short-range and long-range inter-
molecular potential® The diffusion constant provides a
particularly valuable and fundamental test for a solvent model.
. Simultaneously, thé is not only related to the fluctuating
10 charge model, which may have a slower diffusion value than
r (angstrom) the fixed-charge models (primarily because of the stronger
(c) 20+ electrostatic interactions from the higher chafgedut also is
— Soper related to the internal flexibility, although there is disagreement
- ABEEM-7P about whether flexibility increas€sand decreasé®°D. The
diffusion constant determined by the flexible and fluctuating-
"5 charge ABEEM-7P model = 1.8 x 1072 m%s) is smaller
than that of the fixed-charge models and is reasonably more
similar to the experimental value (2.8 10° m?s)1% The
computed result by the ABEEM-7P water model shows that
the internal flexibility decreasds, which is similar to the results
of refs 79 and 80.

4.2. Temperature Dependence of Liquid Water Properties.
The temperature dependence of the water properties has been
examined by many water potentigfs?3.37.54.97,.106.10Accuracy

in the description of water at extreme temperatures is important
0 2 4 & 8 10 for liquid water models, because the presence of solutes prevents
r (angstrom) the solvent from becoming more structural. Most nonpolarizable
Figure 3. Radial distribution functions (RDFs) at 298 K for the ~@nd polarizable models, such as the commonly used TIP4P,
ABEEM-7P potential, compared with the latest results of Soper: (a) SPC/E and TIP4P-FQ models, do demonstrate the well-known
oxygen—-oxygen RDFgoo(r); (b) oxygen-hygrogen RDFgox(r); and properties of water, including RDFs, the monomer dipole
(c) hydrogen-hygrogen RDF gin(r). moment, the static dielectric constant, heats of vaporization, etc.,
under different temperature conditions. The polarizable Bord-
and pressure are shown in Figure 3. Compared to the fixed- hole, Sampoli, and Vallauri (BSW potential designed for the
charge model, the fluctuating charge modelg&$ have a first ice Ih phase does not represent the properties of liquid water
peak at a larger distance and present more long-ranged orderingwell; thus, apparently, no single potential has been shown to
because of the increased chafgEigure 3a shows that the first  reproduce the properties of both the liquid and ice phases
peak by ABEEM-7P at~3.0 A, which is slightly larger than  accurately. Recently, the TIP4P-FQ mddattroduced by Rick
the experimental valuggorresponds to two hydrogen-bonding has been used to compute the dipole moment in three phases:
water molecules. The first peak géo for ABEEM-7P is slightly liquid, gas, and ice Ih. However, the static dielectric constants
high and broad, because of the fact that the parameter ofat the lower temperature were not very good. Rick et al.
ABEEM-7P is based on the structures of gas-phase waterindicated that the confidence in the predictions of solvent
clusters; for example, th&o-o of dimmer water by the structure around solutes would therefore be increased if the
ABEEM-7P potential is 2.916 A, which is slightly smaller than potential has been demonstrated to be a good model for different
the experimental values (2.98 A), and the values for hexamer temperature conditions. Moreover, until now, no polarizable
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TABLE 2: Average, Minimum, and Maximum Charges of O Atoms, H Atoms, O—H Bonds, and Lone-Pair Electrons, as
Determined by ABEEM-7P under Different Temperatures

Charge
temperature (K) average minimum maximum
O Atom
260 0.1130 0.0983 0.1284
273 0.1133 0.0989 0.1295
298 0.1132 0.1006 0.1319
310 0.1130 0.0974 0.1318
348 0.1121 0.0958 0.1317
H Atom
260 0.3812 0.2253 0.5602
273 0.3815 0.2529 0.5224
298 0.3813 0.2265 0.5298
310 0.3798 0.2214 0.5082
348 0.3730 0.2411 0.5063
OH Bond
260 —0.1516 —0.1638 —0.1375
273 —0.1518 —0.1638 —0.1414
298 —0.1516 —0.1617 —0.1383
310 —0.1516 —0.1622 —0.1383
348 —0.1512 —0.1623 —0.1402
Lone-Pair Electron
260 —0.2861 —0.3386 —0.2252
273 —0.2864 —0.3325 —0.2282
298 —0.2862 —0.3395 —0.2235
310 —0.2847 —0.3284 —0.2146
348 —0.2776 —0.3311 —0.2192

