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We present a revised version of the water many-body model TCPE [M. Masella and J.-P. Flament,
J. Chem. Phys. 107, 9105 (1997)], which is based on a static three charge sites and a single polariz-
able site to model the molecular electrostatic properties of water, and on an anisotropic short range
many-body energy term specially designed to accurately model hydrogen bonding in water. The pa-
rameters of the revised model, denoted TCPE/2013, are here developed to reproduce the ab initio
energetic and geometrical properties of small water clusters (up to hexamers) and the repulsive water
interactions occurring in cation first hydration shells. The model parameters have also been refined
to reproduce two liquid water properties at ambient conditions, the density and the vaporization en-
thalpy. Thanks to its computational efficiency, the new model range of applicability was validated
by performing simulations of liquid water over a wide range of temperatures and pressures, as well
as by investigating water liquid/vapor interfaces over a large range of temperatures. It is shown to
reproduce several important water properties at an accurate enough level of precision, such as the
existence liquid water density maxima up to a pressure of 1000 atm, the water boiling temperature,
the properties of the water critical point (temperature, pressure, and density), and the existence of
a “singularity” temperature at about 225 K in the supercooled regime. This model appears thus to
be particularly well-suited for characterizing ion hydration properties under different temperature
and pressure conditions, as well as in different phases and interfaces. © 2013 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4821166]

. INTRODUCTION

Despite the huge efforts devoted to develop a universal
model able to accurately describe water under different con-
ditions and in different environments, see, for instance, the
27 models reviewed recently by Kiss and Baranyai,' building
up a model able to describe the properties of water from gas
phase to condensed phase still remains a major challenge in
the microscopic simulation field. Recently, several new mod-
els have been proposed, which pave the road towards a uni-
versal model for water. Among them, we may quote in par-
ticular the polarizable models TTMa-F (n = 2-3),>3 DPP2,*
HBB2-pol,” SWM6,° and BK3.” Because of their sophisti-
cation and because of the very accurate strategy used to as-
sign their parameters, these models were shown to accurately
describe stable water clusters in gas phase, liquid water at
ambient conditions, as well as under a wide range of temper-
atures, and even the water liquid/vapor interface, in the par-
ticular cases of BK37 and SWM6.° However, all these mod-
els are computationally demanding. For instance, they con-
sider from three (DDP2, TTMn-F, HBB2-pol, and BK3) up
to six (SWM6) polarizable sites per molecule to describe the
water molecular electrostatic properties. To further improve
the model accuracy, we may also note that specific classi-
cal energy terms have been altered in the above models, like
the standard Coulombic term modified to account for charge-
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charge penetration effects in DPP2 and BK3, and/or addi-
tional energy terms were introduced, like the charge transfer
one of DPP2 or the energy term of HBB2-pol based on a lin-
ear combination of 27 exponential functions.’

Hence, developing an accurate, however, still computa-
tionally efficient water model remains an important challenge,
especially to simulate large enough systems allowing to study
the behavior of hydrated salts in bulk water and/or at the water
liquid/vapor interface under different conditions, which have
been recently further investigated using femtosecond infrared
experimental techniques,® for instance. In particular, because
of the uncertainties affecting all the available models used
to describe water/water and ion/water systems at the micro-
scopic level, Netz and Horinek concluded in a recent review’
that all the simulation results presented to date concerning
the behavior at the liquid/vapor interface even of simple ions
such as halides, see, among others, Refs. 10—13 and the ref-
erences cited therein, are not accurate enough to draw a clear
picture of the latter phenomenon, in particular, in terms of
their physical origin. In line with the latter conclusion, we re-
cently exhibited'*!> that most of the efficient water models
proposed so far have to fail in describing accurately the repul-
sive water/water interactions taking place in the first hydration
shell of multi-charged ions, such as the heavy ones Th(IV)
and Cm(III), which play a key role in the nuclear waste en-
ergy field.

© 2013 AIP Publishing LLC
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Our aim here is to propose a revised (and rigid) version of
the efficient many-body model for water, TCPE,'® which was
originally developed to model water clusters in gas phase. The
TCPE model is based on a static three-site electrostatic charge
set and on a single polarizable site, coinciding with the wa-
ter oxygen, to model the molecular electrostatic properties of
water. As this kind of models is based on a single polarizable
site, we exhibited that they are well suited to be used in con-
junction with a multiple-time steps algorithm!” to solve the
Newtonian equations of motion, in order to efficiently gener-
ate molecular dynamics (MD) trajectories. However, models
based on such a simple approach are well known to be unable
to provide an accurate description of water both in gas and in
condensed phases. Hence, as soon as the original version of
the TCPE model was presented, we introduced a short range
many-body anisotropic potential, which allows us for an ac-
curate description of water hydrogen bond networks.'® Note
that the global efficiency of the TCPE approach also origi-
nates from the truncation of the latter energy term, typically
at a water hydrogen bond distance of 6 A.

In 2008, we proposed a first revision of the original TCPE
model, in order to simulate water clusters in gas phase as well
as liquid water at ambient conditions.'® Hereafter, the original
TCPE model and its first revision are denoted TCPE/1997 and
TCPE/2008, respectively. By using the model TCPE/2008,
we showed that the electrostatic properties of water at the
close vicinity of an ion in liquid water, as computed from
quantum approaches, can be reproduced by considering only
a single polarizable site per water molecule.'>!® However,
TCPE/2008 largely overestimates the repulsive character of
water/water interactions in the first hydration shell of multi-
charged ions,'* !> suggesting that our first encouraging results
derived from that model and concerning the solvation of such
ions, can be the results of large cancellation of errors. Hence,
the transferability of that model to the study of salt solutions
under various conditions, for instance, is questionable. As al-
ready mentioned above, this remark applies to all the efficient
water models proposed to date.

In the present study, we present a new revised version of
the TCPE model, called TCPE/2013, which has been devel-
oped to accurately model the properties of water clusters in
gas phase, as well as the repulsive interactions occurring in
the water structures observed in cation first hydration shells.
Here, we consider only the properties computed using high
level quantum methods, in particular, at the complete basis
set (CBS) limit. However, as only an overall reduced set of
high quality quantum computations concerning water clusters
have been reported, we have finely tuned up a reduced set of
the TCPE/2013 parameters, e.g., those handling water/water
interactions at medium range, to reproduce two properties of
liquid water at ambient conditions, namely, the water vapor-
ization enthalpy and density. As compared to the TCPE/1997
original approach, we have here revised the analytical form
of the TCPE short range anisotropic many-body energy term,
and we have re-assigned most of the model parameters. We
show that the revised TCPE/2013 model is now able to ac-
curately model water clusters in gas phase (with a precision
close to that of the recent HHB2-pol model’) as well as most
of the properties of liquid water and of the liquid/vapor in-
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terface under different temperature and pressure conditions.
As this new model also thoroughly describes the repulsive
water/water interactions in multi-charged cation first hydra-
tion shells, it appears to be particularly well suited to inves-
tigate heavy ion properties in aqueous phase and at water
liquid/vapor interfaces.

Concerning the above mentioned repulsive water/water
interactions in cation first hydration shell, we also investigated
them at the MP2/CBS limit. The quantum protocol used and
the results will be here also briefly presented and commented.

Il. THE REVISED TCPE/2013 MODEL

All model computations have been performed using our
own simulation code POLARIS(MD), whose several features
are described hereafter.

A. The standard potential energy terms

The TCPE approach is based on the following decompo-
sition of the potential energy

U=U" + qu’ + Upol + Urel + th. (l)

The individual terms correspond, respectively, to the repulsive
term, the classical pairwise Coulombic term, the polarization
term, the intramolecular relaxation term (describing the in-
teractions among chemically bonded atoms), and the hydro-
gen bonded term, which represents the main originality of the
TCPE approach. In the following, all the intermolecular en-
ergy terms sum interactions between atoms that are not chem-
ically bonded. These sums are denoted by the superscript *.

For a system made of N atoms, the intermolecular repul-
sive term is a radial pairwise energy term

Urer = Z A;j exp(—Bijrij), 2

i=1,N,j>i

where A;; and B;; are two parameters depending on the chem-
ical nature of the atoms i and j, and r;; is the distance between
these atoms. To model oxygen-hydrogen repulsion interac-
tions, the above pre-exponential factor A is altered so that U™
corresponds to a many-body potential energy term. It will be
described in Sec. II B.

