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Abstract

There are a large number of force fields avail-
able to model water in molecular dynamics sim-
ulations, which each have their own strengths
and weaknesses in describing the behavior of
the liquid. One particular weakness in many
of these models is their description of dynam-
ics away from ambient conditions, where their
ability to reproduce measurements is mixed. To
investigate this issue we use the recently de-
veloped fluctuation theory for dynamics to di-
rectly evaluate measures of the local tempera-
ture and pressure dependence: the activation
energy and the activation volume. We exam-
ine these activation parameters for hydrogen-
bond jump exchange times, OH reorientation
times, and diffusion coefficients calculated from
the SPC/E, SPC/Fw, TIP3P-PME, TIP3P-
PME/Fw, OPC3, TIP4P/2005, TIP4P/Ew,
E3B2, and E3B3 water models. Activation en-
ergy decompositions available through the fluc-
tuation theory approach provide mechanistic
insight into the origins of different tempera-
ture dependences between the various models,
as well as the influence of three-body effects and
flexibility:.

1 Introduction

Liquid water plays a vital role in many pro-
cesses in chemistry and biology. It is thus of
no surprise that a plethora of approaches have
been developed to describe its interactions in
the neat liquid,*™® in solution,” and near pro-
teins.®® These models are typically developed
to recreate a specific subset of the features
of liquid water (e.g., density maximum, melt-
ing temperature, vaporization enthalpy), some-
times at the expense of other properties. Re-
gardless of these limitations, empirical water
models have been widely successful in develop-
ing our understanding of water as a neat lig-
uid,?™% under extreme conditions,*”2Y and in
complex environments.#*2%

Most water models, however, do not directly
incorporate dynamical quantities into their pa-
rameter optimization and even fewer use the
temperature or pressure dependence of these
quantities.?*"2? These dependencies are omit-
ted both because their inclusion would signifi-
cantly increase the complexity of fitting force-
field parameters and the difficulty of computing
the properties, e.g., the modification of dynam-
ical timescales with pressure typically requires
precise calculations over a large range of pres-
sures. This has led to a situation where many
empirical water models accurately describe the
self-diffusion coefficient in the bulk liquid at
298.15 K and 1 bar but display variable success
in reproducing the behavior under other condi-
tions. Activation energies and volumes are the
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key measures of the temperature and pressure
dependence of dynamical timescales, indicating
how they behave at nearby conditions.

The activation energy of a dynamical
timescale T,

o _(9lna(1/7'), )
g
where 8 = 1/(k,T') with k;, Boltzmann’s con-
stant and 71" temperature, represents the first-
order description of the timescale’s tempera-
ture dependence. Typically, activation energies
are calculated numerically from experimental or
simulation T-dependent data using the Arrhe-
nius equation, k(7)) = A e PFa where the pref-
actor A and F, are assumed to be temperature

independent.
Similarly, the activation volume of a
timescale,
0In(1
AV = — T M’ 2)
dp

is the first-order description of the timescale’s
dependence on the pressure p. As is the case for
the activation energies, a numerical approach
involving experiments or simulations over a
range of pressures is typically used.**#2 How-
ever, such an analysis can be significantly more
complicated because large pressure ranges — on
the order of thousands of bar — are often re-
quired to resolve changes in the timescale.

While both activation parameters provide
only a local viewpoint of the T and p de-
pendence of these timescales and ignore non-
Arrhenius effects, they are the primary contrib-
utors to these dependence and thus must be
accurate for a model to perform well at other
conditions.

In this Paper, we examine three key
timescales for liquid water — the H-bond ex-
change, or “jump” time, the OH reorienta-
tion time, and the self-diffusion coefficient —
and the corresponding activation parameters
for the SPC/EX SPC/Fw,? TIP3P-PME,®3
TIP3P-PME/Fw, % OPC3/“" TIP4P/Ew,*
TIP4P /2005, E3B2,“8 and E3B3* water mod-
els using the recently developed fluctuation the-
ory for dynamics.®*#%2 This method allows £,

Figure 1: Schematic diagram of interaction sites
for the water force fields.

and AV* to be calculated directly using sim-
ulations at a single temperature and pressure
rather than the numerical Arrhenius approach.
Thus, it provides the activation energy and ac-
tivation volume to high precision. In addition,
it provides a route to otherwise unavailable
mechanistic information through a rigorous
decomposition of the activation energy into
components associated with the motions and
interactions present in the system.

2 Computational Methods

2.1 Force Fields

In the present work we have selected several
commonly used water force fieldgt #0arizniss
used in molecular dynamics (MD) simulations.
These include three- and four-site models, rigid
and flexible models, and some that include
three-body effects. While these models reflect
only a small subset of the vast number of avail-
able force fields, they are widely used in de-
scribing water in the neat liquid, in complex
environments, and in biomolecular simulations.

All of the models use an oxygen-oxygen
Lennard-Jones potential to describe the van der

Waals interactions,
12 6
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(3)
where ro0 is the O—O distance, epp the depth of
the well, and opp the site diameter. Note, each
of the present calculations also use the long-
range tail corrections to the energy and pres-

ULs(roo) = 4€eoo




Table 1: Force field parameters used for each of the water models.

Water 000 €00 qo qH o ko o ko  Tom qm
Model (A) (kcal/mol) (e) (e) (A) (K) (degrees) (K)  (A) (e)
SPC/E1 3.166 0.155 -0.8476  0.4238 1.0 - 109.47 - - -
SPC/Fw* 3.165 0.155 -0.82 0.41 1.012 1059.162 113.24  75.90 - -
TIP3P-PMEGS3 3.188 0.102 -0.83 0.415  0.9572 - 104.52 - - -
TIP3P-PME/Fw@33 3,188 0.102 -0.83 0.415  0.9572 900 104.52 110 - -
OP(C327 3.17427 0.16341  -0.89517 0.447585 0.97888 - 109.47 - - -
E3B228 3.1536 0.1550 0.0 0.520 0.9572 - 104.52 - 0.1550 -1.040
E3B3% 3.1589 0.1852 0.0 0.5564  0.9572 - 104.52 - 0.1546 -1.1128
TIP4P /2005 3.1589 0.1852 0.0 0.5564  0.9572 - 104.52 - 0.1546 -1.1128
TIP4P /Ew™ 3.16435 0.16275 0.0 0.5242  0.9572 - 104.52 - 0.1250 -1.0484
Note: ogg and egg are zero for all models.
Water Model & ko &, & E. ks
kcal /mol At kJ/mol kJ/mol kJ/mol  A-!
E3B2 2.349x10° 4.872 1745.7  -4565.0 7606.8  1.907
E3B3 0.453x10° 4.872 150.0 -1005.0  1880.0 1.907

sure described by Sun.*¥ The electrostatic in-
teractions are calculated using Coulomb’s law,
4; q;

as

UElec(T'ij) - ; - 477607’1‘]‘7 (4)
where ¢; and ¢; are the charges of the i*" and
5t atoms separated by distance rij, and € is
the permitivity of free space. The long-range
electrostatics are described using the Particle-
Particle-Particle-Mesh Ewald (PPPM) summa-
tion method.*#? We have included in Table
the potential parameters for each model inves-
tigated in the present work.