water models could give the explicit charges of a water and it is undoubted that one (0.4685) is bound and the other
molecule, which is important, because of the fact that the dipole (0.2716) is free. Similar to that observed for H atoms, at 310
moment and static dielectric constant are dependent on howK, the lone-pair electrons of the O atom of one water molecule
the electric density is assigned to molecifie$n addition, are —0.2823 and—0.2893, both of which are bound, and at
Mahoney and Jorgens®rshowed that further improvement in 348 K, the lone-pair electrons of the O atom ar@.2901 and
the computed results, e.g., at high temperature and pressure;-0.2564; then, one<{0.2901) is bound and the other.2564)
would likely necessitate the use of a larger number of chargedis free. The bound H atoms and lone-pair electrons, and the
sites or explicit polarization, as well as much effort in regard free H atoms and lone-pair electrons, are useful to understand
to optimization of the model. An important aim of our the temperature dependence of the water structure and the
macromolecular simulations is to investigate how water proper- average number of hydrogen bonds per water molecule over a
ties are affected by non-native conditions, such as extremerange of temperature. From the comparison of charges of O
temperatures. It is significant to demonstrate that the water atoms, H atoms, ©H bonds, and lone-pair electrons under
model itself reproduces the experimentally observed dependenceifferent temperature by the ABEEM-7P potential, two distinc-
of water properties on temperature, and it is also important to tions can be observed:
develop a water model to describe the properties of a biological (1) Under different temperatures, the average charges of O
solute. atoms, H atoms, ©H bonds, and lone-pair electrons (listed in
4.2.1. Charge Distribution. The charges of O atoms, H atoms, Table 2) are different, although the differences are not very large.
O—H bonds, and lone-pair electrons for liquid water over a For example, the average charge of the O atoms is 0.1130,
temperature range of 2648 K are calculated by the ABEEM-  0.1133, 0.1132, 0.1130, and 0.1121, respectively, for temper-
7P potential, and Table 2 lists the average, minimum, and atures of 260, 273, 298, 310, and 348 K, among which the O
maximum charges of O atoms, H atoms;B®bonds, and lone-  atom charge at 348 K (0.1121) is minimal and most similar to
pair electrons. Figure 4 presents the charge distributions of Othe charge of the gas-phase monomer water (0.132S)ich
atoms, H atoms, ©H bonds, and lone-pair electrons, respec- results are reasonable because, as the temperature increases, the
tively, under the different temperature conditions. The similari- density decreases while the volume increases; then, the long-
ties for charges between 298 K and other temperatures are asange interactional effect between different water molecules will
follows. One is that, at all temperatures, the positive charges be small and the magnitude of the absolute charge will be
by ABEEM-7P are located on O and H atoms, which are somewhat smaller at high temperature than that at low temper-
balanced by the negative charges located on thé¢d®onds ature. The average charges of H atoms;HDbonds, and lone-
and lone-pair electrons. In addition, from the charges of O atoms, pair electrons can be observed to have similar results, with the
H atoms, O-H bonds, and lone-pair electrons, we can determine values of the O atom, and, at 348 K, the absolute average charge
the bound H atoms and lone-pair electrons that participate in of H atom, O-H bonds, and a lone-pair electron is 0.3730,
the formation of a hydrogen bond and the free H atoms and 0.1512, and 0.2776, respectively.
lone-pair electrons that do not participate in the formation of a  (2) The charge distributions of the O atoms (Figure 4a) and
hydrogen bond. For example, compared to the charges of gasH atoms (Figure 4b) show that the two small peaks are very
phase water clusters §8), (n = 1—6),°° at 260 K, the H atom obvious at lower temperature, and as the temperature increases,
charges of one water molecule are 0.3849 and 0.3963, and it issuch two peaks are becoming indistinct, only from which we
easy to observe that both H atoms are bound; at 273 K, the Hcan find some structural information of liquid water that the
atom charges of one water molecule are 0.4685 and 0.2716,arrangement of water molecules at the lower temperature is more
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Figure 4. Temperature dependence of charge distribution of (a) O atoms, (b) H atoms, (c) HO bonds, and (d) lone-pair electrons for liquid water,
as determined by the ABEEM-7P potential.

ordered than that at the higher temperature. Overall, the chargeslecreasing temperature, indicating that the liquid water by the
of water system are different under different ambient conditions ABEEM-7P potential at low temperature is a more polarizable
(i.e., the different temperature), and the ABEEM-7P water model environment, which is consistent with other estimafes.

can consider the clear charges of O atoms, H atomsHO Results for the dielectric constant of the ABEEM-7P water
bonds, and lone-pair electrons, especially for short-range model over the temperature range of 2828 K at 1 atm
interaction of the hydrogen bonds over a range of temperature.pressure are presented in Table 3 and Figure 6. Also plotted in
It seems explicit at this point that the addition of charged sites the figure are the experimental vald#s03.109and results by

and the explicit description of charges will lead to an improved
water model.

