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Classical molecular dynamics simulations were performed to study the high-temperature (above 300
K) dynamic behavior of bulk water, specifically the behavior of the diffusion coefficient, hydrogen
bond, and nearest-neighbor lifetimes. Two water potentials were compared: the recently proposed
“globally optimal” point charge (OPC) model and the well-known TIP4P-Ew model. By considering
the Arrhenius plots of the computed inverse diffusion coefficient and rotational relaxation constants,
a crossover from Vogel-Fulcher—Tammann behavior to a linear trend with increasing temperature was
detected at T ~ 309 and 7% = 285 K for the OPC and TIP4P-Ew models, respectively. Experimen-
tally, the crossover point was previously observed at T* ~ 315 + 5 K. We also verified that for the
coefficient of thermal expansion ap (T, P), the isobaric ap(T') curves cross at about the same T as in
the experiment. The lifetimes of water hydrogen bonds and of the nearest neighbors were evaluated
and were found to cross near T, where the lifetimes are about 1 ps. For T' < T™*, hydrogen bonds
persist longer than nearest neighbors, suggesting that the hydrogen bonding network dominates the
water structure at T' < T, whereas for T' > T*, water behaves more like a simple liquid. The fact that
T* falls within the biologically relevant temperature range is a strong motivation for further analysis
of the phenomenon and its possible consequences for biomolecular systems.
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those properties and phenomena that manifest them-

1 Introduction

The study of the multifarious properties of water — the
most ubiquitous but also remarkably complex molecu-
lar liquid — is still a challenge for experimental, theo-
retical, and computational methods [1-3]. From a bi-
ological standpoint, the most interesting are arguably

*Special Topic: Water and Water Systems (Eds. F. Mallamace,
R. Car, and Limei Xu).

selves in the physiological temperature range. Among
the large number of water properties related to its dy-
namic heterogeneities and structural polymorphism [4],
the existence of high-temperature dynamic phenomena
was demonstrated on the basis of experimental data in
bulk liquid water at T* ~ 315 £ 5 K [5-8].

It is well known that for many liquids, including water
[9], self-diffusion exhibits Arrhenius behavior at T' > T*,
whereas below some crossover temperature T, the be-
havior is super-Arrhenius [6, 8, 10]. Although for water
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the change between these two distinct regimes is sub-
tle and gradual, and the crossover point is thus difficult
to pinpoint exactly [11], the crossover point clearly ap-
pears to occur at a physiologically relevant temperature
(T* =~ 315 £ 5 K), which is potentially significant for
biology.

Another experimental finding of potential biological
relevance is the temperature variation of the compress-
ibility and coefficient of thermal expansion in the phys-
iologically relevant temperature range. Indeed, at T* =
315 £ 5 K, the isothermal compressibility Kp (T, P) ex-
hibits a minimum for all pressure values in the range
0.1 < P < 0.9 GPa, whereas for the coefficient of ther-
mal expansion ap(T, P), all the isobaric ap(T) curves
cross at about the same T* [6, 8]. As pointed out by
Mallamace et al., [8] experiments [12-20] show a “singu-
lar and universal expansivity point” at 7" ~ 315 K and
ap(T*) =0.44 x 1073 K1,

A further thermodynamic clue to the peculiar behav-
ior of water in the physiologically relevant regime is a
shallow minimum in the specific heat capacity at con-
stant pressure Cp around 310 K [10, 21], and thus at a
temperature close to T*.