In three of the water models studied (SPC/E,
TIP3P-PME, and OPC3) the molecular inter-
actions are fully described by Egs. and
with the SHAKE algorithm“® used to hold the
bonds and angles at their equilibrium values.

Two other models (SPC/Fw and TIP3P-
PME/Fw) incorporate flexibility in the form of
harmonic bond stretches and angle bends, as

(5)

Uvona(Ton) = §kOH (rom —10)?,

and

1
Uangle(e) = §k9 (eHOH - 90)27 (6)

where koy (kg) is the bond (angle) force con-
stant, rog (@gom) is the instantaneous bond
length (angle), and ro () is the equilibrium
bond length (angle). For SPC/Fw the force
field was obtained by a reparameterization of

the SPC/E Lennard-Jones parameters while
adding flexibility,? while for TIP3P-PME/Fw
flexibility was added without other changes
from the TIP3P-PME parameters.®4 It should
be noted that the PME variant of TIP3P uses
the corrected parameters developed by Price
and Brooks in Ref. [33| which account for the in-
clusion of long-range electrostatics in the calcu-
lations. Previous studies indicate that the origi-
nal TIP3P parameterization has even faster dy-
namics than TIP3P-PME. 33

Two additional models use a 4-site descrip-
tion of water (TIP4P/Ew and TIP4P/2005) in
which the oxygen retains its Lennard-Jones site
but the oxygen charge is moved a distance rops
away from the oxygen atom along the bisector
of the HOH angle between the hydrogen atoms.
This is depicted schematically in Fig. [T} These
interactions are still calculated from Egs.
and (), but with the modified oxygen charge
position.

The models listed above are completely pair-
wise, with many-body effects included only in
an average way by virtue of the fitting to ex-
perimental data. The E3B models developed
by Tainter et al.“®% are built on top of existing
4-site descriptions of the pairwise interactions
to include explicit three-body cooperativity as
part of the model. The total potential energy
of each E3B model may be written in terms of



the above equations as
UE3B - Ubase + U2 + U3—b0dy7 (7)

where here Upuse is the potential energy de-
scribed by the TIP4P model (E3B2) or the
TIP4P /2005 model (E3B3).

This first term in the three-body part,

Us(rij) = & Z e i (8)
4,J

removes the many-body interactions typically
built into two-body potentials implicitly. Here
& and ko are constants and r;; is the distance
between the two oxygen atoms. The explicit
3-body part of the potential is

U3—b0dy =Us+ U+ Ue (9)

where A, B, and C are labels for anti-
cooperative double H-bond donor interactions
(central water donates H-bonds to two other
waters), cooperative interaction of molecules
that donate and accept an H-bond (central wa-
ter donates to one water, accepts from another),
and the anti-cooperative double H-bond accep-
tor interactions (central water accepts from two
other waters), respectively. These three config-
urations are illustrated below in Fig. The
terms Uy, Up, and Ug are calculated as

Ux =&x Z f(rig) f(ri), (10)

i7j7k7l

where X = A, B, or C, and r;; and ry; are the
H;--- 0O, hydrogen bond distances connecting
the central water molecule to the two other wa-
ter molecules in the triad interaction.

The function f(r) is given by

flr) = e s(r), (11)
where s(r) is the switching function,
1 r < Ty
s(r) = (rf_rzjﬁ;:?g_grs) re <r<r; (12)
0 r>Try

which smoothly truncates the calculation of 3-

body interactions at OH distances between ry =
5.0 A and r; = 5.2 A. This term is included
because the summations in Egs. @D and
include 42 terms, which fall off nearly to zero
beyond 5.0 A, thus these terms are excluded at
greater distances for computational efficiency.

2.2 Fluctuation Theory

Recently, we have shown how the temperature
and pressure dependence for a general prop-
erty can be obtained from simulations at a sin-
gle p and T using fluctuation theory for dy-
namics.®*%2 To illustrate the approach, we can
consider a general time-dependent property,
f(t), and its average in the isobaric-isothermal
(NpT) ensemble, (f(t)). It is straightforward
to show that the temperature derivative of the
average is given by

O/ (t))
op

where 0 H(0) = H(0)—(H) and 6V (0) = V(0)—
(V) are the fluctuations in energy and volume,
respectively, at t = 0. We note that at 1 bar,
the pdV term is approximately 10* — 10° times
smaller than the 0 H(0) contribution and thus
can be neglected at low pressures. Thus, in this
work we take

o(f (1))
op

= —([0H(0) +poV(0)] f(¥)), (13)

— —GHO)f@).  (14)

The pressure derivative can similarly be ex-
pressed as*’

a{f(1))
dp

= —p{0V(0)f(1))- (15)

A key feature of the expressions in Egs.
and is that they can be evaluated from
the same simulations, at a single p and 7', used
to calculate (f(t)) itself. That is, they are the
analytical derivatives with respect to § and p
in contrast to the numerical derivative obtained
from an Arrhenius analysis in either 7" or p.

In the following, we describe how this dy-
namical fluctuation theory can be straightfor-
wardly applied to determine the temperature
and pressure dependence of the diffusion coef-



ficient, the OH reorientation time, and the H-
bond exchange jump time.

2.2.1 Diffusion Coefficients

A key measure of water dynamics is contained
in the self-diffusion coefficient, D, which can
be obtained experimentally from quasi-elastic
neutron scattering,*® tracer studies,**% or Nu-
clear Magnetic Resonance (NMR) measure-
ments.?1®4 In MD simulations, the diffusion co-
efficient is obtained from the long-time behav-

ior of the average mean-squared displacement,
(MSD(t)) = (|7(0) — 7()[*),

D:limM

t—o0 o6t ’

(16)

where 7(t) is the molecule position, here defined

by the location of the oxygen atom, at time ¢.
Taking the derivative of D in Eq. with

respect to [ gives a result analogous to that in

Eq. ,

(17)
so that the activation energy associated with
the diffusion coefficient is
lim (5 (0) [(0) — 7(®)[*)
—00
: ST A2
T {[7(0) — (1))

(18)

a,D —

In practice, the ratio of the slopes (at long
times) of the numerator and denominator are
used to determine E, p. Analogous results are
obtained for the pressure derivative giving

i v 170) — o
T T ([7(0) — A0)P)

(19)

for the activation volume for diffusion.