4.2.2. Dipole Moment and Static Dielectric Constant. The
average dipole moments by the ABEEM-7P water model for
liquid water under different temperatures are given in Table 3,
with available results by TIP4P-P®and TIP5F For the water
liquid, the dipole moment determined by the ABEEM-7P

other potentiald®3743Although the ABEEM-7P model slightly
underestimates the dielectric constant, it gives a good estimate
over a range of temperature selected. Especially at the high
temperature (348 K), our calculated value of 63 is very similar
to the experimental value (62.59). Although the TIP4P-FQ and
TIP5P models also give good values for the dielectric constant
over a range of temperature, TIP4P-FQ and TIP5P may

potential steadily decreases as a function of temperature, whichoverestimate the temperature dependence, compared to the
is consistent with the TIP4P-FQ values, although the magnitude ABEEM-7P model. It has also suggested that a better description
of the values of the former is slightly larger than that of the of the fluctuating charge and a more-complicated description
latter. For example, at 260 K, the average dipole moment of of charged sites are important factors for improved reproduction
ABEEM-7P is 2.832 D, whereas that of TIP4P-FQ is 2.805 D; of the dielectric constarff.

at 310 K, the average dipole moment of ABEEM-7P is 2.762  4.2.3. Heats of Vaporization. Table 3 also presents the liquid-
D, whereas that of TIP4P-FQ is 2.606 D. With increasing state energy and heats of vaporization for ABEEM-7P, as a
temperature, the difference between the ABEEM-7P and TIP4P-function of temperature, and the corresponding values are plotted
FQ models is changed (becomes larger); i.e., the range of thein Figure 7 with the results of TIP5®, TIP4P-FQ3* and
average dipole moment from 260 K to 310 K for the ABEEM- experiments$1® The experimental heats of vaporization are well-
7P model (0.05) is smaller than that for the TIP4P-FQ model reproduced by ABEEM-7P over a range of temperatures. Using
(0.2). The distributions of the dipole moment of ABEEM-7P the ABEEM-7P potential, the heats of vaporization are 11.40,
under the different temperatures are depicted in Figure 5. As11.13, 10.85, 10.64, and 9.84 kcal/mol at 260, 273, 298, 310,
the temperature increases, the distribution becomes narrowerand 348 K, respectively, whereas the respective experimental
the fwhm value is 0.489 for 260 K, 0.470 for 273 K, 0.422 for values are 10.90, 10.76, 10.51, 10.39, and 9.69 kcal/mol.
298 K, 0.404 for 310 K, and 0.350 for 348 K. The ABEEM-7P  Compared to that of experiments, heats of vaporization obtained
distribution of the dipole moment at high temperature is more using ABEEM-7P are slightly larger than the experimental
narrow and the average dipole moment becomes larger withvalues at all calculated temperatures; however, with the increas-
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TABLE 3: Temperature Dependence of Liquid Properties 110+ _ )
Determined Using the ABEEM-7P Model, Including Energy 105 & o ampermen (Refs 102.and 169
(Uiiquia), Heat of Vaporization (AHy,p), Average Dipole 100 4 A TIP4P-FQ (Ref. 58)
Moment (), and Static Dielectric Constant €g)? s ] . . + TIPSP (Refs. 20 and 21)
b ] * +
temperature Value 2 z_
(K) ABEEM-7P  TIP4P-FQ TIP5P expt § a0 ]
Uliquid (kcal/mol) § 75
260 —10.88+ 0.04 —11.08+4+ 0.03 —10.85+ 0.01 —10.38 2 7]
273 —10.59+ 0.09 —10.61+ 0.02 —10.50+ 0.01 —10.22 g 5]
298 —10.26+ 0.08 —9.89+ 0.02 —9.87+0.01 -9.92 % el
310 —10.02+ 0.09 —9.63+ 0.01 —-9.59+0.01 -9.77 55.]
348 —9.15+0.28 —8.83+0.01 —9.00 0] a
AHyap (kcal/mol) 45 . . . r r r
260 11.40+£ 0.04 11.60+0.03 11.340.01 10.90 260 280 00 320 340 360
273 11.13+0.09 11.15+0.02 11.04-0.01 10.76 Temperature (K)
298 10.85+ 0.08 10.48+0.02 10.46+0.01 10.51 Figure 6. Temperature dependence of the static dielectric constant
310 10.64+0.09 10.25:0.01 10.214+0.01 10.39 (€0). The ABEEM-7P, TIP4P-FQ, and TIP5P water potentials all
348 9.84+0.28 9.52£0.01  9.69 reproduce the trend of experimentglover a range of temperatures.
u (D) The results of the TIP4P-FQ model are too large in magnitude at low
260 2.83+0.01 2.805+ 0.005 temperatures and too low in magnitude at high temperatures, and TIP5P
273 2.82+ 0.01 2.733+ 0.004 overestimateg, at all temperature points. The ABEEM-7P model agrees
208 2.80+ 0.01 2.6414+ 0.001 2.29 well with the experimental values over a range of temperature,
310 2.78+0.01 2.606+ 0.002 especially at high temperature, which indicates that a better description
348 2.744+0.01 of the charge of the hydrogen bonds and a more complicated description
o of the charged sites are important factors for improved reproduction
260 9242 105+ 27 of €o.
273 83+1 97+ 19 91.8+1.5 87.9
298 76+ 1 79+ 8 81.5+1.6 78.4 . Experiment (Ref. 110)
310  73+2 7842 74.2 wed 4 o o (Ret
348 631 62.6 5% BB ! parta et 59
a Also shown are the experimental values, which, for some temper- = 1124 . 4 TIPSP Refs. 20 and 21)
atures, are interpolations between the reported data pbiDtta taken § 1.0 4
from ref 54.¢ Data taken from refs 20 and 24Experimental data for g 108 .
Uiiquid, AHvap, andu taken from ref 110; experimental data tartaken 5 108 .
from refs 102 and 103. 8 04l
% 10.2 S
5 100]
§ 9.6 .
< 9.6 a
8.4 4