In addition, a kinetic argument can be made for a
change in the Arrhenius plot of the dynamic quan-
tities at some high temperature 7™. For supercooled
and ambient-temperature water, the behavior of the dy-
namic quantities is super-Arrhenius [following the Vogel-
Fulcher-Tammann (VFT) equation [22-24]] with the
slope decreasing with increasing temperature. The slope
of the Arrhenius plot of dynamic quantities, such as 7
and 1/D, corresponds to the activation energy of the
process, and the maximum of this slope for experimen-
tal measurements of D at the lowest available tempera-
tures (about 240 K) [25] corresponds to about 60 kJ/mol,
which is larger than the total cohesive energy of liquid
water (about 42 kJ/mol). This high activation energy
can be understood in terms of the concerted rotational—
translational motion mechanism at the molecular level
proposed by Laage [26-30]. Briefly, the mechanism in-
volves rearrangement of a decreasing number of hydro-
gen bonds (HBs) with increasing temperature. As the
temperature increases, the thermal energy reduces the
heights of the energy barriers of the process; this reduc-
tion may involve a decrease in the number of HBs until
a minimum number of relevant HBs is reached at some
temperature T*; consequently, the activation energy re-
mains constant for T" > T™*. Therefore, for T > T*, the
behavior of the dynamical quantities should become sim-
ple Arrhenius. It is worth mentioning that the concerted
rotation—diffusion mechanism involves at least the first
and second neighbor shells for a given water molecule;
thus, if the minimum number of HBs involved in the
process becomes small enough that it involves only the
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nearest-neighbor (NN) shell, the concerted mechanism
should cease to operate, and the rotational and trans-
lational motions should at least partially decouple. In
principle, T* could occur at a temperature higher than
the boiling point of water, but experimentally it was
found at T* ~ 315 £ 5 K. The limiting activation en-
ergy fitted from the experimental data for the diffusion
process is B, = 15.2 + 0.5 kJ/mol [8], which is almost
the same, within the statistical error, as the activation
energy for rotational relaxation (F, = 16.5+0.6 kJ/mol;
see Section 3.1 below). Experimental support for the on-
set of structural changes in water at the molecular level
at temperatures around 7™ comes from a high-precision
X-ray diffraction study of water in the range 254.2-369.5
K [31]. A detailed analysis of the diffraction data [32]
showed that above the compressibility minimum (319
K, which coincides with T within the experimental er-
ror), the second maximum of the O-O radial distribu-
tion function (RDF) becomes less defined. This finding
was interpreted by Schlesinger et al. [32] as the onset
of collective tetrahedral fluctuations, which can be ex-
plained by a reduction in the HB network strength at
T > T*. Furthermore, behavior similar to the observed
dynamic properties of bulk water at T* ~ 315+ 5 K
was also detected in the same temperature range in wa-
ter confined in silica nanotubes (MCM-41) with diameter
d = 14, 18, and 24 A[8], and, more interestingly, in a sin-
gle monolayer of water adsorbed on the globular protein
lysozyme [8, 33]. On the basis of these observations, it
was recently suggested [33] that the change in the dy-
namic behavior of water at T could be involved in, or
exploited by, biochemical processes, because T, which
corresponds to ~ 42 £ 5°C, is close to the physiological
temperature of many animals, in particular birds and
mammals. The fact that the change occurs in a temper-
ature range relevant for living organisms, which might
have yet-undiscovered consequences, provides a strong
motivation for further exploration of the phenomenon
and other possible changes in water’s structure and dy-
namics around 7. Thus, atomistic simulations can help
interpret existing experiments and provide guidance for
future ones. In a recent simulation paper [34], the effect
was detected computationally, most likely for the first
time. That study, in addition to detecting the change
in the Arrhenius plots of the rotational relaxation con-
stant (72) and of the inverse diffusion coefficient (1/D),
considered the explicit trend of the distribution func-
tions of the rotational relaxation constants, which shows
a change from a narrow and regular distribution to a
wider and asymmetrical one at a relatively high tem-
perature. This trend could not be explained without
invoking some change in the dynamical behavior of wa-
ter. The analysis was completed by also considering the
distribution of a structural quantity, namely, the tetra-
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hedral order parameter, the trend of which shows some
changes with changing T*. The earlier study [34] em-
ployed two water models: the popular and well-known
TIP4P-Ew [35] model and another one, which was de-
veloped for the study of water confined in nanoporous
materials [36, 37], which in Ref. [34] was referred to as
OP. However, the estimated values of T were 283+2 and
276 £2 K for the TIP4P-Ew model and the OPC model,
respectively, and deviated strongly from the experimen-
tal estimate of ~ 315 + 5 K [12-20]. The large deviation
from the experimental T* precludes reliable and quan-
titative analysis of the dynamical behavior of water at
high temperature, especially in light of its possible rel-
evance to biology: the nearly 40 K difference between
the experimental and predicted values, while not as dra-
matic on the absolute temperature scale, may be critical
from the biochemical perspective. Thus, it is not at all
clear whether commonly used water models have the ac-
curacy needed to describe this relatively subtle effect in
quantitative agreement with experiment.

Motivated by the poor agreement with experiment of
the T* values estimated from simulations based on pre-
viously studied water models, here we use a recently
developed water model referred to as the “optimal”
point charge (OPC) water model [38] to study the high-
temperature (7' > 300 K) dynamic behavior in the lig-
uid bulk. The OPC model is constructed using a com-
pletely different strategy from that of the mainstream
water modeling parametrization techniques; the central
idea of the OPC model is to search for a “global opti-
mum” in the parameter subspace most relevant to the
electrostatic properties of water molecules in the liquid
phase so that the key experimental properties of bulk
water at ambient temperature are best reproduced. The
parametrization of the OPC model uses only a few key
water properties at 298.16 K for fitting, yet the correct
temperature dependence of most properties appears au-
tomatically over a wide range of temperatures [38], which
motivated us to test the performance of the model by
predicting the experimental value of T*. To obtain a
closer connection with experimental observables related
to the dynamic behavior at T*, here we also evaluate the
coefficient of thermal expansion ap and the HB and NN
lifetimes. We compare the performance of the OPC wa-
ter model with the predictions of the TIP4P-Ew model,
one of the most commonly used water models of the same
class.

2 Simulation details and models

The OPC water model was used to simulate the high-
temperature dynamic behavior. The model was derived
to optimally represent [39] the electrostatic charge dis-
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tribution of the water model up to the octupole, with
the Cq, symmetry being the only geometrical constraint.
The geometry and parameters of the resulting four-point
model are quite different from those of the TIP4P fam-
ily [38]. Significant improvements in the accuracy of the
bulk properties (average relative error of 0.76% for 11
key properties [38]) appear to give rise to improvements
in practical biomolecular simulations [40-43]. Subtle mi-
croscopic properties such as the charge hydration asym-
metry are also reproduced well by the OPC model
[44].