It is well known that D is underestimated
in periodic-boundary condition (PBC) simula-
tions such as those used here. This can be cor-
rected using®?°0

2.837297kpT
D=2D _— 20
pPBC + 6L (20)

where Dppc is the value calculated from
Eq. in PBC simulations, 7ns is the shear
viscosity, and L is the side length of the PBC
simulation cell. From a simulation, the shear
viscosity is evaluated from the Green-Kubo re-
lation,
V o
= [ (PusOPu)d, (1)
B 0

where here the repeated af subscript denotes
an average of the five correlation functions
constructed from the stress tensor: (P, —
P,)/2,(P,, — P..)/2, Py, P,., and P,,. We
have previously shown F, p is unaffected by this
correction if the Stokes-Einstein relation holds
and only minimally affected if it does not,*® so
no corrections are used.

We have previously reported diffusion activa-
tion energies for SPC/E and TIP4P /2005 water
using this method®*!” as well as activation vol-
umes for TIP4P /2005 water.“"

2.2.2 Reorientation Times

The OH reorientational dynamics of water are
most frequently characterized by the second-
order reorientation time correlation function

(TCF),
Cy(t) = (Pa[on(0) - eon(t)]),  (22)

where €ppy is a unit vector along the OH bond
and P, is the 2" Legendre polynomial. The
dynamics can be measured by infrared pump-
probe anisotropy experiments, which determine
the anisotropy decay, r(t) = 0.4Cy(t),”" or
NMR measurements that yield the average re-
orientation time given by the integral of Cy(#).”®

In water, Cy(t) decays on three timescales
which can be attributed to inertial, librational,
and reorientation associated with H-bond dy-
namics. It is this last, denoted as 75, which is
of greatest interest and the focus of the present
work. The timescales can be obtained by fitting
C5(t) to a tri-exponential function

Cay(t) = Age '™, (23)



where oo = iner, libr, and 2. Following Eqgs.
and , it is straightforward to show that

8%2;) = —(0H(0)P, [€on(0) - Eon(t)]), (24)
and
a%p(t) = —B{OV(0) P, [€on (0) - €on(t)]).

(25)
These derivative TCFs can be fit to the corre-
sponding derivative of Eq. ,

0Cs(1) _ Z {% B Aatﬁ(l/m) o—t/Ta

ox ox ox ’
(26)
where x = [ or p. In the fitting, the ampli-
tudes A, and timescales 7, are constrained to
the values obtained in fitting Cy(t) to Eq.
so that their derivatives are the fitting param-
eters. Given the timescale and its derivatives,
the reorientational activation energy, F, o, and
activation volume, AV;, can be obtained. We
have previously calculated reorientation activa-
tion energies in this way for the SPC/E***! and
TIP4P /2005 models, but have never reported

reorientation activation volumes.

2.2.3 H-bond Jump Times

The fundamental molecular mechanism under-
lying both diffusion and reorientation in wa-
ter is the exchange of H-bond partners. #1U59
These exchanges, or “jumps,” can be thought
of as a kind of chemical reaction in which an
OH group breaks one H-bond and forms an-
other. The corresponding rate constant can be
obtained from the stable-states, side-side, time
correlation function,

Cap(t) = (1a(0) s (1)) (27)

where n, = 1 (n, = 1) if the OH is H-bonded
to acceptor a (b). Thus, for an OH initially H-
bonded to an acceptor labeled a, Cy(t) is zero
at t = 0 when n, = 1 and n, = 0, but rises as
OH groups switch to new acceptors. The time
dependence is such that 1 — Cy(t) decays with
the jump time 7y, which is the inverse of the

rate constant for the H-bond exchange. In prac-
tice, there is also some small-amplitude, short-
time dynamics not associated with the H-bond
jumps so that 1 — Cg(t) is accurately fit by
Eq. with two exponentials and the longer
timescale equal to 7.

The derivatives of the stable-states TCF are

obtained from Egs. and as

o1 — Cu(t)]

Tb = (6H(0) na(0) my(t)),  (28)
and

3[1—8—5@@)] = B0V (0) ng(0) np(t)).  (29)

In analogy to the reorientational dynamics,
these derivative TCFs can be fit to Eq. to
obtain 9(1/7y)/9 and 0(1/71)/0p and then the
jump time activation energy, F,o, and activa-
tion volume, AV, It should be noted that for
both reorientational and jump dynamics, finite
simulation size effects are not expected to play
as large a role as they do for diffusion due to
the small volume of each water molecule.®V We
have recently carried out a detailed investiga-
tion of the jump activation energies for SPC/E
water.

2.2.4 Activation Energy Decomposi-
tions

A key feature of fluctuation theory for dynam-
ics is the ability to decompose the activation en-
ergy by separating the energy fluctuation into
components, e.g., 0H = IKE+6Ur;+0Ugec+
0UBond + 5UAngle + 60U, + 6U37body- This allows
the calculation of different contributions to the
activation energy as

E — EKE +ELJ +EEleC
+ EaBond_‘_ E:;Xngle (30)
+ EU2 4 p3-body,

These different contributions to the activation
energy can be understood in terms of Tolman’s
(rigorous) perspective in which the activation
energy is equal to the average energy of react-
ing species minus the average energy of reactant



species.®! That is, rather than the energy of the
barrier itself, F, is the energy required to over-
come the barrier and hence is decomposable.
As an example, the kinetic energy contribu-
tion to the diffusion activation energy can be
calculated by replacing §H(0) with 6 K E(0) in
the derivative of the mean-squared displace-

ment. Then, the kinetic energy contribution
is given by
lim (§K E(0) |[7(0) — 7(t)|?
g EROKEOVO) —0R)
’ T ([7(0) — (1))

and can be interpreted as the average kinetic
energy of diffusing molecules minus the average
kinetic energy of all molecules.

Extracting activation energy contributions
to the jump or reorientation derivative TCF's
are likewise straightforward.  The relevant
component of the derivative of the timescale,
e.g., O(1/m0)/0BKE, is extracted as dis-
cussed by fitting the contribution TCF, e.g.,
(0K E(0)na(0) np(t)) to Eq. just as the to-
tal derivative TCF is fit. This derivative value
is then used to calculate the activation energy

component, EX7” = (1/7)[0(1/19)/08%"].