The Coulombic term is the standard additive potential

, 1 -
qu:mA Z

qiq
9

7o

i=I,N,j>i Y

3

where ¢; and g; are static point charges located on atomic cen-
ters. Originally, they were defined to reproduce the dipole
moment of a water molecule in gas phase (1.85 D). For
TCPE/2013, they are defined to best reproduce both the
latter dipole moment and the interaction energies of water
molecules interacting in cation first hydration shells.

The term UP? is introduced to account for polarization
effects, described by means of a set of induced point dipole
moments {;};=1,n, located on a subset of N, atomic centers.
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They obey

%
mi =c;- | El + Z Tijm; | - “
J=LN, j#i
Here, «; is the isotropic polarizability of the polarizable atom
i, E! is the electric field generated on i by the surrounding
static charges g;, and Tj; is the dipolar tensor. The correspond-
ing polarization energy term is defined as

L2 & Ign v
Uret = Eza_l - Zﬂi B! — EZ Z wiTijm;,
i=1 ! i=1

i=1 j=1,j#i
&)
and the dipolar tensor is defined as
2
LS| 200 T2 )
= el EA R A et O BN O
O\ i | ozy 2P Tij

Here, x, y, and z are the coordinates of the vector connect-
ing the polarizable centers i and j, and I is the identity ma-
trix. The functions f5 and f; are introduced to account for
short range damping effects. They are defined by following
the original ideas of Thole*® and by considering the radial
charge density

3a 3
p(r) = —exp(=ar), (N
o4
where a is a parameter. This leads to
fa(ri) =1 —exp (—air}}), (8)
fs(rip) = 1= (1 + airj;) exp (—ayjrs)). ©)

Here, a;; is a parameter depending on the nature of the atoms
i and j. Note that the function f3 is also used to scale the in-
dividual components of the static electric field E] acting on
each polarizable site i. In the TCPE approach, the polariz-
able atoms are not sensitive to the electric fields generated by
the atoms to which they are chemically bonded. Hence, the
parameter a;; are not defined to reproduce molecular electro-
static properties, as originally proposed by Thole.?’ They are
assigned to reproduce only energetic properties (such as bind-
ing energies of small molecular aggregates) together with the
other model parameters.

Only the water oxygen atoms are polarizable sites for
TCPE (their isotropic polarizability is set to the water ex-

0
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perimental value in gas phase, e.g., 1.45 A3). Regardless of
the computations performed (like optimizations in gas phase
or MD trajectories), the induced dipole moments are solved
iteratively, until an averaged convergence criterion of 107°
D per polarizable site is reached. However, the iterative pro-
cess goes on until the maximum deviation for a single dipole
moment between two successive iterations is smaller than
5x107°D.

Finally, the intramolecular term U is based on standard
harmonic potentials to handle the OH stretching and the HOH
bending degrees of freedom. In the present study, our aim is
to build up a rigid model for water, and we impose the water
geometry to correspond to that of a water molecule in liquid
phase, at ambient conditions, e.g., "(OH) = 0.97 A and /H
— O — H = 106.0°.2! Hence, we use common algorithms to
remove the incidence of U™ in our computations, and it will
be thus not further discussed.

B. The hydrogen bond term

The hydrogen bond term U™ is introduced to accurately
model the interactions among water molecules, as defined in
small water clusters. It is based on a many-body anisotropic
potential'®

U™ =" F(riw) x G©, ). (10)

Here, the sum runs over all the hydrogen bond pairs, which
can be defined in a water cluster. ry, is the hydrogen bond
length. The angle 6 may be interpreted as the angle between
one water lone pair and the O-H bond of the second water
molecule participating to the hydrogen bond, whereas ¢ is the
/O ---H — O angle (see Figure 1). G is an additive function
defined as

GO, §) = exp(—(6 — 0.)°/vo) x exp(—(¢ — $.)"* /).
an

Here, yy and y4 are two parameters. In the original TCPE
approach, ' ng was set to 2. In the present revised model, ng
is set to 4. That allows us for an overall better description of
small water aggregates.

The many-body radial component F obeys

F(rmp) = —=De X fun(rup, iy s Re) (12)

with f(rpp, 77, Vi, Re) defined as

if rp, > R,

Fuo(Fio- e Vs Re) = § exp (= (rup — 18,)°/v2) X Ps(raps réys Re)  if Re > rap > 78 - 13)

1

if rpp < r;h

where 1/, v s, and R, are three parameters (R, > 7;,). Ps(rpp, 1}, Rc) is a five order polynomial-based function, which is equal

to zero for ry, > R, to 1 for ry, < 1y, and, otherwise, to

e 3 _ e 4 _ e 5
ps(rhb,r;b,Rc)zl_m(M) 15 (u) _6<M> , (14)

Rc — Thp

Re —rap Re —rup
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rhh/ 0
H llllu,,, // \
=
H"

FIG. 1. Definition of the geometrical parameters rpp, 6 and ¢ of the en-
ergy term U™, The axis X is the bisector of the angle ZH-O-H of the water
molecule whose oxygen accepts the hydrogen atom in a hydrogen bond. The
axis Z is orthogonal to the plane HOH of the latter water molecule.

We account for the incidence of the chemical environ-
ment on the magnitude of a specific water|/water, hydrogen
bond by taking D, as a function of the water local density at
the vicinity of the molecule watery, i.e., the molecule whose
oxygen is involved in the latter hydrogen bond. The water lo-
cal density is defined in terms of the number n;, of hydrogen
bonds involving the hydrogen atoms of the molecule water

n, = thb(rhb»r;bv)/}:vac)» (15)

where 7, 77, and R, are defined as above, y}: p 18 an ad-
justable parameter. The sum runs over all the hydrogen bonds,
which may be defined between the water; hydrogens and wa-
ter molecules # water,. In the original TCPE/1997 approach,
D, was taken as a linear function of n,

D, =d, x (14 &nyp), (16)

where d, and &, being two adjustable parameters (note that
D, = d, for the water dimer). In the revised TCPE/2013 ap-
proach, we allow D, to saturate according to

D, =d, x (1+&n!> £(3n,/n)), (17)

max max

where £(x) = coth(x) — 1/x denotes the Langevin function.
The saturation parameter n"? _is set here arbitrarily to 2, e.g.,
the ideal value expected in bulk water.

In the original version of TCPE,'® rf, was also a lin-
ear function of n,. This was introduced to account for the
strong incidence of cooperative effects not only on the en-
ergetic of water clusters, but also on their geometry (see, for
instance, the discussions provided in Ref. 22). In the revised
TCPE/2013 model, we consider an alternative approach to
account for the many-body effects on water hydrogen bond
lengths. Instead of altering r;,, we alter here the component
u"P(O,H) of the term U™ handling the oxygen/hydrogen re-
pulsive interaction in a hydrogen bond as follows:

w0, H) = Ao % (1 — &epnll £(3n,/n))

x exp(—Bo,n) - F0,H) (18)

where Ao, ny and B(o, ) are the parameters A; and Bj; de-
fined in Eq. (2), r(o, n) is the hydrogen bond length and &,

J. Chem. Phys. 139, 114502 (2013)

is an adjustable parameter. Hence, we consider now a re-
pulsive many-body energy term for handling specifically the
oxygen-hydrogen short repulsion effects in water systems.
Such an approach can be interpreted as accounting for the wa-
ter electronic density alteration induced by the water chemical
environment.