For consistency with our previous work [34] with the
TIP4P-Ew model, for the OPC model we used a cu-
bic simulation box containing 343 water molecules. We
employed the NAMD (Version 2.10) simulation package
[45]. The investigated temperature range is from 180 to
340 K. First, we performed a 2 ns NPT run for each tem-
perature at a fixed pressure of 1 bar (Langevin dynam-
ics with Nosé-Hoover Langevin piston pressure control)
to determine the mean lattice parameter (or the mean
volume). Then we performed 1 ns NVT simulations to
equilibrate the system at the desired temperature, keep-
ing the volume fixed at the previously obtained value.
Finally, we performed an NVFE simulation for each tem-
perature, where the duration was increased with decreas-
ing temperature (ranging from a minimum of 5 ns to a
maximum of 360 ns) to ensure convergence of the value
of the rotational relaxation constant . Data were saved
at regular intervals corresponding to 1075 times the du-
ration of the run ¢,.,,. The particle mesh Ewald method
for evaluating the Coulomb interactions was used; at the
same time, a long-range correction to compensate for the
truncated van der Waals interactions was applied.

To study the dynamics of water, we calculated the
trends of the diffusion coefficients (D), rotational relax-
ation constants (72), and mean lifetimes of the HBs and
NN of the molecules. In addition, we evaluated the coef-
ficient of thermal expansion ap(T, P) in a temperature
range around the value of T for both models and for
four pressures in the range 0.1 < P < 200 MPa to verify
whether all the isobaric ap(T') curves crossed at 7™, as
found experimentally [12-20]. The standard error of all
the computed quantities was evaluated. The impact of
this error on the results is discussed below. In particu-
lar, for the diffusion coefficient, it was recently pointed
out [46] that the value of D obtained using the Ewald
summations depends slightly on the simulation box size.
However, as discussed in Ref. [34], the maximum error,
which occurs at the highest temperature, is about twice
the size of the symbols. Therefore, the dependence on
the simulation box size does not substantially affect the
results, as the corrections of the crossing temperatures
are smaller than their error.

The rotational relaxation constant (72), which is ac-
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cessible by nuclear magnetic resonance and quasi-elastic
neutron scattering experiments, was derived by comput-
ing the second-order rotational autocorrelation function
[47] averaged over all the water molecules of the system:

Cyft) = AL Wl 1)

where u(t) is the unit vector of the HOH plane, and P; is
the second-order Legendre polynomial. The mean value
of 75 was then computed by fitting C2(¢) to the sum of
two exponential decays and by choosing the largest re-
laxation time constant. The smaller time constant was
on the order of a few picoseconds and can be inter-
preted as the relaxation time of the librational motion
of the molecules [48-53]. Independently of the temper-
ature or potential model, a good fit (values of the in-
dex R? > 0.999) was obtained by neglecting Cs(t) for
Co(t) < 2 x 1072, Indeed, for longer times, the correla-
tion function became increasingly irregular, progressively
departing from a double exponential form. For the OPC
model, instead, a single exponential decay was sufficient
to fit Cy(t) very well, even for 2 x 1072 < Cq(t) < 0.3.
In Ref. [34], we also evaluated the distributions of the
relaxation time constants among the molecules at dif-
ferent temperatures, which for the TIP4P-Ew potential
model changed in width at T' ~ T*. In contrast to the
case for the TIP4P-Ew model, for the OPC model these
distributions did not show any noticeable change in the
trend for T" > 230 K and were not useful for evaluating
T*. Therefore, they are not considered in this paper.
Evaluation of the mean lifetime of the HBs from molec-
ular dynamics (MD) simulations is a long-standing and
controversial problem. After a long series of different con-
tributions (for example, Refs. [54-57]), a critical review
of the methods for deriving this quantity was published
by Luzar [58], who discussed the two groups of meth-
ods previously proposed: history-independent methods
based on specific time correlation functions and history-
dependent methods based on averages taken over the du-
ration of the HBs detected along the simulated trajecto-
ries. In a related paper [59], the discussion was extended
to the dependence on the temperature. The problem was
further considered in recent years [60-62], but no defini-
tive assessment was made. In addition, the proposed ex-
perimental values [63-65] are model-dependent [66] and
thus subject to uncertainty. To complicate the problem
even further, the criteria that should be used to identify
the HBs are still being debated [67-71]. Fortunately, as
shown in Ref. [68], different criteria yield rather similar
distributions of the number of HBs per molecule, so the
discussion of the results should not be dramatically af-
fected. We adopted the “geometrical” criteria [68], which
are easier to apply in our simulations: Roo < Rcut =
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3.3 A and 0 < 6. = 30°, where 6 is the angle be-
tween the OH intramolecular bond and Rpp. We veri-
fied that changing the value of R, by some tenths of an
Angstrom did not affect the results, so they should not
be influenced by the small changes in the RDF vs. the
temperature. Regardless of the criteria chosen to iden-
tify an HB, the most difficult point to address in eval-
uating the mean lifetime of HBs is intermittency. For
a given molecule pair and for any given maximum value
of Roo or 0, it frequently happens that during the sim-
ulation, an HB seemingly disappears, but it is quickly
re-formed, and this can be repeated a number of times
until one of the molecules involved escapes from the NN
shell and does not approach the previous one for a long
time. This point does not affect the history-independent
methods because the correlation functions are evaluated
at the initial and final times without considering whether
the HB was present at intermediate times. However, the
evaluated mean lifetime is unambiguously defined only
if the appropriate correlation function can be fitted with
only one time constant, which rarely occurs, as we veri-
fied by performing test calculations.