2.3 Simulation Details

For each model, we used PACKMOL%? to gen-
erate initial configurations and necessary data
files for MD simulations. Initial velocities were
generated from the room temperature Maxwell-
Boltzmann distribution. Simulations were run
using the Large-Scale Atomic/Molecular Mas-
sively Parallel Simulator (LAMMPS).%¥ An
isothermal-isobaric, NpT', ensemble trajectory
was propagated at 1 bar and 298.15 K for 1 ns
to reach equilibrium, and then production sim-
ulations were run for 50 ns.®#%9 A Nosé-Hoover
thermostat and barostat were used, both of
chain length 3, with damping parameters of
100 fs and 1000 fs, respectively.®*? From these
production simulations, configurations and ve-
locities were output every 1 ps, for a total of
50,000 configurations for each water model.
From each of these saved configurations a
20 ps constant energy, NV E, simulation was
propagated with configurations dumped every

10 fs, from which the TCFs were calculated.
Reported values were obtained by averaging
these TCFs across all 50,000 trajectories, and
then fitting these averaged results. Similarly,
derivative correlation functions were calculated
in the same way with each trajectory’s contribu-
tion to the average weighted by the fluctuation
in the energy. Uncertainties in the fluctuation
calculation are reported using block averaging
over 10 blocks, and represent a 95% confidence
interval according to Student’s ¢-distribution.®®

We have additionally calculated the viscosity
of each water model from additional MD simu-
lations. For these simulations, five sets of equi-
librium configurations and velocities were used
as starting points for 1 ns NVT simulations,
from which viscosities were calculated using the
Green-Kubo formalism described in Sec. 2.2.11
Each trajectory was used as a block for block
averaging and values are again reported as a
95 % confidence interval. For TIP3P-PME/Fw
the pressure tensor was output every 4 ps as it
was required to accurately capture the oscilla-
tions in the correlation function. For all other
models the pressure tensor was output every 10
ps. For all models the viscosity time-correlation
function was calculated over 5 ps, with time ori-
gins separated every 100 fs.

For all simulations, the timestep was 1 fs and
the PPPM method*** was used for the calcu-
lation of electrostatic interactions, with a tol-
erance parameter of 1 x 10~*. For simulations
involving rigid water molecules, the SHAKE al-
gorithm“® was used to hold bonds and angles
constant, also with a tolerance of 1 x 107

3 Results and Discussion

We have evaluated the jump time 7y, the re-
orientation time 7, and the diffusion coeffi-
cient D along with their activation energies and
volumes calculated using dynamical fluctuation
theory. In the following, we present and discuss
the values obtained for these properties from
the different water models and compare with
available experimental results.
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Figure 2: The H-bond jump time 7y (black), OH
reorientation time 7, (red), and diffusion coef-
ficient D (blue) are presented for each water
model. Experimental values for the reorienta-
tion time® ™ (red dashed line) and diffusion co-
efficient™ (blue dashed line) are also included.

3.1 Timescales

We begin by examining the jump time, reori-
entation time, diffusion coefficient, and viscos-
ity calculated from the simulations described
in Sec. 2 for each studied force field. We have
reported these timescales for each model in Ta-
ble[2] and plotted them in Fig.[2] The values are
in excellent agreement with previous reported
simulations results in the literature, 2 033T4TT
For comparison, we have included available ex-
perimental literature results, Note that pump-
probe IR anisotropy results have yielded 7 =
2.5, 2.6, and 2.7 ps;™ in the following we
use the average of these results, 2.6 ps, as the
experimental value.

We first consider the rigid 3-site water mod-
els, SPC/E, TIP3P-PME, and OPC3. These
models give some of the shortest reorientation
and jump times and some of the largest dif-
fusion coefficients. In particular, the 7 value
predicted by the SPC/E (2.63 ps) model is in
excellent agreement with the measured result
of 2.6 ps. In contrast, the OPC3 (3.03 ps)
predicts slower dynamics than measured while
the TIP3P-PME reorientation time of 1.67 ps
is dramatically lower.

The H-bond jump time cannot be directly ex-
tracted from experimental measurements and

thus we do not have an unambiguous way to
use it to test the models. However, because
the OH reorientation time is dominated by the
timescale for H-bond jumps,?*? it is a reason-
able assumption that the models which describe
79 well should yield the most accurate jump
time. This yields an inference that the “experi-
mental” 7y is approximately 3.2 — 3.3 ps, based
on the SPC/E, SPC/Fw, and TIP3P-PME/Fw
results.

The diffusion coefficients for the rigid 3-site
models overestimate the experimental value.
The SPC/E and OPC3 do so modestly, yield-
ing values that are 24 and 8% larger than the
measured D. As with the other timescales,
the TIP3P-PME model predicts grossly accel-
erated diffusive dynamics with D more than
93% too big. The viscosities of these mod-
els are consistent with this as they have sig-
nificantly lower values than that reported ex-
perimentally.™ It is certainly interesting that
a model like SPC/E correctly predicts 75, but
overestimates ID. Both quantities have H-bond
exchanges as the underlying process, but diffu-
sion involves a component related to the size of
the translational “jump” upon exchange®? and
perhaps it is this structural quantity that is not
properly described within the SPC/E model.

The impact of the faster dynamics in the
TIP3P-PME model should be clearly recog-
nized given that it is one of the most frequently
used models for biomolecular simulations. The
present results indicate that not only does the
TIP3P-PME model diffuse and reorient more
quickly than real water as has been frequently
reported in the literature, ™™™ it likely also ex-
changes H-bond partners more quickly than real
water. This could have important implications
for studies of processes influenced by these mo-
tions, e.g., water dynamics involved in enzy-
matic reactions and in hydration of proteins.

Two of the models studied, SPC/Fw and
TIP3P-PME/Fw, involve the addition of bond
and angle flexibility to a rigid 3-site model. In-
terestingly, the addition of flexibility appears
to fix many of the sins of the TIP3P-PME
model. TIP3P-PME/Fw gives a reorientation
time in perfect agreement with the experimen-
tal result and has a diffusion coefficient that



Table 2: H-bond jump time 75, OH reorientation time 7o, diffusion coefficients directly from the
simulations, Dppc, and corrected for finite-size effects, D, and shear viscosities, ny for different
water models; times are in ps, diffusion coefficients are in 107> cm? /s, and shear viscosities are in
cP. Subscripts indicate uncertainties in the trailing digit(s).