The aim TCPE/2013 is also to best reproduce the in-
teraction energies for water molecules interacting in geome-
tries corresponding to those observed in cation first hydra-
tion shells. As it will discussed hereafter, this is achieved by
lowering the strong repulsive character of the water/water in-
teractions in such situations. However, from our own numer-
ical experiments, this introduces an artifact when using the
revised TCPE approach to model large and stable water ag-
gregates: up to four water hydrogen atoms can then interact
with a single water oxygen. One way to remediate this arti-
fact is to introduce a new component to the term U, whose
aim is to alter the stabilizing character of U" when more
than 2 water hydrogens interact with a single oxygen atom
at short range. Thus, the revised hydrogen bonding term is
U" + U where the new component, U _is defined as

rep® rep’
NIU
hb __ c
Uy =Di) D 2

i=1 H(j).j#i Hk).k>j

f/’lb(r;lbv r}fb’ Vrs Rj) X fhb(r/?ba r;b’ Vrs R:()
X .
1+ 8exp(—Z;Zy)
(19)

Here, § is an adjustable parameter, N,, is the number of water
molecules, and H(j) denotes the hydrogen atoms of the wa-
ter molecule j. Z; and Z; are the projections on the axis Z of
the water molecule i, of the vectors r?b and rZ” connecting
the hydrogen atoms of the molecules j and k to the oxygen
of the molecule i (see Figure 2). D¢ is tied to the U" param-
eter d,, according to D¢ = (1 +n!"> &,) x d,. As d, and &,
are both >0, Uf’e’;, is a pure repulsive energy term, prevent-

ing the hydrogens of two water molecules to interact with the

H
z B
‘k O 3 T T T T T T T T T
L
---------- H; "
L g a2k
. £
Zi= S 3
H Illu,,,h K=l 1k
/-Cl &
H rl s
Z= =
..>----4—-_--:Hk 1
H
N 5 4
(0]

FIG. 2. (Left) Definition of the water axis Z, and of the projections Z; and Z
of the hydrogen bond vectors r*? and ri’ b on the latter axis. Z is orthogonal to
the plane defined by the water molecule i and it is centered at the oxygen O;.
Hence, here Z; > 0 and Z; < 0. (Right) Uf’ebp(Z j) profiles for the water sys-
tem shown on the left and for different r;.’b hydrogen bond lengths, included
within 2 and 5 A. Here, we consider both Z; and r,fh as fixed parameters set

to 1.5 A and 2.0 A, respectively. The parameters of Uf’ebp used here are those
summarized in Table 1.
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same oxygen atom of a third water molecule i, within the same
space domain defined by the plane of molecule i. U ,”e’; scales a
priori as O(Ni). However, because of the analytical form of
the function f(rpp, 1), ¥, RY), it scales as O(N,,). The same
conclusion holds for the term U".

The energy term U" was originally introduced to accu-
rately reproduce a key property of water hydrogen bonding
when using a simple polarizable model for water, e.g., the
reinforcement of water hydrogen bond networks when water
molecules act simultaneously as donor and acceptor of hydro-
gen bonds. Because of its analytical form, one may consider
that this term is introduced to account for possible charge
transfer effects occurring in water hydrogen bonds. However,
because of the lack of a standard R=° term in the TCPE ap-
proach, the term U™ allows us to account also for disper-
sion interactions. Note that the accurate modeling of water
dispersion interactions requires to consider different types of
interactions (usually, oxygen-oxygen, oxygen-hydrogen, and
hydrogen-hydrogen ones, see Ref. 23, for instance). This sug-
gests the total water/water dispersion energy to present also
an anisotropic character.

C. Assignment of the model parameters

Unlike the original model TCPE/1997,'¢ the first step in
the TCPE/2013 parameter assignment was to define the U™
parameters (with the exception of the parameter & ,,,), as well
as the oxygen and hydrogen static electrostatic charges, in or-
der to best reproduce the gas phase dipole moment of water,
the quantum equilibrium geometry of the global minimum of
the water dimer (in terms of oxygen-oxygen distance) and the
interaction energies corresponding to water molecules in the
first hydration shell of a multi-charged cation, here Th(IV).
For the present purpose, Th(IV) is particularly well suited,
since it can host up to ten water molecules in its first coor-
dination sphere.'*2%3% The reference dimer geometry is the
one reported in Ref. 24, optimized at the CCSD(T)/TZ2P(f,
d) + diffuse level of theory. The data concerning the hy-
drated cation are derived from our own computations per-
formed at a high level of theory (see the supplementary
material®?).

TABLE 1. Parameters of the TCPE/2013 model.

J. Chem. Phys. 139, 114502 (2013)

Once the above first set of parameters are assigned, we
followed a protocol close to the TCPE/1997 original one,!®
e.g., the remaining parameters are assigned to reproduce the
binding energies of the global minimum and of three remark-
able stationary points of the water dimer potential energy sur-
face, e.g., the stationary points labelled 3, 4, and 9 in Ref. 25,
as well as the cyclic water trimer binding energy and geom-
etry. For the cyclic water trimer, we consider the reference
mean oxygen-oxygen distance to be 2.83 A, which corre-
sponds to the upper bound of quantum estimates (see below),
and which is smaller by 0.02 A as compared to the VRT-based
experimental estimate.??

However, we also consider an additional condition to
be met, e.g., to reproduce the energy ordering of the wa-
ter hexamers prism, cage, and cyclic (see the supplemen-
tary material®®), as reported from MP2 computations at the
CBS limit.?*?® Most of the U parameters are assigned from
dimer and cyclic trimer quantum data. The U,he’;, parameter &
is adjusted from the hexamer data, and the damping parameter
aoy is adjusted by considering all the above mentioned clus-
ter data. We tested several values for the damping parameter
aoo, in the expected range of values, which is included within
0.2 and 0.5 A3, However, the incidence of its value on water
cluster results is almost negligible in the latter range. Hence,
we set it arbitrarily to 0.3 A3,

Assigning the model parameters from the above set of
water clusters does not allow us to fine tune them for an accu-
rate description of water/water interactions corresponding to
inter-oxygen distances larger than 4 A. As these interactions
play a key role in microscopic simulations to accurately re-
produce the properties of liquid water at ambient conditions,
we refined the parameters y;, and y, of the terms U™ and
Urhebp, respectively, to best reproduce the experimental values
of the liquid water density and vaporization enthalpy at ambi-
ent conditions. The latter properties were estimated from NPT
MD simulations of a water box comprising 1000 molecules
and simulated using periodic boundary conditions (see be-
low for details). Finally, three TCPE/2013 parameters cor-
responding to the energy terms U™ and U}’ are fixed arbi-
trarily, mainly from efficiency considerations, i.e., the cutoff
distances R, and R’ and the parameter y,,. All the TCPE/
2013 parameters are summarized in Table I.

Energy term Unit Parameter Value Parameter Value Parameter Value
v e 90 —0.64350 au 0.32175
oot A3 @0 1.45
A3 aoo 0.300 aon 0.259
urer kcal mol ~! Aoo 60000 Aon 68000 Ann 60000
At Boo 4915 Bon 5.770 Buy 7.000
A2 Erep 0.056
U+ Ukt keal mol 7! d, 1.56
A2 Y hb 2.80 Yip 0.15 Y 0.268
A % 1.94
deg 0, 54,0 be 0.0
rad—2 v 0.70 Yo 0.75
. & 0.335 8 0.450 nltb 2.0
A R, 6.25 R* 4.00
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lll. MD SIMULATION AND TRAJECTORY
ANALYSIS DETAILS

A. Simulations in liquid phase

MD simulations in condensed phase were performed by
considering periodic boundary conditions and standard Ewald
summation techniques (the direct and reciprocal energy terms
were truncated based on a medium Ewald sum precision, e.g.,
1079, see Ref. 31). We also reperformed most of our simula-
tions using the SPME method.?? In the latter case, the direct
term cutoff distance was set to 12 A, the expansion of the
B-spline functions was set to 8, and we generate two series of
trajectories corresponding to two different interpolation grids,
made of 323 and 643 nodes, respectively. Regardless of the
Ewald techniques used, no surface term was considered (that
corresponds to infinite tinfoil conditions). All the MD data
discussed below correspond to standard Ewald simulations.
The differences with SPME results are negligible, whatever
the interpolation grid dimension (see data summarized in the
supplementary material®?).

The Newtonian equations of motion were solved using
the multiple time steps r-RESPAp algorithm,!” with two time
steps: 1 fs for short range inter-molecular interactions (in-
cluding U™ and U" + U,’Z;,), and 5 fs for the remaining
long-range electrostatic interactions. For NVT simulations,
we used the generalized Gaussian moment thermostat,>? and
for NPT ones, the Nosé-Hoover barostat.?* The water O-H
bonds and /H — O — H angles were both restrained to their
equilibrium values using the iterative RATTLE procedure, re-
gardless of the thermodynamic ensemble considered (the con-
vergence criterion was set to 1070 A).

At the exception of free energy computations (see be-
low), liquid water was simulated by considering a cubic box
made of 1000 water molecules. The MD simulations were
performed at the 10 ns scale, and their last 9 ns segments
were sampled each 1 ps to compute the statistical averages
(note that the uncertainties affecting our MD averages were
estimated from a basic block averaging method, see the sup-
plementary material®®).

B. Thermodynamic properties of water in liquid phase

The water enthalpy of vaporization is estimated accord-
ing to the standard relation

AH,.,(T) = —it + kpT, (20)

where i is the system total mean potential energy per
molecule along a trajectory.