Therefore, we preferred to use a history-dependent
method with a procedure ensuring well-defined final val-
ues of the lifetimes. Indeed, history-dependent methods
are statistically direct, but they must deal with inter-
mittency [60-62]. If it is reasonable to consider an HB
“alive” beyond short intermittencies, other criteria are
needed to avoid extending its lifetime too much by in-
cluding re-formation after a long detour. As suggested
in Ref. [61], we chose to verify that, when the criteria
defining the HB for a molecule pair are violated, the
pair remains in the NN shell [the O-O distance remains
smaller than Ry (0O), a distance corresponding to the
first minimum in the O-O RDF]. For both models, we
set Rshen(0OO) conservatively: Rghen(0O0) = 3.75 A It
this condition is fulfilled and the HB is re-formed, the
HB is considered to be still “alive”, and it is considered
to be “dead” when the distance between the oxygens of
the two molecules becomes larger than Rgnen(0OO). In
this case, the time spent to travel from a distance Rpo
to a distance Rghen(OO) is not included in the HB life-
time. This method leads to mean lifetimes that converge
to definite values after a relatively small number of time
steps, and we used it throughout. The algorithm used to
evaluate the HB lifetime is shown in Fig. 1.

Note, finally, that at least for sufficiently high temper-
atures (outside of the deep supercooled regime), if two
molecules form an HB involving a given hydrogen atom,
the probability that the HB is broken and is re-formed
between the same molecule pair involving the other
hydrogen atom (HB switching) is very low, because this
process has a relatively high energy barrier, whereas a
concerted rotational-translational motion involving the
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initialization
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time?
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stop_time False
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o
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end

Fig. 1 Scheme of the HB lifetime evaluation algorithm. Here nstep is the number of trajectory frames stored, and nmol
is the number of water molecules in the simulation (see text).

escape of one molecule from the NN shell is energetically icant HB switching, but we cautiously ensured that HB
favored and is the preferred route [26-30], as confirmed switching did not occur when the HB lifetimes were eval-
in a recent study using special cross-correlation functions uated. The criteria used to define the NN lifetime (that
[34]. Therefore, intermittency should not include signif- s, the mean residence time of the water molecules in the
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NN shell) become the same as those for the HB lifetimes
by neglecting the constraint on 6. This ensures that the
two lifetimes are directly comparable.

The thermal expansion coefficient was evaluated as

anm) = - (2580 @

where p(T) is the density as a function of temperature
T at constant pressure P. The density was evaluated by
a series of NPT simulations, and its logarithm was fitted
using the formula Inp = a+InT +bT +cT3, where a, b, ¢
are the free parameters of the fit. The expansion coeffi-
cient was then obtained from the temperature derivative
of the fitting formula.

3 Results and discussion

3.1 Diffusion coefficients and rotational relaxation
constants

Dynamic changes in liquids are usually studied by con-
sidering the slope and the functional dependence on the
inverse temperature in the Arrhenius plots of some ex-
perimental or computed dynamical quantity, such as the
diffusion coefficient D, or its inverse, and the rotational
constant 7. In recent experimental studies of the be-
havior of water at high temperature, the experimental
Arrhenius plot of D was considered [6-8, 11], and the
temperature T at which the trend changes from super-
Arrhenius (for T' < T*) to simple Arrhenius (for T > T)
was detected. However, although experimental data are
available in the appropriate temperature range [72-75],
to the best of our knowledge a similar analysis of 75 was
never conducted. This analysis is shown in Figure 2,
where it appears that for three different experimental
data sets, a clear change in the slope of the Arrhenius
plots is visible at T =~ 311, 312, and 317 K for data

(a) —26.25
-26.50 1
~26.75-
~27.00]
~27.25 Y
~27.50]
~27.751
-28.00 1
282

315+5K
312+3 K

In7, (s)

V%Exp.(l)

E, = 16.5 + 0|6 kJ/mol

5 T T T T T T T T T
2.7 2.8 29 3.0 3.1 32 33 34 3.5 3.6 3.7
1000/T (K-1)

sets (1) from Ref. [73], (2) from Ref. [74], and (3) from
Ref. [75], respectively. The crossing temperature was
estimated from the best fit of the piecewise function:

2(T) = {a:A = exp(E,/(ksT)), T>T*,
vt = exp|Ever/(ks(T —Ty))], T < T*,

3)

where z = 75 (or x = 1/D in the following when appro-
priate); the subscripts A and VFT represent the Arrhe-
nius equation and VFT equation [22-24], respectively;
E, is the Arrhenius activation energy; kg is the Boltz-
mann constant; Fypr is a parameter with dimensions of
energy; and Ty is a parameter with dimensions of tem-
perature. In a semilogarithmic plot of x vs. 1/T, the
Arrhenius plot is linear, whereas the plot of the VFT
equation is curvilinear, where the slope vs. 1/T in-
creases. The resulting mean value of the experimental
crossover temperature for 7o is T = 313 &+ 5 K, which
is within the range derived from the trends of D and
the expansion coefficients [6-8]. Above T™*, the weighted
mean of the experimental Arrhenius activation energy is
E, = 16.5+ 0.6 kJ/mol, which is almost the same, con-
sidering the statistical error, as the Arrhenius activation
energy for the self-diffusion coefficient, £, = 15.2 + 0.5
kJ/mol. One can debate whether the above interpreta-
tion is the only one possible; indeed, a power law fitting
was used, at least for D, in a number of experimental
papers, although no physical rationale for the procedure
was given. However, the good correspondence with the
trend of the diffusion coefficient and the accurate fit to
the data make it at least plausible.