Model 70 T2 DPBC D Ns
SPC/E 3.1603  2.633, 2.437, 2.85 0.713
SPC/Fw 3.23790 2.6992; 2.35815 2.723 0.825
TIP3P-PME 2.2453  1.6867 3.823¢ 4.465 0.46,
TIP3P-PME/Fw 3.273y5 2.603;0 2.3915 2.76; 0.80,
OPC3 3.531;  3.031g  2.1204 2.48; 0.82
E3B2 4.440; 3.907;; 1.7213 2.00; 1.033
E3B3 4.346; 3.871y  1.727, 2.02, 1.014
TIP4P /2005 3.657; 3.165g 2.030, 2.377 0.85
TIP4P /Ew 3.3501, 2.815¢ 2.3143 2.70, 0.753
Expt. 09 - 2.6 2.30  0.8903

is significantly more reasonable. Furthermore,
the viscosity of TIP3P-PME/Fw is nearly dou-
ble that of TIP3P-PME, bringing it in line with
the other 3-site models studied. Interestingly,
the SPC/Fw model, which both adds flexibil-
ity and reparameterizes the intramolecular in-
teractions, provides only minimal differences in
the timescales when compared with the SPC/E
model though it does slightly increase the mod-
els viscosity.

Compared with the 3-site models, the dy-
namics of the 4-site models, TIP4P /2005 and
TIP4P/Ew, are generally slower. We find OH
reorientation times of 2.82 ps for TIP4P/Ew
and 3.17 ps for TIP4P /2005, which are longer
than the measured 75. This suggests that these
models also overestimate the H-bond jump
time. On the other hand, the TIP4P /2005
diffusion coefficient, 2.37 x 107° cm?/s, is the
closest to the experimental value out of all
the force fields studied and TIP4P/Ew gives a
reasonable result (2.70 x 107° c¢m?/s). Like-
wise, the TIP4P /2005 viscosity is the clos-
est to the experimental value of all the wa-
ter models. Like the 3-site models, the 4-
site model with the most accurate reorientation
time, TIP4P/Ew, gives a diffusion coefficient
that is too large, while the excellent prediction
of D by TIP4P /2005 is accompanied by a reori-
entation time that is 22% larger than obtained
in experiments.

The addition of 3-body interactions in the

E3B2 and E3B3 models leads to slower dy-
namics compared to the pairwise 4-site mod-
els. They exhibit reorientation times that are
too long by more ~ 1.2 ps (50%) and diffu-
sion coefficients that are underestimated, un-
like all the other force fields considered. The
predicted D are, however, quite reasonable,
providing the second best agreement behind
the TIP4P /2005 model (upon which the E3B3
model is based). The slower D than experiment
is consistent with our calculated values of the
viscosity, which indicate that both E3B variants
are more viscous than experiment.

Overall, the results show that the best mod-
els to use to obtain the correct OH reorien-
tation time at 298.15 K and 1 bar are the
rigid 3-site SPC/E and the flexible variants
SPC/Fw and TIP3P-PME/Fw. For diffusion,
the TIP4P /2005 force field provides the most
faithful reproduction of the experimental D.

3.2 Activation Energies

We next turn to an investigation of the temper-
ature dependence of each water model as mea-
sured by the activation energies of the jump
time, the OH reorientation time, and the dif-
fusion coefficient at ambient conditions (298.15
K, 1 bar). The calculated activation energies
(and their decompositions) are provided in Ta-
ble 3| and plotted them in Fig. 3]

Measured activation energies have been re-



Table 3: Activation energies (in kcal/mol) of the jump time, OH reorientation time, and diffusion
coefficient. Subscripts indicate uncertainties in the trailing digit(s).

Jump Time, 7

Model Total KE Elec LJ Bond Bend E3B Es E, By E.
SPC/E 3.094 0.955 2.855 -0.724 - - - - - - -
SPC/Fw 327 1.02, 29813 -0.715 -0.14; 0.135 - ; - ; ;
TIP3P-PME 2.715 0.883 2.304 -0.473 - - - - - - -
TIP3P-PME/Fw  3.38¢ 1.043 3.0219 -0.695 -0.0935 0.10 - - - - -
OPC3 3.266 0.983 3.027 -0.744 - - - - - - -
E3B2 4.11¢ 1.093 3.995 -1.259 - - 0.28; -0.31; 0.01; -0.124 0.75
E3B3 4.032 1.074 4.167; -1.295 - - 0.09; -0.04; 0.01; -0.155 0.28,
TIP4P/2005  3.635 1.04, 3.695 -1.10g _ _ _ _ ; _
TIP4P /Ew 3.52¢ 1.003 3.54g -1.015 - - - - - -
Reorientation Time, 7
Experiment:%*%0 4.1 £ 0.5, 3.7 & 0.5 kcal /mol
Model Total KE Elec L] Bond Bend E3B Es E, Ep E,.
SPC/E 3.545 1.084 3.33¢ -0.867 - - - - - - -
SPC/Fw 3.699 1.175 3.3497 -0.839 -0.149 0.159 - - - - -
TIP3P-PME 2.987 0.94¢ 2.6417 -0.609 - - - - - - -
TIP3P-PME/Fw  3.795 1.184 3.4134 -0.861¢9 -0.064 0.11, - - - - -
OoPC3 3.715 1.133 3.4515 -0.877 - - - - - - -
E3B2 4.6919 1.265 4.533 -1.42 - - 0.322 -0.3935 -0.045 0.39135 0.3519
E3B3 4.55g 1.245 4.6617 -1.44¢ - - 0.10; -0.05; 0.000 -0.064 0.214
TIP4P /2005 4.1219 1.215 4.1914 -1.28g - - - - - - -
TIP4P/EW 3.9810 1.125 3.9812 —1.138 - - - - - - -
Diffusion Coefficient, D
Experiment:42 2281 424 6 kcal /mol
Model Total KE Elec LJ Bond Bend E3B Es E, Ey E.
SPC/E 3.61g 1.074 3.4912 -0.964 - - - - - - -
SPC/Fw 3.801¢9 1.173 3.6497 -0.987; -0.157 0.134 - - - - -
TIP3P-PME 3.26g 0.94; 3.14g -0.823 - - - - - - -
TIP3P-PME/Fw  4.04g 1.305 3.5312 -0.95¢ 0.074 0.103 - - - - -
OPC3 3.847 1.113 3.781;9 -1.054 - - - - - - -
E3B2 4.739 1.274 4.6217 -1.48g - - 0.3117 -0.523 -0.18, 1.8614 -0.851¢
E3B3 4.5917 1.235 4.7419 -1.48g - - 0.09; -0.07; -0.01; 0.243 -0.073
TIP4P /2005 4.105 1.164 4.18 -1.245 - - - - - - -
TIP4P /Ew 4.039 1.144 4.1015 -1.219 - - - - - - -