The Gibbs free energy of vaporization, AG,(T), are
computed using the classical free energy Thermodynamic In-
tegration (TI) scheme, which is based on a linear interpolation
of Hamiltonians. For our purpose, we select a water molecule,
which is progressively decoupled from the other ones. For a
water systems comprising N,, molecules, the different energy
terms of Eq. (1) may be rewritten as a sum involving N,, en-
ergy components ', u99", u**, ", and u’®. The Hamilto-
nian handling the water molecule decoupled from the bulk

J. Chem. Phys. 139, 114502 (2013)

during the TI computations is here taken as
M(}\,) = ul‘@l + g()\') x (uwp + Mhb) + h()\‘) X (utM' + MPOI)’
(21

where g and h are two linear functions of the TI parameter
A monitoring the decoupling of the water molecule from the
bulk: g(A) =1 — A and A(X) = max (1 — 24, 0). Such a pro-
tocol is close to the two steps decoupling scheme proposed
by Shirts and Pande.?> Note that, as soon as A = 0.5, the wa-
ter molecule decoupled from the bulk is no more accounted
for when updating the atom neighbor list used to efficiently
compute the direct term in Ewald-based MD approaches.

Here, we consider a twenty steps TI scheme. Each step
corresponds to a trajectory of a water box made of 1000
molecules, simulated using periodic boundary conditions.
The trajectory duration is 2.5 ns. The last 2 ns of each tra-
jectory is sampled each 250 fs to compute the statistical aver-
ages. The free energies computed according to that protocol,
AGgy(T), are used to approximate the AG,,,(T) according
to the standard relation

P
AGyap(T) =kpTIn ( T> + AGim(T), (22)

PIKB

where p; is the density of liquid water at temperature T and
pressure P. From the value AG,,,(T), we compute then the
vapor pressure Py, as follows:

Puap(T) = Pexp(=AG 4, (T)/kpT). (23)

C. Other liquid water properties

The liquid water structure is discussed in terms of
standard radial distribution functions, namely the oxygen-
oxygen one, gpo(r), the oxygen-hydrogen one, goy(r), and
the hydrogen-hydrogen one, ggyy(r), as well as in terms of wa-
ter coordination numbers corresponding to the first and sec-
ond water oxygen hydration shells, as computed by integrat-
ing the latter distribution functions.

Water transport properties, in terms of self-diffusion co-
efficients, Dy;,,, are computed from the Einstein equation

2
Dyim = lim M (24)
t—00 6t

where  is the simulation time and the molecular vector posi-
tions r are measured by considering the water center of mass
located on the water oxygen. When using periodic boundary
conditions, the above coefficients Dy;, have to be corrected
to account for the finite size of the simulation cell. This is
achieved here by performing different 10 ns MD simulations,
at P = 1 atm, of a set of water cubic boxes whose size is L3,
and which comprises 216, 343, 512, 1000, and 1728 water
molecules, respectively. As shown by Yeh and Hummer,*® the
Dy, values are tied to the dimensions L according to

£kpT

) 25
6yl 25)

Dxim ~ Doo -

Hence, from the above set of MD simulations, one may esti-
mate both a diffusion coefficient D,, which may be compared
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to experiment, as well as the water shear viscosity 1 (€ is a pa-
rameter, whose value is 2.8372973).

As we simulated liquid water under a large set of tem-
perature and pressure conditions, we compute the thermal-
expansion coefficient «p, by fitting first the water densities
p under different pressures to a five order polynomial func-
tion of T, denoted ,olf(’[y(T). Then we compute op from the
standard relation

31n p2° (T
op = — (H’?’—T()) . (26)
P

The isobaric heat capacity C,, the isothermal compress-
ibility k7, and the static dielectric constant €, of liquid water
are computed according to the standard relations

H? — g2
c , 27
P T2 (27)

V2 2
- 28
T kT 28)

4 - =2

L =1 _ M? — M), 29
€ + 3Vk3T( ) (29)

where V, H, and M are the instantaneous volume, enthalpy,
and total dipole moment of the simulation cell along a tra-
jectory. From the value of M at time ¢, the Debye relaxation
time tp is estimated from exponential fits of the decay of the
autocorrelation function Cy(t) defined as
(M(0) - M(2))
wo
The mean residence time (mrt) of water molecules in the
water oxygen first hydration shell is computed according to
the scheme proposed by Impey et al.*” From the probability
survival function p;(#y, to + t; T*) of the ith water molecule
(equal to 1 if that molecule is present in the first hydration
shell at both time steps #y and #y + ¢ and does not leave the
coordination shell for any continuous period longer than t*,

while it takes the value zero otherwise), we compute the cor-
relation function

n(to)
1
Ct) = — <Z pilto, 1o + r;r*>> : (31)
o

Cu() = (30)

¢ \i=1

where n(fy) is the number of water molecules in the first hy-
dration shell at time #, and n! the mean coordination number
in water first hydration shell. The mrt is then computed by
assuming

C(t) = n! x exp(—t/mrt). (32)

For water molecules in water first hydration shell, the ex-
pected values of mrt are about 5 ps for liquid water at am-
bient conditions. For such small values, it is known that the
approach proposed by Impey et al.’’ suffers from the high
sensitivity of the computed mrt values to the choice of 7*.3
Hence, to draw meaningful conclusions, we compute the mrts
for different t* values, namely, 1, 2, and 4 ps.

J. Chem. Phys. 139, 114502 (2013)

D. Simulations of the air/water liquid interface

To get a reasonable starting structure to simulate water at
the air/liquid interface and at a temperature T, we first gen-
erated a 1 ns NPT trajectory of a water box made of 2000
molecules and whose dimensions are (L, L, 2L), using peri-
odic boundary conditions (P = 1 atm). The average dimension
L corresponding to the last 100 ps segment of the trajectory
was then computed and a new 1 ns NVT simulation was per-
formed by considering the last structure of the latter trajectory
and the cell dimension set (L, L, 2L). Finally, the last point of
the NVT trajectory was taken as the starting one of a5 ns NVT
simulation for which the cell dimensions are (L, L, 6L). The
simulated system presents thus two liquid/vapor interfaces.

From the last 4 ns segments of the air/liquid simulations,
we computed the water density profiles p(z) along the z-axis,
which is orthogonal to the two air/liquid interfaces. The liquid
and vapor densities p; and p, are then extrapolated according
to the relation

p0) = 2L PP s o — ), ()

here, ap and a; are two parameters.
We computed the surface tension of liquid water at tem-
perature T, y (T), from the test-area simulation method™

(1) = (A—A> (34)
Y AS N,V.T ’

where AA is the change in the free energy for an infinitesi-
mal change in the interfacial area S. Each y (T) was computed
from a single 4 ns NVT trajectory segment of the air/liquid
water system discussed above, according to a Free Energy
Perturbation-like scheme, with the two perturbed states cor-
responding to an altered surface area S; = L.L,(1 £ §).
x and y are the two dimensions orthogonal to the z-axis
mentioned above, and the perturbation is equally applied to
both. As recommended by Vega and de Miguel, we set §; to
5x 107440

IV. RESULTS AND DISCUSSION
A. Water aggregates in gas phase
1. Gas phase water clusters (H;0),,2<n < 10

Concerning the water monomer, the static electrostatic
charges derived from our parameter assignment strategy leads
to a water permanent dipole moment in gas phase of 1.80 D,
still in good agreement with the experimental value, 1.85 D.

Model and quantum estimates of the binding energies
for several water clusters (H,O), —,_j0 are summarized in
Table II. The quantum data correspond to various CBS
results, 2242528 or to our own data, computed at the MP2/6-
311+G(2df,2p) level,'%* when no CBS values are available.
Note the structures here considered for the decamer and 9-
mer are the most stable ones reported by Temelso et al.?® The
TCPE/2013 results are in very good agreement with the CBS
ones, regardless of the quantum data set considered. Such
a good agreement between both kinds of theoretical meth-
ods is observed for the difference in the binding energies
of water cluster isomers, in particular, those which were not
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TABLE II. Comparison of TCPE/2013 (H,O), energies, in kcal mol~!, to available quantum MP2 and CCSD(T) estimates, extrapolated to the CBS limit
(cluster geometries are shown in the supplementary material®®). In bold character, cluster binding energies, and otherwise, for cluster isomers, difference in
binding energy between a given isomer and the most stable one. The columns refer to: (a) quantum data from Ref. 28; (b) quantum data from Refs. 2 and 26;
(c) quantum data from Ref. 27; (d) quantum data from Ref. 28, with the exception of the data labeled ! taken from Ref. 24; (e) quantum data labelled 2 from
Ref. 16 and those labelled 3 from Ref. 41.

n TCPE MP2( ;¢ () MP2 ;¢ (b) MP2Y;¢ (c) CCSD(T)/CBS (d) MP2 (e)
2 Cs 4.97 5.03 4.97 5.03 4.8

2 3 0.55 0.59!