Figure 3 compares the experimental values with the
simulations results obtained for the OPC and TTP4P-Ew
models. As shown in Ref. [38] for the OPC model and in
Ref. [34] for the TIP4P-Ew model, the computed diffu-
sion coeflicients agree well with the experimental data,
and they are not reported here. For both potentials, a

(b) ~26.0
265 315+ 5K |
_ -27.0- 373K | |
o F.= 158+ 08 kMl
b TN311£3K
~28.0 t o Exp. (2)
| |a Exp. (3)
E,=16.6+ 0.3 kJ/mol
_28.5 T T T T T" T" T T T

T U —
2.7 2.8 2.9 3.0 3.1 3.2 33 3.4 35 3.6 3.7
1000/T (K-1)

Fig. 2 Arrhenius plot of the rotational relaxation constants 72 for three sets of experimental values: (a) (1) from Ref. [73],
(b) (2) from Ref. [74] and (3) from Ref. [75]. Solid lines are least-square fits to the Arrhenius equation for high temperatures
(red) and to the VFT equation [22-24] in the low-temperature range (black). For clarity, both lines are extended beyond the

crossover point.
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-26.0
—O— OPC
—/\— TIP4P-Ew
-26.54 A Exp.(1)
m Exp.(2)
| ® Exp.(3)
2 2707 § Exp. (4)
S
£ -27.51
A
*
-28.0 . *
’0
&
285 4 : : ‘ :
2.6 2.8 3.0 3.2 3.4 3.6 3.8

1000/T (K1)

Fig. 3 Arrhenius plot of the mean rotational relaxation
constants compared with three sets of experimental results
for the OPC (open circles) and TIP4P-Ew (open triangles)
models. Experimental values from (1) Ref. [72], (2) Ref. [73],
(3) Ref. [74], and (4) Ref. [75]. The lines are guides for the
eye.

dynamic crossover was detected in the computed Arrhe-
nius plots of 7 and 1/D as the transition from a VFT
equation [22-24] fit at lower temperatures (characteris-
tic of a fragile liquid) and an Arrhenius fit at higher
temperatures (characteristic of a normal liquid). The
VFT-to-normal-Arrhenius change, which was found ex-
perimentally at T* ~ 315 + 5 K (see the Introduction),
can be detected in our simulations results in the Arrhe-
nius plot of 75 at T ~ 308 £ 5 K and T ~ 285+ 5
K for the OPC and TIP4P-Ew models, respectively [see
Figs. 4(a) and (c)]. Similar results are obtained from the
Arrhenius plots of 1/D [Figs. 4(b) and (d)], for which
the resulting crossover temperatures are T* ~ 309 £5 K
and T* =~ 28545 K for the OPC and TIP4P-Ew models,
respectively. Therefore, the estimate of T given by the
OPC model is gratifyingly good.

We investigated the robustness of the value of T* (ob-
tained from the inverse diffusion coefficient (1/D)) to the
details of the simulation protocol. For the test, we em-
ployed an alternative, considerably more expensive but
arguably more accurate [35, 38|, protocol for the calcu-
lation of the water self-diffusion coefficient; the proto-
col was used previously to parameterize the OPC and
TIP4P-Ew water models. Briefly, instead of performing
a single long NVE simulation (>5 ns), the self-diffusion
was computed from 80 intervals of NVE (20 ps) and NPT
(5 ps) (see Ref. [38]). The resulting 7* value was esti-
mated to be 308.5 + 5 K, which is consistent with the
value of 309 + 5 K shown in Fig. 4(b). We note in pass-
ing that the computed values of the activation energy
for the rotational relaxation (E, = 14.6 & 0.6 kJ/mol
and E, = 15.5 + 0.4 kJ/mol for the OPC and TIP4P-
Ew potentials, respectively) are in good agreement with
the value of E, = 16.5 £ 0.6 kJ/mol estimated from the
experimental data (see above). The small differences be-
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tween the values of T obtained from the fits of different
quantities may result from the fitting procedure. On
the other hand, the temperature was sampled at inter-
vals of about 10 K, so differences of a few degrees in the
crossover temperature are not unexpected. In addition,
the errors in the calculated quantities, which were eval-
uated by running independent simulations at the same
temperature, for three different constant temperatures,
are at most on the order of 1%, or, on the logarithmic
scale, the same size as the symbols used in Figure 4. In
conclusion, a conservative overall statistical error of 5
K is assigned throughout to the estimates of the cross-
ing temperatures derived from the reported simulation
results.

The temperature range of the plots in Figure 4 is re-
stricted to values suitable for locating the crossover at
T*, but we extended the simulations for both models
in the supercooled regime down to about 180 K, and
we detected the low-temperature fragile-normal dynamic
crossover at Ty, &~ 22245 K (see the Appendix) and 77, =
200203 K [34] for the OPC and TTP4P-Ew models, re-
spectively. It is well known that the crossover tempera-
ture T, cannot be observed directly by experiment be-
cause the crossover occurs under deep supercooling con-
ditions, where the freezing temperature may be shifted
only by using special techniques such as ultrafast cooling
and measurements [76]. However, by extrapolating the
available experimental data points, T;, was estimated to
be about 225 K [10, 77-79]. The corresponding value
obtained from the OPC model is very close to this esti-
mate, and the OPC model outperforms the TTP4P-Ew
model overall in estimating the dynamic crossover tem-
peratures. More details about the simulations over the
low-temperature range are reported in the Appendix.