10
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lower activation energies, 3.6 —4.0 kcal/mol and

sults and their sizable error uncertainties.
4-site and 3

4.69 kcal/mol.

general categories. Namely,

of 4.0 — 4.7 kcal/mol. Unfortunately,
The TIP3P-PME model gives an
any other force field. Otherwise,
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though with values that overlap. The latter
The TIP3P-PME result lies sig-

-body models that give higher acti-
, 4.0
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but we find that the ordering of the ac-
The 3-site models predict a weaker tem-

tivation energies in these models is similar to

No experimental value exists to which we can
that of

group is in better accord with the measured dif-
compare the calculated jump activation ener-

fusion activation energy, suggesting that these
force fields better represent the temperature de-

pendence of water diffusion.
nificantly outside the range of the other mod-

vation energies
els.

gies,
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Experi-

Figure 3: Activation energy decomposition for
the studied water models are included for a) the
static, Lennard-Jones, and other contributions
to the activation energy are presented in black,
red, blue, purple, and orange, respectively. The
experimental values of the diffusion and reorien-
tation activation energies are included as black

dashed lines on their respective plots.
mental uncertainties are included as gray solid

diffusion coefficient. The total, kinetic, electro-
lines.

jump time, b) the reorientation time, and c¢) the



perature dependence of the H-bond jump time,
E.o ~ 3.1 — 3.4 kcal/mol compared to the
TIP4P- and E3B-based descriptions which give
3.5 — 4.1 kcal/mol.

We have recently shown*' that FE,» may
be calculated based on the extended jump
model, % which gives it as a contribution from
two terms. The first is the contribution due
to jumps including E, o and a measure of the
temperature dependence of the size of the an-
gular jump. The second is the activation en-
ergy of the unbroken H-bond, or “frame,” re-
orientation obtained from the Cy(t) TCF based
on the Oy - - - O, vector for H-bonded pairs be-
tween jumps. In that work we found that the
jump term for the SPC/E model contributed
2.56 kcal/mol to the reorientation activation en-
ergy while the frame reorientation added 1.37
kcal/mol. In the present work, we have not
calculated these contributions, but it is inter-
esting to consider that different water models
might predict different relative jump and frame
contributions to E, 5.

The addition of 3-body contributions in the
E3B2 and E3B3 models raises the activation
energies of all three timescales significantly by
about 0.4 — 0.7 kcal /mol compared to the 4-site
descriptions. Experimental uncertainty does
not allow us to differentiate between these val-
ues based on measurements.

The present results indicate that the 4-site
and 3-body force fields provide better descrip-
tions of the diffusion coefficient and the corre-
sponding activation energy. The TIP4P /2005
model appears to give the best agreement
with measurements of these quantities. This
is consistent with its wide use in modeling
the T-dependence of water dynamics, includ-
ing at temperatures far from ambient condi-
tions. 228283 However, as noted above, 3-site
models like SPC/E and TIP3P-PME/Fw are
superior at describing the OH reorientation
time, but unfortunately we cannot use exper-
imental measurements of the associated activa-
tion energy to determine if they also properly
describe the temperature dependence.
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3.3 Activation Energy Decompo-
sition

As we have noted, a key advantage of the fluctu-
ation theory for dynamics approach is the mech-
anistic insight it generates via a rigorous decom-
position of the activation energy based on the
motions and interactions present in the system.
To explore possible differences in the activation
energy origins for the different water models we
have decomposed them into contributions from
the inter- and intramolecular interactions as de-
scribed in Sec. [2.2.4] The results are given in
Table [3| and Fig. 3]

We first note that every model exhibits the
same qualitative, even semi-quantitative behav-
ior, in which the dominant contribution is as-
sociated with electrostatics, the kinetic energy
is a more modest, positive component, and the
Lennard-Jones interactions reduce the activa-
tion energy. We have previously observed this
behavior for the SPC/E and TIP4P /2005 mod-
elg#9r 380l Gpecifically, we found that the com-
petition between EF¢ and EL’/ can be under-
stood by the interactions involved in breaking
an H-bond. During an H-bond exchange, the
H-bond acceptor moves out of the first solva-
tion shell of the donor water molecule. This
requires an increase in the electrostatic energy
between the two molecules but a decrease in
the Lennard-Jones interactions, which lie on the
repulsive wall of the potential in the intact H-
bond. The present results indicate that, despite
the relatively wide ranges of timescales and ac-
tivation energies calculated from these models,
they treat the underlying competition between
these contributions in a similar way.

Considering specifically the kinetic energy
contribution to the activation energies, we see
(Table that it lies in the range 0.88 —
1.3 kcal/mol over the full set of models and
timescales. The smallest kinetic energy con-
tributions occur for the TIP3P-PME model in
every case, which we noted above significantly
underestimates every activation energy. Ignor-
ing this model we find that the range of values
is even smaller for a given timescale where for
the jump time EXP = 0.95 — 1.09 keal/mol,
for the reorientation time E})° 1.08 —



1.26 kecal/mol, and for the diffusion coefficient
EXE =1.07 — 1.30 kcal/mol. While these dif-
ferences are small, the E3B models consistently
have the largest kinetic energy contribution and
the SPC/E, OPC3, and TIP4P/Ew force fields
have the smallest.

Examination of the electrostatic contribu-
tions also yields a consistent picture. It is
not only the largest contribution but quite
close to the total activation energy, within ~
0.4 kcal/mol, in every case. In this way it
closely tracks the trends in the activation en-
ergy for the different models that are discussed
above. As would be expected from the physi-
cal picture of competition between the electro-
static and Lennard-Jones interactions we have
just described, we find EF'*¢ and EL/ are anti-
correlated. Smaller electrostatic contributions,
which occur particularly for the rigid and flexi-
ble 3-site models, are accompanied by smaller in
magnitude (less negative) Lennard-Jones com-
ponents. In contrast, for the 4-site and 3-body
force fields we find the electrostatic component
of the activation energy is larger and the corre-
sponding Lennard-Jones term is bigger in mag-
nitude (more negative).