2 4 0.87 0.87!

2 9 1.70 1.70!

3 UUD 15.78 15.67 15.82 14.9 15.70 ...

3 OP-1 6.79 7.012
3 oP-2 8.57 8.892
4 S4 25.80 27.63 27.63 26.8 27.43 ...

4 CY-1 8.23 9.0°
4 CY-2 9.51 11.93
4 PY 4.18 3.97 2.70
4 PY-2 3.80 6.0°
5 CcY 34.87 36.39 36.31 36.3 36.0

5 FR-B 0.87 2.14 1.13

6 PR 44.50 46.01 45.86 45.3 46.14

6 cc 1.19 0.95 1.00 1.7 1.54

6 BK-1 1.14 0.26 0.15 .. 0.63

6 CA 0.53 —0.01 0.07 0.3 0.21

7 PR1 54.9 ... .. .. 57.4

8 S4 68.4 72.8 72.7 72.3 72.6

9 IX 78.3 81.7

10 X 89.9 92.9

taken into account to assign the model parameters. However,
TCPE/2013 underestimates the binding energies of clusters
larger than the trimer compared to MP2/CBS data, up to about
5% for the octamer S4. From the data corresponding to larger
clusters, the TCPE/2013 binding energy underestimation de-
creases then, down to about 3% for the water decamer.

A set of eleven water heptamer isomers, characterized by
different hydrogen bond networks, have been investigated by
Temelso et al.® at a high level of quantum theory. In particu-
lar, the latter authors reported estimates, at the CCSD(T)/CBS
level, of the binding energies for that full set of isomers. In
Figure 3, we compare the difference in energies AE7 between
the most stable water heptamer, PR1, and the other ten ones,
as reported at the latter quantum level of theory and by using
TCPE/2013. The heptamers are here labelled as in Ref. 28,
and the starting points for TCPE/2013 optimizations are the
three-dimensional structures provided in the supplementary
material®® of the latter study. We note again a good agreement
between both sets of AE; values. In particular, TCPE/2013
and CCSD(T)/CBS computations predict the same three water
heptamers, namely, PR1, PR2, and PR3, to be the most sta-
ble ones, their AE7 values differing at most by 0.5 kcal mol~!,
regardless of the theoretical method used. However, we note
that the TCPE/2013 AE5 values for the less stable heptamers
CH3 and HM1 are underestimated with respect to the quan-
tum ones by about 2 kcal mol~!, an error which is percentage
wise small compared to the total interaction energies reported
in Table II.

All the quantum investigations of the global minimum of
the water dimer, performed using the MP2 or the CCSD level

of theory with medium up to very extended basis sets, ex-
hibited that the dimer oxygen-oxygen distance value is 2.91
+0.01 A (see Refs. 2 and 24, for instance). Unlike the water
dimer, the oxygen-oxygen distances in larger water clusters
are much more sensitive to the quantum level of theory used.
For instance, the mean inter-oxygen distance in the cyclic wa-
ter trimer varies from 2.78 to 2.84 A when considering opti-
mizations performed at the MP2/aug-cc-pVQZ level of the-
ory and at the CCSD/aug-cc-pVDZ one, respectively.*> This
a priori prevents a reliable comparison between TCPE/2013

-1

Energy in kcal mol

I_$I | | | 1 | 11
SELIISISIES

Heptamer

FIG. 3. Water heptamer energies AE7, the reference is here the most stable
water heptamer PR1. The heptamer labelling corresponds to that of Temelso
et al.®® (Empty squares) TCPE/2013 results. (Full squares) Quantum esti-
mates at the CCSD(T)/CBS level taken from Ref. 28.
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TABLE III. Comparison of TCPE/2013, quantum MP2/aug-cc-pVTZ? and
TTM2-F? mean oxygen-oxygen distances, in A, in small cyclic water
clusters.

(H20), TCPE MP2 TTM2-F
2 2.906 2.907 2.899
3 2.829 2.787 2.800
4 2.810 2.732 2.765
5 2.780 2.716 2.750
6 2.754 2.707 2.746

predictions and quantum ones for the water cluster geome-
tries in terms of oxygen-oxygen distance. Nevertheless, we
summarize in Table III these mean distances in cyclic water
clusters, from the trimer to the hexamer, computed accord-
ing to TCPE/2013, as well as the distances reported by Burn-
ham et al.,> computed both at the MP2/aug-cc-pVTZ level of
theory and by using their accurate water model TTM2-F. We
note the TCPE/2013 distances to be in good agreement with
the TTM2-F ones, however, both sets of model distances are
slightly overestimated compared to the MP2 ones.

2. Interaction energies for water molecules
in cation first hydration shell

In Figure 4, we plot the difference in the water repulsive
interaction energies occurring in the Th(IV) first hydration
shell, between the TCPE/2008 and TCPE/2013 models and
our own MP2/CBS computations, as a function of the number
N, of repulsively interacting water molecules (N,, = 3—10,
the quantum results are presented in details in the supplemen-
tary material®®). For TCPE/2008, that difference increases lin-
early with N, as soon as N, =4, up to reach a value of
25 kcal mol~! for N, = 10, whereas, with TCPE/2013, that
difference is almost constant, about 5 kcal mol~! for 5
< Ny <9, and very small for N, = 10, about 1 kcal mol !,
Hence, one of the goal of the TCPE/2013 development is sat-
isfactorily reached.

25F 1 T T T T T T | —
C ]
= 20F s 3
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2 C K ]
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> 101 b ]
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r 5 o
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345 6 7 8 910
Number of water molecules N,,

FIG. 4. Differences in water repulsive interaction energies in Th(IV) first
hydration shell, between TCPE models and MP2/CBS quantum computa-
tions, as a function of the number N,, of the repulsively interacting water
molecules. (Empty squares) Differences computed from TCPE/2008 results.
(Black squares) Differences computed from TCPE/2013 results.
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FIG. 5. Water radial distribution functions goo(r), gom(r), and ggy(r) at
ambient conditions. Blue line: TCPE/2013; black line: experimental data of
Soper.*?

B. Water in liquid phase
1. Water liquid structure

In Figure 5, we compare the radial distribution functions
goo(r), gon(r), and gyy(r) at ambient conditions, computed
from a 9 ns TCPE/2013 trajectory to the experimental ones
reported by Soper.*? The latter ones are widely used to assess
the quality of a water model. For oxygen-oxygen distances
smaller than 3.4 A, the main properties of the TCPE/2013
goo(r) agree with the most recent experimental data reported
by Skinner et al. 44 see Table IV. Note, however, that there is
still controversies concerning the experimental goo first peak
properties, see, for instance, the values for the first peak po-
sition and height recommended in a recent review of Nilsson
and Pettersson,*> which differ noticeably from those reported
by Skinner et al.**

Concerning the gpo(r) second peak properties, there
is an experimental consensus concerning its height, h2
= 1.12 £ 0.02, and its positions, at 4.50 £ 0.02 A (see the
Soper’s experimental data** plotted in Figure 5). Even though
TCPE/2013 locates correctly the position of that second peak,
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TABLE IV. TCPE/2013 and experimental main properties of the normal-
ized liquid water radial distribution function gpo at ambient conditions. r,ln
: position of the gpo extremum /, in A (m is the nature of the extremum);

hin : height of the gpo extremum /; nf, : coordination number at the goo

minimum /.