We note that the fittings of the Arrhenius plots of
7o and 1/D alone are not sufficient for accurate evalu-
ation of the temperature T* owing to the sensitivity of
the measured or calculated crossover point to data un-
certainties. However, the specific value of T™ is further
supported by an analysis of the coefficients of thermal
expansion and of the HB and NN lifetimes and, at least
for the TIP4P model, by further analyses reported in a
previous paper [34]. The crossing temperatures in Fig-
ure 4 could depend on the choice of points to be fitted,
in which case the temperature values are subject to an
uncertainty of a few Kelvins. In fact, the reported experi-
mental values of T have error margins of a few Kelvins;
considering the trend of different sets of experimental
values of 75 in Fig. 2, the estimated error in the value of
T is about 5 K.

3.2 Coefficient of thermal expansion

We studied the coefficient of thermal expansion for com-
parison with the results that Mallamace et al. [6] re-
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Fig. 4 Arrhenius plots of the computed rotational relaxation constants 7 for the (a) OPC and (c¢) TIP4P-Ew models, as
well as of the computed inverse diffusion coefficients 1/D for the (b) OPC and (d) TIP4P-Ew models. The lines are fits to
the Arrhenius equation (on the left, higher temperatures) and the VFT equation [22-24] (on the right, lower temperatures).

The arrows show the crossover temperature.

ported in their Fig. 3. In particular, we computed the
thermal expansion coefficient [see Eq. (2)] as a function
of T at various pressures. The curves for the various
pressures should cross at a fixed “universal” tempera-
ture. In our 2 ns NPT simulations using the OPC model,
this is true for pressures up to 200 MPa and occurs at a
temperature T* ~ 323 +5 K, which is close to the exper-
imental value, T* ~ 315+5 K. Interestingly, the value of
the thermal expansion coefficient at this temperature is
very close to the experimental value (ap =~ 0.46 x 1073
K= vs. ap &~ 0.44 x 1073 K~! from experiments [12-
20]). The value obtained from the TIP4P-Ew model is
ap ~0.38x 1073 K~! at a temperature 7% ~ 304+5 K.
For the TIP4P-Ew model, the value of ap(T™) is slightly
lower than the experimental one but is still in reasonably
good agreement. However, when we consider the coef-
ficient of thermal expansion, although for ap the com-
puted values of the crossing temperatures are, at least
for the OPC model, in agreement with the experiment,
for both models they are higher (by about 15-20 K) than
the values of T estimated using the Arrhenius plots of
the simulated 7o and 1/D, as well from the crossing of
the lifetimes of the NNs and HBs (see below), which
are all within a few Kelvins. On the other hand, ap
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is a property of the bulk, and its connections with the
molecular dynamic properties are not straightforward; a
deeper discussion is needed, in our opinion, to unravel
this discrepancy.

In addition, for pressures higher than those reported
in Fig. 5, the crossing is no longer observed at the same
temperature, but at a higher 7. From the data in Fig. 5,
it is possible to derive the temperatures of maximum
density of the two water models, which correspond to
the temperatures at which the expansion coefficient ap is
zero at 0.1 MPa. Their values agree with those reported
in Refs. [35] and [38], which are 274 and 272 + 1 K for
the TIP4P-Ew and OPC models, respectively, vs. the
experimental value of 277 K.

3.3 Mean lifetimes of HBs and NN molecules

Finally, we evaluated the mean lifetimes of the NNs in
the first shell around a molecule and of the HBs formed
by a molecule. Interestingly, they cross at approximately
T* (see Fig. 6). Moreover, at the same temperature, the
trend clearly changes. In particular, for the OPC model,
the crossing T is practically the same as that obtained
from the Arrhenius plots of 75 and 1/D, whereas for the
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Fig. 5 Expansion coefficients vs. T' at different pressures, evaluated from simulations for the (a) OPC and (b) TIP4P-Ew

models.
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Fig. 6 Mean lifetimes of the NNs and of the HBs formed by

lines are linear fittings of the computed data.

TIP4P-Ew model, it is slightly higher (= 293 +£5 K vs.
~ 285 + 5 K). The crossing of the NN and HB lifetimes
means that for 7' > T, the HB lifetime is longer than
the time that the molecules remain within the NN shell.
For T' < T™*, the HB lifetime is longer than the time that
the molecules remain in the NN shell, as they are en-
gaged in the concerted rotational-translational motion
mechanism proposed by Laage [26-30] involving the re-
arrangement, of a number of HBs beyond the NN shell
(see also the Introduction). With increasing 7', the pro-
cess may involve a decrease in the number of HBs until
a minimum number of HBs is reached at some tempera-
ture T%. This minimum will occur when the HB lifetime
becomes so short that the HBs break, on average, be-
fore the associated diffusion jump is completed, and thus
the associated time-scale is shorter than the lifetime of
the molecules in the NN shell. Therefore, the minimum
number of HBs involved in the process is just the number
of HBs formed within the first NN shell. Consequently,
the rotational and translational motions become at least
partially decoupled, and diffusion can occur by direct
translation of an NN molecule (no longer involved in an
HB after the quick breaking of the incipient correlated
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TIP4P-Ew o HB lifetime