It is also interesting to consider the other
contributions to the activation energy associ-
ated with flexibility or 3-body interactions that
are not shared by every model. Interestingly,
the bending and stretching contributions to the
activation energy of SPC/Fw essentially can-
cel each other for every timescale so that the
molecular flexibility has no direct effect on the
activation energy. This is also true for the
TIP3P-PME/Fw model for the jump and re-
orientation time activation energies, but they
combine to increase F,p in the case of diffu-
sion. More importantly, these results indicate
that the differences in the E, predicted by the
SPC/E and SPC/Fw models, which are mod-
est, and those between the TIP3P-PME and
TIP3P-PME/Fw models, which are significant,
must be attributed to underlying changes in the
liquid structure induced by the addition of flex-
ibility rather than a direct role in the dynamics.

In the E3B2 and E3B3 models, the activa-
tion energy contributions that come from the
addition of 3-body interactions likewise do not
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Figure 4: Contributions to the jump (black),
reorientation (red), and diffusion (blue) activa-
tion energies for the E3B model components
(Uz, Ua, Up and Ug) for the E3B2 (striped
bars) and the E3B3 (empty bars) models.

add up to the total difference in the activation
energy when compared with their base mod-
els (TIP4P/2005 for E3B3). Indeed, the 3-
body terms add ~ 0.3 and 0.1 kcal/mol to
the activation energy of each timescale for the
E3B2 and E3B3 model, respectively. Note
that, in the case where a direct comparison
is possible, the overall activation energies are
0.39 — 0.43 kcal/mol higher for the E3B3 force
field than for the base TIP4P /2005 description.
Thus, as was the case for the effect of molecu-
lar flexibility, it is apparent that the key effect
of including 3-body interactions is the modifi-
cation of the liquid structure.

The 3-body contribution to the activation en-
ergy can be further decomposed into the com-
ponents due to the many-body correction to
the pairwise potential (EY2), anti-cooperative
arrangements (EY4 and EY¢); and cooperative
arrangements (EV5). We have plotted this de-
composition for both E3B2 and E3B3 in Fig.
along with a schematic illustration of the lat-
ter three interactions. For both models, the



EY2 represents a small negative contribution
to the activation energy, but the magnitude
for E3B2 is significantly greater than that of
E3B3. Because the U, term is designed to re-
move the many-body effects implicitly included
in the base pairwise force field,*®#? this term
provides insight into the approximate magni-
tude of the base model activation energy asso-
ciated with those many-body effects. Thus, the
negative values of EV? indicates that the base
4-site potentials (TIP4P, TIP4P/2005) would
have lower activation energies if many-body ef-
fects were not included implicitly.

For both models, the anti-cooperative ar-
rangement term EU4 contributes the least to
the activation energy, with only reorientation
and diffusion having slight negative contribu-
tions for the E3B2 model. This suggests that
the base 4-site models accurately describe the
T-dependence of the Type A, anti-cooperative,
arrangements without explicit inclusion of 3-
body effects. The majority of the remain-
ing contribution to the activation energy comes
from the Type B and Type C arrangements,
which are (generally) in opposition to one an-
other for each timescale. Interestingly, the
Type B (cooperative) configurations appear
to strongly increase the T-dependence of the
diffusion coefficient, while decreasing the T-
dependence of the jump time. Meanwhile, the
Type C (anti-cooperative) configurations dis-
play the opposite effect. The reorientation ac-
tivation energy displays behavior intermediate
between that of the H-bond jump time and the
diffusion coefficient.

3.4 Activation Volumes

Finally, we examine the pressure dependence of
the dynamical timescales predicted by the dif-
ferent water models as represented by the acti-
vation volumes. Specifically, we have calculated
the activation volumes at 298.15 K and 1 bar of
the H-bond jump time, OH reorientation time,
and diffusion coefficient. The values are pro-
vided in Table (4] and the results are plotted in
Fig. [}l We compare with experimental results
based on fitting to NMR measurements of D
at a series of pressures.**>¥#4 Recently, Fanetti
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Figure 5: Activation volumes of the jump time,
AVE (black), reorientation time, AVJ (red),
and diffusion coefficient, AV} (blue). The
average experimental diffusion activation vol-
ume??234 ig also shown (dashed blue line; ex-
perimental ranges indicated by gray solid lines).
The experimental reorientation activation vol-

ume at 450 bar is also listed.®?

et al. have published pump-probe anisotropy
measurements of the reorientation time over a
wide range of pressures.® We have used their
values of the reorientation time at 1 bar, 600
bar, and 900 bar to evaluate the reorientation
activation volume (AVS) numerically, for which
we have found a value of —6.9 cm®/mol. To the
best of our knowledge, this is the first exper-
imental value for the activation volume of the
Ty timescale. We are unaware of any measure-
ments for 7.

We first note the general features of the re-
sults. We find that the activation volumes for
the H-bond jump time, AVOi, and the OH reori-
entation time, AVQJt are negative for all of the
models and that, in every case, AVO:E is larger
in magnitude (more negative) than AV,. The
negative activation volumes here correspond to
an increase (decrease) in the corresponding rate
constant (timescale) with increasing pressure.
However, for the diffusion coefficient the 3-site
models predict an activation volume that is pos-
itive or zero (within errors) but the 4-site and
3-body models yield a negative activation vol-
ume. This is an interesting contrast with the
activation energy, where we observed compar-
atively small quantitative differences between



Table 4: Activation volumes (in cm®/mol) of
the jump time, AVO:E, reorientation time, AV2i
and diffusion coefficient, AVES. Subscripts indi-
cate uncertainties in the trailing digit(s).

Model AVS AV AV}
SPC/E -2.5611 -1.8313 0.3219
SPC/Fw -2.3512  -1.6616 0.4114
TIP3P-PME  -1.9619 -0.99;5 1.4813
TIP3P-PME/Fw  -1.689 -0.91y7 1.0412
OPC3 -2.8614 -2.179 -0.1149
E3B2 37711 -3.3691 -0.8914
E3B3 -4.6721  -4.3699 -1.7923
TIP4P/2005  -4.4715 -4.0819 -1.1913
TIP4P/EW —4.0417 —3.4817 —1.0120
Expt. 4203154580 - -6.9%  (-1.3)-(-1.6)
@At 450 bar.

the results for the different timescales, particu-
larly for F, 5 and E, p. We note that the diffu-
sion activation volume, AVE, changes sign with
both pressure and temperature,*** so that the
quantitative results here apply only for the am-
bient conditions at which they were evaluated.