TCPE Exp? Epr
rh o 2.785 2.80 2.82-2.85
h) o 2.70 2.57 2.1-2.3

I ~
r”f’"' 3.28 3.45 ~35
n. 0.80 0.84 ~0.9
n! 425 43¢
2o 445 450
h2 .. 1.06 1.12
n? 245 22.4¢

c

2Exp: recommended experimental values, by Skinner ez al.*
®Exp: recommended experimental values, by Nilsson and Pettersson.*
“Exp: data derived from Ref. 43.

it predicts a smaller values for its height 42, , about 1.06, 5%
smaller than the experimental estimate. However, as TCPE
predicts a larger spread for that second peak compared to
experiment, our theoretical estimate of the water coordina-
tion number in the second hydration shell still agrees with
experiment, 24.5 and 22.4, respectively. At the exception of
TTM3-F[3] we have to note that none of the most recent po-
larizable water models is able to accurately reproduce the
experimental properties of the gpo(r) second peak. For in-
stance, the model DDP2[4] also noticeably underestimates
hZ,,. compared to experiment, while the models HBB2-pol,’
TTM2-E* and BK3 locate the second peak position 0.25 A
farther or shorter compared to experiment.

Concerning the oxygen-hydrogen radial distribution
function gog(r), TCPE/2013 predicts a higher and more
sharpened first peak, as almost all the water models presented
to date (see, among others, Refs. 4-7, 46, and 48). At the
difference of the gpo(r), TCPEP/2013 predicts accurately the
gon(r) second peak properties (position, height, and spread)
as reported by Soper.** However, it predicts the existence
of a gop(r) small third peak located at about 4.5 A, never
reported experimentally and theoretically. To our opinion,
it has to result from the anisotropic short range potential
energy term U™, which is still not fully negligible at the latter
distance. Finally, concerning the water hydrogen-hydrogen
radial distribution function gy (r), we note a larger discrep-
ancy between TCPE/2013 and experiment compared to the
functions gpo(r) and gop(r). In particular, we still note the
presence of guy(r) third peak at about 5 A, not reported
experimentally and theoretically, with the exception of the
water model BK3.” However, the functions gog(r) and gy (r)
are still considered as rather undetermined experimentally,*
as shown by the larger experimental error bars reported for
them as compared to goo(r),43 for instance. Moreover, accu-
rate goy(r) and gy (r) functions have to be computed from
simulations accounting for nuclear quantization.>*%47
Hence, it is not obvious to further discuss the
TCPE/2013 and experiment discrepancies concerning these
functions.

J. Chem. Phys. 139, 114502 (2013)
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FIG. 6. TCPE/2013 liquid water densities under different temperature and
pressure conditions (empty circle). For each pressure value, the result of a
density fit to a 5th order polynomial function of the temperature is shown in
dashed blue line. In italic, the temperatures of the density maxima. In dashed
gray line, result of the linear regression of the density maxima vs. the latter
temperatures.

2. Water liquid densities

As expected from our parameter assignment strategy,
TCPE/2013 is able to reproduce accurately the density of liq-
uid water at ambient conditions, e.g., 0.997 g cm™>. More-
over, the model is also able to predict the existence of density
maxima for liquid water, for P ranging from 1 to 1000 atm. To
locate the temperature T/, (P) corresponding to those max-
ima, we adjusted the TCPE/2013 densities at a reference pres-
sure P to a 5th order polynomial function. The water densities,
their polynomial fits and the estimates of T/ .x (P) are shown
in Figure 6. At P = 1 atm, the TCPE/2013 estimate of T ax
is 283.5 K, about 6 K above the experimental estimate com-
puted from the same fitting procedure, 277.8 K. Moreover,
TCPE/2013 predicts T/4x(P) to decrease as P increases, to
reach a value of 267.6 K at P = 1000 atm, still in a reasonable
agreement with the estimate extrapolated from sound speeds
experiments, about 255 K.**39 In particular, the magnitude of
the density maxima depends almost linearly on the tempera-
ture Th,, for P = 1-1000 atm, in agreement with the latter
experimental estimate.

The TCPE/2013 magnitudes of the water liquid density
are in a good agreement with the experimental ones, in a large
temperature domain. In the supplementary material,3* we plot
the difference in the water densities between TCPE/2013
and experiment for T included within 250 and 360 K, and
P = 1 atm. In that temperature range, TCPE/2013 densities
differ from experiment by 0.5% on average, and at most by
1.9% at the highest temperatures. The good agreement be-
tween the TCPE/2013 and experimental water liquid densi-
ties leads to a good agreement between theory end experi-
ment for the thermal coefficient ap (their profiles are plotted
vs. the temperature for P = 1-1000 atm in Figure 7). For
instance, at ambient conditions, TCPE/2013 predicts ap to
be 1.9 x 107* K~!, in good agreement with the experimen-
tal estimate, 2.6 x 10~* K~'. Moreover, as the experimental
data, the TCPE/2013 aps can be accurately represented by a
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FIG. 7. TCPE/2013 water thermal expansivity for different pressure condi-
tions. (Dashed line) Fit of ap, for P = 1 atm, to the power law-based function
g /(T — TGHHe.

singular power law function a, /(T — Tg)*«, with T§ = 219
+4 Kand p, =0.28 £ 0.07.

The TCPE/2013 compressibilities x7 under different
pressure conditions are plotted as a function of the temper-
ature in Figure 8. These values are affected by large uncer-
tainties, representing up to 5% of the mean «y magnitude.
However, we note that the TCPE/2013 value of «7 at ambi-
ent conditions agrees with experiment: about 45 + 2 x 10°
bar~!, the experimental value is 45.3 x 10% bar~!.5! More-
over, TCPE/2013 predicts k7 to present a minimum at about
320 £ 10 K, regardless the pressure, as well as to decrease
as the pressure increases, regardless of temperature. The
TCPE/2013 k7 behavior fully agrees with experiment.>*3! In
particular, the magnitude of « 7 at 320 K decreases from about
45 to 35 x 10° bar~! when P increases from 1 atm to 1000
atm, in perfect agreement with experimental estimate reported
so far.>!
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FIG. 8. TCPE/2013 isothermal compressibilities 7 under different pres-
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P = 1000 atm. (Lines) Second order polynomial functions best reproducing
the « 7 values for each pressure condition.
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3. Thermodynamic properties of liquid water and
vapor pressure

In Figure 9, we plot the TCPE/2013 and experimental
water vaporization enthalpies, AH,,,, and the heat capaci-
ties, Cp, as functions of the temperature, at P = 1 atm. Con-
cerning the vaporization enthalpy, the theoretical values agree
with experiment not only at ambient conditions, as expected
from our assignment parameter strategy, however, also in the
full temperature domain included within 250 and 360 K. The
difference in the vaporization enthalpy between the model and
experiment decreases as the temperature increases, from +0.4
kcal mol~! at 250 K towards being negligible at 360 K.

Contrary to experiment, TCPE/2013 predicts Cp to be a
decreasing function of the temperature for T included within
270 and 360 K. However, the difference in the Cp val-
ues between TCPE/2013 and experiment is small, at most
2 cal mol~! K~! (about 10% of the Cp value) at the bound-
aries of the latter temperature domain, and about 1 cal mol !
K~! on average. Note that we do not account here for the
standard corrections arising from the quantum and classi-
cal contributions of the intramolecular vibrational modes, as
our model is rigid. However, as the quantum correction is
—2.2 cal mol~! K~! at ambient conditions,>? the conclusion
concerning the TCPE/2013 accuracy in computing Cp still
holds. In particular, as the recent BK3 model, TCPE/2013
is not able to reproduce the experimental profile of Cp, es-
pecially in the supercooled regime, were the TCPE/2013 de-
creasing character of C, vs the temperature is less pronounced
compared to experiment.>*>* This artifact may result from the
classical framework we used to simulate supercooled water,
as discussed recently by Vega et al.>

The Gibbs free energy values, AG,,,(T), computed for
P = 1 atm, are summarized in Table V and they are plot-
ted as a function of the temperature T in Figure 10. In the
temperature range included within 310 and 400 K, AG ,,(T)
depends linearly on T. A linear fit of AG,,,(T) = ag + bgT
gives ag = 10.34 & 0.09 kcal mol~! and b = —27.01 4 0.25
calmol~! K~!. Both values agree reasonably well with exper-
imental AH,,,(T) and AS,,,,(T) data, see Table V. Moreover,
they allow us the estimate the water boiling point T, e.g.,
the temperature for which AG,(Tpei1) = 0. From the latter
ac and bg coefficients, we obtain Tp,; = 383 £ 5 K, in good
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TABLE V. Computed and experimental Gibbs free energy and related data.
Temperatures are in K, the thermodynamic data AG and AH in kcal mol ™!,
AS in cal mol~! K~!, and pressures in atmospheres. Experimental data, la-
belled by the superscript “?, are taken from Ref. 80.