® NN lifetime

293 +5K
1.15 ps

/

Mean lifetime (ps)

05 T T T T
260 280 300 320 340

T(K)

a molecule in the (a) OPC and (b) TIP4P-Ew models. The

process) to the next NN shell, as in simple liquids. This
picture is in line with the above interpretation of the
trend of the second-shell peak of the O-O RDF at tem-
peratures above the compressibility minimum (319 K),
as derived in a recent X-ray diffraction experiment [31].
Schlesinger et al. [32] interpret this trend as the onset of
collective fluctuations of the tetrahedral local structure
of water. Indeed, our simulations show that the impor-
tance of H bonding is reduced and fewer HBs are present
as the temperature is increased [see Fig. 7 and Fig. 14(c)
of Ref. [34]]. Therefore, for T < T*, the HB network is
dominant, and for T" > T, a simple liquid-like behav-
ior sets in, as suggested by experimentalists [33], and, in
addition, the simulated HB and NN lifetimes at 7™ cor-
respond to the expected experimental lifetime of about
1 ps. Interestingly, the same characteristic lifetime was
reported in a recent study [80], which showed that, under
a suitable averaging of the intermolecular potential and
using the principle of the corresponding thermodynamic
states, the behavior of many thermodynamic properties
of water, such as the specific volume, heat of evapora-
tion, shear viscosity, and triple point, is similar to that
of these properties of argon, especially at temperatures
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Fig. 7 Distributions of the number of HBs per molecule for
the OPC model. The vertical dashed lines show the average
values of Tt and T™. The lines are guides for the eye.

of 315 < T < 550 K. In contrast, at “T" < 315 K, i.e. in
the supercooled and normal states adjacent to the melt-
ing point, the properties of water are determined by the
[H-bonded] clusters, [in] which lifetime 7, becomes essen-
tially greater than the characteristic time 7, ~ 1072 s
for the thermal motion of molecules [81].

4 Conclusions

In this study, we performed classical MD simulations to
investigate the molecular-level mechanism of the high-
temperature change in the dynamic behavior of liquid
bulk water found experimentally at T* ~ 315 + 5 K.
Two water models were employed: the recently proposed
“globally optimal” point charge (OPC) model and, for
comparison, the well-known TIP4P-Ew model. By con-
sidering the Arrhenius plots of the rotational relaxation
constants and inverse diffusion coefficients, the change
in the Arrhenius plot was detected at T* =~ 309 £ 5 K
and T* =~ 285+ 5 K for the OPC and TIP4P-Ew models,
respectively.

The presence of a dynamic change in the simula-
tions was confirmed by evaluating the mean lifetimes of
the NNs around a molecule and the HBs formed by a
molecule, which were found to cross at approximately
T*, and independently by verifying that for the coef-
ficient of thermal expansion ap(T, P), all the isobaric
ap(T) curves cross at approximately T*, as found ex-
perimentally [12-20].

As for the crossing of the mean lifetimes of the NNs
and HBs, the corresponding molecular-level mechanism
seems to be related to a relaxation of the HB network of
bulk water, which is apparently connected to the short-
ening of the HB lifetimes below the residence time of
the molecules in the NN shell, which allows the molecules
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to become “free”, approaching the behavior of a simple
liquid, as proposed by experimentalists [33], at the ex-
pected lifetime of about 1 ps. As mentioned above, this
conclusion is also supported by thermodynamic consid-
erations derived from the experimental phase diagram of
water [80, 81]. It appears that this feature is shared by
water simulated using different models.

We believe that this work, in addition to faithfully re-
producing the experimental data, especially for the OPC
model, provides new physical insight. The crossing of
the HB and NN lifetimes shown in Fig. 6 entails, in
our opinion, a subtle but meaningful change in the dif-
fusion mechanism of bulk water at approximately 7T.
As discussed in the previous section, for T" < T™, the
persistence of HBs for times longer than the residence
times of the molecules in the NN shell is associated with
an apparent concerted translational-rotational diffusion
mechanism. For T' > T, in contrast, the HBs break on
average before the concerted mechanism occurs; thus,
diffusion more likely occurs by direct translation of an
NN molecule to a next NN shell, as in simple liquids.

Last, but certainly not least, it is the very subtlety
of the dynamics of water at high temperature that is
advantageous for testing newer water models in search
of those that may faithfully reproduce water properties
across a range of temperatures.

Indeed, a wide class of biomolecular properties is very
sensitive to the details of water models, and we out-
line the need for water models to reproduce subtle water
properties correctly in order to obtain predictive power
in estimates of protein—ligand binding and protein fold-
ing energetics. For example, it was shown recently that
the protein-ligand binding energy depends strongly on
the water model used, where the size of the dependence
is comparable to the binding energy itself [82] (see also
Ref. [41]). A similar sensitivity is observed for the pro-
tein folding free energy [83-86].