T T
260 280 300 320 340 360
temperature (K)

Figure 7. Temperature dependence of heats of vaporizatidt,{p).

The results of TIP4P-FQ and TIP5P are all slightly too large at low

temperatures and too low at high temperatures. The ABEEM-7P model

also obtains the trend of the temperature dependencéHf, in

reasonable agreement with the experimental values, although over the

range of temperatures, theH,a value of ABEEM-7P is larger than

- - . . . . ; . that of the experiments, because the energy is too attractive. However,

20 22 24 26 28 30 32 34 the discrepancy of\H,4, between ABEEM-7P and the experiment is
dipole moment (1) becoming smaller with increasing temperature.

Figure 5. Temperature dependence of the dipole moment distribution
of liquid water, as determined by the ABEEM-7P potential.

P )

with increasing temperature is observed, to some degree. The
separation of nearest and second-nearest neighbors becomes
ing temperature, the difference becomes small (the differenceslight sharper in the oxygeroxygen RDF o) at 260 K, which
at 348 K between ABEEM-7P and experiment is only 0.15 kcal/ is consistent with adoption of a more ice-I-like structure. Also,
mol). Comparison with the ABEEM-7P water model shows that in the goo RDF, as the temperature increases, the first valley
the TIP4P-FQ and TIP5P potentials also reproduce the experi-and second peak quickly approach a value of 1, which is
mental energy over a range of temperature; however, the valueindicative of no structure. Although the height of the first peak
is slightly too large at low temperatures and too low at high of goo decreases, the decline is not very large, indicating that
temperatures, especially for the TIP4P-FQ model, for example, there is a significant first-neighbor structure, even at the high
at 260 K, the heat of vaporization by TIP4P-FQ is 11.60 kcal/ temperature. Thus, at high temperature, the short-range structure
mol, and at 310 K, the value is 10.25 kcal/mol, which is largely due to direct hydrogen-bonding interactions is maintained,
dependent on the temperature. whereas the longer-range structure is lost, which has been
4.2.4. Radial Distribution Function. The water structure is explicitly shown by the temperature dependence of charges of
also affected by increasing temperature, and the temperatureéOD atoms, H atoms, ©H bonds, and lone-pair electrons
dependence of the RDFs determined by the ABEEM-7P model computed by the ABEEM-7P potential and also agrees with
is illustrated in Figure 8. The expected reduction in structure the previous results reported by other potentials.
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(a) 754 angle (102.8) and values obtained by other flexible body water
70 N\ models, such as MCDHO in the liquid phase (102)78ut
22 n contrary to a slightly larger angle that was deduced from recent
55 experimental measurements (3p6The ABEEM-7P model
50 applies the ABEEM model to explicitly compute the charges
45 of O atoms, H atoms, ©H bonds, and lone-pair electrons for
;2 every monomer in the liquid. Especially, by introducing a
20.] specific expressiokip n(Rp,1), the ABEEM-7P model explicitly
25 ] explores the electrostatic interaction of the hydrogen-bond
20 network in the liquid water. From the quantitative charges of
O atoms, H atoms, ©H bonds, and lone-pair electrons, we
can easily observe the bound and free H atoms, and bound and
free lone-pair electrons of the O atoms, which are important to
10 understand the structure of hydrogen bond network further at
different temperatures. At room temperature, the ABEEM-7P
force field gives satisfactory predictions for the properties of
liquid water, in comparison to experiments. The dipole moment
(u = 2.80 D), static dielectric constanto(= 76), and heat of
vaporization AHyap = 10.85 kcal/mol) by ABEEM-7P are in
reasonable agreement with the available experimental values
(2.9 D, 78.3, and 10.51 kcal/mol, respectively). In addition,
although the peaks of liquid-state radial distribution functions
(RDFs) by ABEEM-7P are slightly deviated, in comparison with
the experimental measurements, the average number of H atoms
per water molecule is 4.75 which is similar to the experimental
value (4.5). The diffusion constants computed by the polarizable
models, such as ABEEM-7P (18 10-° m?s), POL5 (1.81x
10° m?s), and TIP4P-FQ (1.% 10°° m¥s), are all smaller
o than the value determined by the experiment (2.207° m%
s).