T  AGin AGuwp Pup AHup ASwp AHyy ASup  Pop
310 6.41 1.97 0.041 1042 2726 1038 2796 0.062
320 6.30 1.68 0.071 1030 2694 1028 27.65 0.105
340  6.05 1.11 0.196 10.06 2632 10.07 27.02 0.272
360 5.87 0.60 0.433 9.84  25.67 9.86 26.44 0.622
380 5.70 0.13 0.844  9.62 2497 9.65 2589 1.282
400 541 —046 1.787 9.42 2475 9.39 25235 242

agreement with the experimental value, 373 K. Note that we
do not consider here the free energy corrections proposed by
Horn et al.,>® as our approach is rigid and polarizable.

4. Electrostatic and dielectric properties
of liquid water

The mean molecular dipole moment for water in liquid
phase, i1, is predicted by TCPE/2013 to be 2.51 + 0.01 D
at ambient conditions. That value is underestimated by about
20% compared to the value estimated from experimental data
using a mean-field approach.>” However, it lies within the lim-
iting values commonly reported when simulating liquid water
with polarizable models (the limiting values are 2.4 and 2.8 D,
see Refs. 6, 46, 58, and 59, for instance). At P = 1 atm, i de-
creases as the temperature increases (see the plot summarized
in the supplementary material®®), until to reach a value of
2.45 D at 360 K. The incidence of the pressure is small on
the latter & values, we note at most an increase of 0.01 D
when comparing the values computed at P = 1 and 1000 atm.

In Figure 11, we plot the dielectric constant €, of lig-
uid water as a function of the temperature (within 270 and
360 K), for P = 1 and 1000 atm. Even though these values are
here computed over long trajectory segments, they are still af-
fected by large uncertainties, which can be as large as 5% of
the computed values. Nevertheless, in agreement with exper-
iment, we note that the computed €, values depend linearly
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FIG. 10. Water Gibbs free energy AG,, computed from TCPE/2013, as a
function of the temperature, for P = 1 atm. In dashed line, the linear regres-
sion fit.

J. Chem. Phys. 139, 114502 (2013)

100F PR S D
95 %
. 90 % %H Y
: t
£ 85F i % %
= E
S 80F % ? i %
Q F B
8 F {
8 o - .
s TOf e
B 65 &
60F
] S e e R
280 300 320 340 360
Temperature in K
FIG. 11. Dielectric constant €, of liquid water. Black squares: TCPE/2013

€, computed at P = 1 atm; blue squares: TCPE/2013 ¢, computed at
P = 1000 atm. (Dashed lines) Linear regression of the TCPE/2013 data (the
corresponding regression coefficients are larger than 0.996 for both sets of
€, values). (Bold gray line) Linear regressions of experimental values of €,
under a pressure of 1 atm.

on the temperature, regardless of the pressure. Moreover, for
P =1 atm, the TCPE/2013 estimates of ¢, are in good agree-
ment with experiment,®® especially in the temperature domain
included within 270 and 320 K. For instance, at T = 298 K,
TCPE/2013 predicts €, to be 77 & 3, whereas the correspond-
ing experimental value is 78.4. For temperatures higher than
320 K, TCPE/2013 predicts slightly overestimated €, values
compared to experiment, at most by 10% at 360 K.

Regardless of temperature, the TCPE/2013 €, values
increase almost linearly with pressure, at a mean rate of
0.08 atm™! (see the data summarized in the supplementary
material®}). However, because of the uncertainties affecting
the computed €, values, the latter rate is only a crude estimate.
Experimentally, €, is also reported to increase as the pressure
increases, however, twice as fast as in our simulations (see the
data collected in Ref. 60).

In Figure 12, we plot the Debye dielectric relaxation time
Tp as a function of the temperature. As the dielectric con-
stant €,, the values of tp are affected by large uncertainties
for temperatures smaller than 290 K, uncertainties which can
be as large as 25% of the 7 values. Nevertheless, our com-
puted 7 values are in good agreement with experiment.5'-6%

Time in ps
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S
T
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T
e
.
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1
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FIG. 12. Debye dielectric relaxation time T computed from exponential fits
of the simulation cell total dipole moment auto-correlation functions.
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For instance, at ambient conditions, TCPE/2013 predicts 7p
to be 7.5 £ 1.2 ps, a value very close to the experimental
one, 8.2 £ 0.4 ps.®' As expected from the agreement between
TCPE/2013 and experiment, the fit (on the temperature do-
main 280-360 K) of the TCPE/2013 t, values to the power
law function ap /(T — T§)*? provides a set of TY and up
values in very good agreement with the experimental ones,
namely, 231 £ 18 K and 1.5 £ 0.4 for TCPE/2013. Experi-
mentally, T) ranges from 228 to 235 K and up ranges from
1.55 to 1.79.63-6

5. Mean residence time in first water hydration shell

The water mean residence times, mrts, in the water
first coordination shell are plotted as a function of 1/T in
Figure 13. Three sets of mrt values have been computed ac-
cording to the Impey approach:*’ they correspond to the pa-
rameter ¥, used in Eq. (31), setto 1, 2, and 4 ps, respectively.
The uncertainties affecting the mrts are at most of 2%.

Regardless of the temperature, the mrts increase as t*
increases. For instance, at ambient conditions, the mrt is 3.0,
3.4, and 4.2 ps, for t* = 1, 2, and 4 ps, respectively. These
values agree with all the theoretical data reported to date,
which are included within 3 and 9 ps.’® Moreover, the mrt
is a increasing function of the inverse of the temperature T,
and that behavior is not tied to the value of the parameter t*.
In particular, the mrt follows a non-Arrhenius behavior at low
temperatures, regardless of 7*. The magnitudes and the lat-
ter remarkable feature of our own computed mrts agree with
the residence time magnitudes and behavior estimated from
NMR experiments.®® Moreover, as several liquid water prop-
erties, our computed mrts can also be accurately represented
by a power law function a,, /(T — T{"" ), with Tg"’ =219
+ 6 K and 1,y = 1.45 £ 0.15, regardless of t* (see the sup-
plementary material®®).

6. Dynamical properties of liquid water

From the water coefficients of diffusion D, com-
puted for different water box dimensions L and at dif-
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FIG. 13. Water mean residence times, mrts, in the water first coordination
shell, computed from the Impey approach,’” with the parameter 7* set to
1 ps (red squares), 2 ps (blue squares), and 4 ps (black squares). The linear
regression fits of the latter set of mrts as a function of 1/T are shown in dashed
lines. They are computed by considering only mrt values corresponding to
temperatures within 298 and 340 K.
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power law function.

ferent temperatures, we estimated the diffusion coefficient
D(T) and the shear viscosity 7(T) according to the relation
(24) (the computed data are provided in the supplementary
material®®). The D, values are plotted as a function of the
temperature in Figure 14. These values are overestimated by
40% compared to experiment for temperatures greater than
280 K. For instance, at ambient conditions, Dy, is 3.6 & 0.5
x 107 cm? s~!', whereas the experimental value is 2.6
x 1075 cm? s~!. However, the Do trend is close to the exper-
imental one. For instance, we fitted the D.s to the power-law
function ap(T — T(I)))“D. We obtain 219 + 6 K and 1.8 + 0.1
for T and pp, respectively, in good agreement with the pa-
rameters derived from the experimental data: 215 4+ 1 K and
2.06 % 0.05, respectively.®’

The TCPE/2013 shear viscosities n(T) are clearly under-
estimated compared to experiment for T < 310 K, by about
40%. For instance, at ambient conditions, the TCPE/2013
n is 0.51 cp, whereas the experimental value is 0.89 cp.®®
However, the difference in 1 values between experiment and
TCPE/2013 decreases as T increases, until to be negligible at
T =360 K (n = 0.29 cp experimentally and for TCPE/2013).

The former TCPE/2008 model was able to predict val-
ues for Dy, and 7 in better agreement with experiment (3.0
+ 0.5 x 107 cm? s~! and 0.75 cp at ambient conditions, un-
published data). To our opinion, the less accurate estimates
computed from TCPE/2013 concerning both the latter dy-
namical properties originate from our new parameter assign-
ment strategy, which leads to noticeably weaken the water
oxygen-oxygen repulsive interactions as compared to the for-
mer TCPE/2008 model (see Sec. II C).