Overall, one can conclude that to completely under-
stand the properties of water at the molecular level,
many different statistical tools related to both the dy-
namical and structural quantities should be used, and
those proposed in this study were demonstrated to be
useful. Work is in progress to extend this study to wa-
ter adsorbed on the surface of biological molecules and in
microporous materials. In general, computer simulations
are often employed to support both experimental and
theoretical work by providing suggestions regarding the
behavior of water at the atomic level [26-30, 61, 62, 87—
92]; in many cases, the unsurpassed spatial and temporal
resolution of these simulations is indispensable for elu-
cidating subtle issues such those related to the lifetime
of HBs [58]. Therefore, the accuracy of the employed
water models is critical. The noteworthy performance
of the recently proposed OPC model in reproducing the
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experimental features of the high-temperature dynamic
crossover in bulk water suggests that it would be use-
ful to explore further bulk properties of OPC water, es-
pecially with respect to subtle effects such as the dy-
namic crossover. It may also be interesting to explore
the model’s accuracy in simulating the complete phase
diagram of water. Because the OPC model is a rigid,
non-polarizable water model, one can expect larger de-
viations from experiment outside of the liquid phase for
which the model was originally designed. Still, these de-
viations might turn out to be smaller than those of other
water models with the same level of simplicity and effi-
ciency.
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Appendix A Low-temperature results for the

OPC model

As for the simulations using the TIP4P-Ew potential, for
which the results are reported in Ref. [34], those using the
OPC model were performed over the temperature range
180-340 K at intervals of 10 K. In both cases, we used
a protocol ensuring good equilibration even at low tem-
perature, because in the supercooled regime, molecular
motion slows dramatically, and special care is required

(a) -16
OPC
~18 E, =519+ 1.8 kJ/mol

—-20 1

222+5K
22

Int,

24

-26

-28 T T T
3.5 4.0 4.5 5.0 5.5
1000/T (K-1)

[93]. The simulations were started at the highest tem-
perature (340 K), and the system was cooled stepwise
in 10 K increments starting from the final phase space
configuration of the preceding temperature. For each
temperature, a 2 ns NPT simulation was performed us-
ing the procedure implemented in the NAMD package at
a fixed pressure of 1 bar (Langevin dynamics with Nosé-
Hoover Langevin piston pressure control). Then we per-
formed 1 ns NVT simulations to equilibrate the system
at the desired temperature, keeping the volume fixed at
the previously obtained value. Finally, the resulting MD
simulation box side was fixed, and an NVE simulation
was run, where the duration was increased with decreas-
ing temperature to ensure the convergence of the value
of the rotational relaxation constant 75. For the OPC
model, the duration of the simulations ranged from 2 ns
at 340 K to 360.5 ns at 180 K. Therefore, at each cooling
step, the system started from a configuration accurately
equilibrated at a slightly higher temperature. This pro-
tocol should ensure good equilibration even at the lowest
temperatures, and indeed the computed quantities show
a smooth trend, as expected. The value of the temper-
ature dynamic crossover in the supercooled regime T7p,
was obtained from the Arrhenius plots of the inverse dif-
fusion coefficient and rotational relaxation constant 7.
These plots are shown in Fig. Al.

The crossing temperature was estimated from the best
fit of the piecewise function given by Eq. (3); for both
dynamical quantities, 1/D and 7o, we obtained T}, =
222 £ 5 K, which is very close to the value extrapolated
from experimental data (approximately 225 K [10, 77—
79]). We note that the activation energies for T < T},
(E, =519+ 1.8 and E, = 54 £ 3 kJ/mol for 75 and
D, respectively) are noticeably higher than those ob-
tained when the TIP4P-Ew potential is used, which are
E,=1144 and E, = 30.24+0.6 kJ/mol for D and 79, re-
spectively, indicating that the motion of water molecules
in this regime is much slower for the OPC model than

(b) 30
OPC

28 E,=544+3kJ/mol
26
Q
= 222+5K
= 244 N

22

20 T T T

3.5 4.0 4.5 5.0 5.5

1000/T (K-1)

Fig. A1 Arrhenius plots for the OPC model of the (a) computed rotational relaxation constants 72 and (b) computed
inverse diffusion coefficients 1/D. The lines are the fit to the VFT equation [22-24] (on the left, higher temperatures) and
to the Arrhenius equation (on the right, lower temperatures). The arrows show the crossover temperature.
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for the TIP4P-Ew model.

An experimental estimation of the diffusion coefficient
in supercooled water from 126 to 262 K was given in a re-
cent paper [94]. Using a pulsed-laser heating technique,
the growth rate of crystalline ice from amorphous solid
water was measured, and the self-diffusion coefficient
D(T) was estimated from the Wilson-Frenkel model of
crystal growth [95]. From this estimate of D(T"), a value
of Tr, =~ 228 K was found, in agreement with the pre-
vious extrapolated value and with that obtained from
our simulations using the OPC model, T}, = 222 + 5 K.
For T < T}, the trend of the experimental estimate of
D(T) is Arrhenius, as expected, with an activation en-
ergy E, ~ 76 kJ/mol, which is higher than, but still of
the same order as, the value obtained using the OPC
model, E, = 54 + 3 kJ/mol. This is in contrast to the
result for the TIP4P-Ew model, for which the disagree-
ment is nearly 700%.

Finally, we remark that the values of T, and E, for
two other water models of the TIP4P family, namely,
the original TIP4P model [96] and the more recent
TIP4P /2005 model [97], are Ty, ~ 210 K, E, = 42.1
kJ/mol and T}, = 206 K, E, = 45.3 kJ/mol, respectively
[98]. In conclusion, the agreement of the values of T,
and F, with the most recent experimental estimates are
in favor of the OPC model.
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