While the experimental AVQ:E for reorienta-
tion is not centered around 1 bar,®® it is still
in reasonable agreement with our calculated re-
sults. Importantly, it suggests that the stronger
pressure effect observed in the simulations for
the reorientation time compared to the diffu-
sion coefficient matches the available experi-
mental data showing |[AVJ| > |AV}|. Fanetti
et al. also reported the p-dependence of 7 for
the ASAP water force-field,®" using their values
and an Arrhenius-type numerical procedure we
estimate an activation volume of AV} = —3.7
cm?/mol, which is in general agreement with
the present, directly calculated, results for dif-
ferent models.

We note that the activation volume measures
the difference in volume of the transition state
and reactant structures, broadly defined in that
it contains any changes in the surrounding sol-
vent arrangement as well.®” Thus, a negative
(positive) activation volume corresponds to a
reduction (increase) in size moving from the re-
actant state to the transition state. The present
results suggest that the volume of the transition
state for diffusion is distinctly different than

15

that for reorientation and H-bond jumps de-
spite the fact that the activation energies are
quite similar. The latter is understood as a sig-
nature of the fact that both reorientation and
diffusion have H-bond exchanges as their under-
lying fundamental process. A key difference be-
tween the processes is that diffusion has a com-
ponent associated with a translational jump ac-
companying the exchange®” while reorientation
involves one due to an angular jump. While an
extended jump model has been developed for
OH reorientation,” a similar rigorous descrip-
tion is lacking for diffusion; the present results
indicate that an accurate reproduction of the
diffusion activation volume and its connection
to the jump activation volume should be key
targets of such a model.

Comparing the results from the different wa-
ter models does give a consistent picture across
the three timescales. Namely, the 3-site mod-
els predict larger (positive or less negative)
activation volumes in all cases. For diffu-
sion, this means that the 3-site models incor-
rectly predict the relative size of the transi-
tion state and reactant arrangements. The 4-
site and 3-body models give AVB ~ —0.9 to
—1.8 e¢m?®/mol, which is in reasonable agree-
ment with the range of experimental values.
The TIP4P /2005 (—1.19 4+ 0.13 ¢cm?/mol) and
E3B3 (—1.79 £ 0.23 cm?/mol) force fields give
the overall best results and the only ones that
overlap, within error, with the measurements.

In the case of the activation volumes for 7
and 7y, the 3-site models are quantitatively, but
not qualitatively, different. They predict nega-
tive activation volumes, but ones that are as
much as 3 — 4 times smaller than the 4-site
and 3-body models. Interestingly, the two 3-
body models yield significantly different acti-
vation volumes, with the E3B2 model giving
results ~ 0.9 — 1.0 cm3/mol larger than the
E3B3 values for every timescale. This leads to
E3B2 activation volumes that are less negative
than the 4-site (TIP4P/2005 and TIP4P/Ew)
models, but more negative E3B3 activation vol-
umes. [t is tempting to speculate that this is
associated with the larger contributions of the
Type B and Type C configurations in the E3B2
model as observed in the activation energy de-



compositions, Fig. 4l but we do not currently
have an approach for evaluating such a hypoth-
esis.

The TIP3P-PME and TIP3P-PME/Fw mod-
els are the largest outliers as they predict the
most positive AV}} and the smallest magnitude
AVY and AV}, The diffusion result is furthest
from the measured values and indicates that
these force fields do not adequately describe
the pressure dependence. It is interesting that,
while the TIP3P-PME/Fw model substantially
improves on the deficiencies of TIP3P-PME
with respect to timescales (Table [2)) and acti-
vation energies (Table [3)), it does not notably
improve upon the pressure dependence.

4 Conclusions

In the present work, we have used dynamical
fluctuation theory to evaluate the timescales,
activation energies, and activation volumes of
the H-bond exchange, or “jump,” time, the
OH reorientation time, and the diffusion coef-
ficient for several commonly used water mod-
els. While these timescales are non-Arrhenius
in water, these activation parameters provide a
good measure of the local temperature /pressure
dependencies (for example, the activation en-
ergy provides a good estimate for the T-
dependence®” of these timescales over a range
~ 280 — 340 K). To our knowledge, this is
the first calculation of the jump and reorien-
tation activation volumes. We do note that, in
this first comparison between models, we have
not considered polarizable models, models with
more than four sites, electronic structure-based
descriptions, or potentials that include more
than 3-body effects,®® which could provide im-
provement to some or all of the quantities cal-
culated in the present work.

The results show that SPC/E, SPC/Fw,
and TIP3P-PME/Fw provide the best descrip-
tion of reorientation timescales in liquid wa-
ter whereas TIP4P /2005 most faithfully repro-
duces the measured diffusion coefficient. The
four-site and three-body models more accu-
rately predict the diffusion activation energy,
and thus at least the local temperature depen-
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dence of diffusion, compared to any of the 3-site
models. The TIP3P-PME force field does a uni-
versally poor job of describing timescales, acti-
vation energies, and activation volumes. We are
unable to distinguish between the other models
based on the reorientation or jump time activa-
tion energies, due to the significant uncertainty
in the experimental result for the former and
the lack of measurements for the latter.

We have decomposed the activation energies
and found that all of the models share the same
underlying mechanistic origin of the water dy-
namics. Namely, a strong competition is ob-
served between the electrostatic and Lennard-
Jones interactions with the former representing
the dominant contribution. Molecular flexibil-
ity and 3-body effects both provide a small di-
rect contribution to the activation energy, but
also lead to other changes, e.g., in the liquid
structure, that more significantly affect the ac-
tivation energy.

The superior description of the four-site and
3-body models also extends to the pressure
dependence, where the activation volumes for
both the reorientation time and diffusion co-
efficient are in significantly better agreement
with experiment than those of the 3-site mod-
els. Surprisingly, the activation volumes for the
OH reorientation and H-bond jump times are
substantially more negative than those for the
diffusion coefficient.

Overall, of the force fields examined,
TIP4P /2005 and E3B3 (which adds three-body
interactions to the TIP4P /2005 model) give the
best representation of the dynamical properties
and their temperature and pressure depen-
dence. However, this conclusion comes with
qualifications. These models overestimate the
OH reorientation timescale (and presumably
the H-bond jump time) while simultaneously
matching experimental measurements of the
diffusion coefficient, its activation energy, and
its activation volume. The reorientation time
is more accurately predicted by the three-site
SPC/E, SPC/Fw, and TIP3P-PME/Fw mod-
els that, however, predict diffusion that is too
fast and a diffusion activation energy that is
too low.
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