C. Water at the liquid/vapor interface

The plots showing the TCPE/2013 water densities p(z) in
the direction orthogonal to the air/liquid interface at various
temperatures are provided in the supplementary material.®?
By defining classically the thickness &/ of the air/liquid in-
terface as the region where the water density varies from 95%
to 5% of the bulk one, the TCPE/2013 §/ values are about
4,6, and 10 AatT = 300, 400, and 550 K, respectively. At
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FIG. 15. Equilibrium vapor/liquid densities (shown in empty squares).
(Black square) Critical point location.

T = 300 K, our computed §/ value agrees with all the the-
oretical values reported to date, see Ref. 69, for instance.
The profiles p(z) have been fitted to the function defined in
Eq. (33), and the fitted values corresponding to the water liq-
uid and vapor densities p; and p, are reported in Figure 15.

From the densities p; and p,, which are denoted below
p+ and p_, we locate the water critical point using the stan-
dard procedure based on the Wegner expansion in power of
the quantity |T — T,|,’" limited to its first three terms

px = pe +bo|T = Te| £ (BT = Te* + b T = T | +172),
(35)
the subscript ¢ refers to the critical point, by, by, and b, are
three adjustable parameters. Here, we set the parameter .,
to the universal value determined from the renormalization
group theory, e.g., 0.325. The fitted critical temperature T,
and the critical density p. are in particularly good agree-
ment with experiment: the TCPE/2013 ones are 653 + 14 K
and 0.394 4 0.005 g cm~3, respectively, whereas they are
647 K and 0.322 g cm™3 experimentally. If we consider our
estimates of T, and p. together with our crude estimate of the
critical pressure P, about 250 atm (see Sec. IV B 3), all these
results demonstrate the ability of TCPE/2013 to describe the
air/water liquid interface over a large temperature range.

Finally, we plot in Figure 16 the experimental and
TCPE/2013 water surface tension, y(T), for temperatures
included within 250 and 550 K. The difference between
TCPE/2013 and experimental data are at most of 10% for
temperatures smaller than 360 K. However that difference de-
creases as the temperature increases up to be negligible for
temperatures around 400 K. As compared to the recent model
BK3,” whose parameters are mainly developed to reproduce
a large set of liquid water properties, the TCPE/2013 predic-
tions for y(T) appear to be even of better quality, especially
for temperatures larger than 400 K.

From the accurate experimental measurements of
Hacker’! and as recently rediscussed by Holten et al.,’® y(T)
presents an inflection point at about 268 K. Even though our
estimates of y are affected by large uncertainties in the super-
cooled regime, the trend of our computed data seem also to
show the existence of an inflection point at about 270 K. We
may note here that, from a MD simulation study based on a
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FIG. 16. Surface tension of liquid water. (Black squares) Experimental data
from Refs. 71 and 79. (Empty squares) TCPE/2013 results. (Dashed lines)
Results of the fit to the equation defined Eq. (36).

pairwise water model, Lii and Wei’?> showed the existence of
an inflection point for y as well, however, at a higher temper-
ature (about 303 K). Moreover, their computed y (T) exhibits
a stronger dependence on the temperature in the supercooled
regime as compared to experiment and to our computations.

An alternative route to estimate the temperature T, of the
water critical point is to fit the water surface tension to the
function proposed by Vargaftik et al.”?

y(T) = a, (T, — T)* + b, (T. — T)°/*, (36)

for temperatures greater than 275 K. Here, a, and b, are two
parameters. By adjusting the latter parameters and the crit-
ical temperature T, to our simulation results, we obtain a,
= 0.063 £+ 0.003, b, = —6.7 &+ 0.8 x 107, and T. = 675
+ 7 K, in agreement with those derived from the experimen-
tal data: a, = 0.071 & 0.001, b, = —6.9 £ 0.02 x 107>, and
T, =647.0 £ 0.1 K. In particular, the present TCPE/2013 es-
timate of T, agrees with the above estimate computed from
the TCPE/2013 densities p; and p,, about 653 & 13 K.

Finally, we also estimated the pressure P, of the water
critical point by fitting the pressure P,,,, computed according
to Eq. (23), to the Antoine relation

be 37
=ap+ ot T (37)
where, ap, bp, and cp are three adjustable parameters. By fit-
ting them to the data corresponding to temperatures within
320 and 400 K, we obtain P, = 250 £ 50 atm, in good agree-
ment with experiment, about 221 atm.”*

TCPE/2013 is thus able to predict several properties of
liquid water on a wide range of temperature, in particular, the
properties of the water critical point, with a particular high
level of accuracy.

InP,,,

V. CONCLUSION

We propose here a revised version of the original
TCPE/1997 model, e.g., TCPE/2013, which is shown to pro-
vide a good description of water systems, from gas phase
clusters to bulk liquid water, as well as the air/liquid water
interface, on a wide range of temperatures and pressures.
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Moreover, and even though the revised model still slightly
overestimates the water repulsive interactions occurring in
cation first hydration shell, the error is now drastically re-
duced compared to all the efficient water models used up to
now to investigate the solvation of cations. This demonstrates
the ability of TCPE/2013 to be used to simulate neat water, as
well as salt aqueous solutions and ions at the air/liquid water
interface.

Contrary to all the recent models proposed to accurately
model water systems, TCPE/2013 only considers a single po-
larizable center per water molecule, a key point in terms of
computational efficiency. For instance, for a typical water box
made of 1000 molecules simulated using periodic boundary
conditions, the SPME approach and the multiple time steps
algorithm r-RESPAp,'” the cost of the polarization treatment
represents 35% of the total computational time needed to per-
form a MD simulation. Note that we consider here a tight con-
vergence criterion for the dipole moments, which insures a
good total energy conservation along the trajectories. More-
over, the sophisticated energy terms U" and Urhef,, represent
12.5% and 2.5%, respectively, of the latter total computational
time. These performances allow us to perform routinely, on
modern supercomputing systems, numerically accurate and
expensive computations, like free energy ones, as well as to
simulate much larger systems on large enough time intervals.

The TCPE approach considers an energy term, here
U™ 4 Ulh, which is strongly tied to the microscopic
properties of water hydrogen bonding. This could be an
interesting feature to investigate the relation between water
hydrogen bond network properties and water anomalies, as
discussed recently by Mallamace et al.” In particular, we note
that TCPE/2013 predicts a temperature, about 225 £ 5 K, at
which several properties of liquid water in the supercooled
regime have to diverge (such as the thermal expansivity and
the Debye relaxation time), in agreement with the analyses of
experimental data.>'-3%7%7% Hence, even though TCPE/2013
was developed to reproduce solely properties of water clus-
ters in gas phase and of liquid water at ambient conditions,
the latter result suggests that it could also be also usefully
considered to investigate the properties of supercooled wa-
ter, for instance, in conjunction with the theoretical analysis
framework proposed by Limmer and Chandler.””-”® However,
as TCPEP/2013 considers the water molecules as rigid, it is
not suited to be used to investigate phenomena tied to the an-
harmonic character of water OH bonds, like the water isotopic
fractionation.®!

However, some room still exists to improve the quality of
the model TCPE/2013, in particular, to better reproduce water
dynamical properties such as the diffusion coefficient and the
shear viscosity. As a set of four TCPE/2013 parameters have
been assigned arbitrarily, one may consider to assign them in
order to meet the experimental values of the latter properties.
Moreover, we may also consider alternative analytical func-
tions to model the incidence of the surrounding environment
on the local properties of a hydrogen bond. However, since
its first stage of development, the main objective of the TCPE
approach is to best reproduce quantum data concerning wa-
ter aggregates in gas phase, as computed at a quantum high
level of theory (in particular, now, at the complete basis set
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limit). As the available computational resources continue to
increase at a fast rate, we consider that more and more, and
obviously larger and larger, water clusters will be investigated
at a quantum high level of theory in a near future. These new
data will help us in developing a “first principle” TCPE-based
water model. Nevertheless, the model TCPE/2013 is already
well suited to investigate the solvation of ions and of salts in
aqueous phase, under different physical conditions and in dif-
ferent environments. It has to be noted that the transferability
of the TCPE approach to other kind of hydrogen bonded sys-
tems (like alcohol and mixed alcohol/water ones) has already
been shown for clusters.®> We have also already combined
the TCPE/2008 model (to handle water interactions) with so-
phisticated models to handle anion/water and heavy ion/water
interactions'* !> 1% (the latter ion/water models are also based
on many-body potentials, whose analytical form is close to the
water U one). The main difficulties to efficiently combine a
TCPE water model with such ion/water potentials arises from
building/updating specific atom neighbor lists (one for each
kind of energy term).
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