The ABEEM-7P model also gives satisfactory results under
ambient conditions and performs well for the temperature
dependence (268848 K) of liquid-phase properties. The
guantitative charges of O atoms, H atoms; I bonds, and
lone-pair electrons from 260 K to 348 K are explicitly computed
by the ABEEM-7P potential. The absolute average charges of
O atoms, H atoms, ©H bonds, and lone-pair electrons are
minimal at the computed higher temperature (348 K), and the
two peaks of O and H atom charge distribution have a tendency
to be indistinct with increasing temperature. In addition, the
width of the dipole moment distribution slightly decreases as
the temperature increases. The static dielectric constant and heats
of vaporization, as a function of temperature, are reproduced

1 and agree reasonably well with the experimental values from

g, (1

(b) 6o+

4.0-‘

35

Gy (1)

1.5

054

(c) 604

5.0-‘
4.5-‘
20
3.5-‘
30
25

Gy ()

20
1.5-‘
10
0.5-

0.0 -

o -
@
o
=

0 2
 (angstrom) 260 K to 348 K; the deviations at 26298 K are somewhat
Figure 8. Variation of the RDF as a function of temperature: (a) large, Whe.re"?‘s the Computed.values by the ABEEM-7P potential
oxygen-oxygen, goo(r); (b) oxygen-hydrogen,gox(r); and (c) hy- are very similar to the experimental values at 310 and 348 K.

drogen-hydrogen guu(r). For goo(r), the height of the first peak isa ~ The expected reduction in structure from the RDF with
slow function of temperature, whereas the depth of the first valley and increasing temperature is observed, which is consistent with
the height of the second peak are affected much more. experimental and other water potential results.

Overall, the ABEEM-7P model shows some improvements
for the liquid water over previous water models. The combina-
tion of atom-bond electronegativity equalization method and

We have studied the structural and dynamic properties of molecular mechanics (ABEEM/MM), not only including the
liguid water over a range of temperatures using a transferable,vibration of bond length and angle, but also including explicit
intermolecular potential, seven-points approach, including fluc- consideration of electrostatic interaction of atoms, bonds, and
tuating charges and flexible body model (ABEEM-7P) based lone-pair electrons (especially, the short-range interaction of
on an atom-bond electronegativity equalization method (ABEEM) hydrogen bond), shows that it can reproduce rather accurate
fused into molecular mechanics (MM). At room temperature, properties of liquid water over a range of temperature. It would
the average ABEEM-7P bond length (0.968 A) in the liquid be interesting to (i) extend this work by comparing the density
phase is shifted toward longer length, which is in excellent at different temperatures (they are not computed in the present
agreement with recent experimental measurements (0.970 A).study because of the slower convergence by a flexible and
Meanwhile, the ABEEM-7P simulations show a-®—H angle fluctuating charge model) and (ii) simulate biochemical systems
(102.8) that is consistent with an earlier reported experimental in liquid water; both possibilities are currently being considered.

5. Conclusion
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