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A structure—dynamics relationship enables
prediction of the water hydrogen bond exchange
activation energy from experimental data¥
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It has long been understood that the structural features of water are determined by hydrogen bonding (H-
bonding) and that the exchange of, or “jumps” between, H-bond partners underlies many of the dynamical
processes in water. Despite the importance of H-bond exchanges there is, as yet, no direct method for
experimentally measuring the timescale of the process or its associated activation energy. Here, we

identify and exploit relationships between water's structural and dynamical properties that provide an

indirect route for determining the H-bond exchange activation energy from experimental data.
Specifically, we show that the enthalpy and entropy determining the radial distribution function in liquid
water are linearly correlated with the activation energies for H-bond jumps, OH reorientation, and
diffusion. Using temperature-dependent measurements of the radial distribution function from the
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literature, we demonstrate how these correlations allow us to infer the value of the jump activation

energy, E,o, from experimental results. This analysis gives E,o = 3.43 kcal mol™, which is in good
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1 Introduction

One of the hallmarks of liquid water is its extensive hydrogen
bond (H-bond) network. The ability of this network to quickly
exchange these H-bonds is responsible for many of the note-
worthy features of the neat liquid."* Under ambient conditions,
H-bond exchanges play a critical role in most dynamical
processes including diffusion,® reorientation,*” viscosity,*™**
dielectric relaxation,”"* structural rearrangements,'** and
chemical reactions.'*"®

Given that these exchanges play such a ubiquitous role, it is
not surprising that they have received significant attention.
However, their characterization is challenging because widely
used water models predict a diverse range of exchange time-
scales and this issue cannot be settled by experiments, which
presently are unable to detect exchanges. Here we address this
challenge in two ways. First, we focus on the exchange time
activation energy that measures the enthalpic barrier that
controls the H-bond dynamics and is a central quantity for
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agreement with that predicted by the TIP4P/2005 water model. We also illustrate other approaches for
estimating this activation energy consistent with these estimates.

testing and validating theories and models describing water
dynamics. The activation energy naturally suffers from the same
issues as the exchange time itself in that it is not directly
accessible experimentally. Second, we use mechanistic insight
from previous simulation studies that showed that H-bond
exchanges are limited by the displacements of (the new and
old) H-bond acceptors between the first and second solvation
shells. The barriers for these displacements can be determined
from the radial distribution function (RDF) and its temperature
dependence, which are accessible experimentally.

Thus, in the present work we establish structure-dynamics
relationships connecting the temperature dependence of the
water RDF to the H-bond exchange time activation energy.
These relationships are validated on other dynamical quanti-
ties, i.e., reorientation and diffusion, where activation energies
are experimentally accessible. Using this approach we provide
the first determination of the activation energy for H-bond
exchanges based on experimental structural data.

As a preliminary, it is helpful to examine some of the key
developments that inform our understanding of the role of H-
bond exchanges in water dynamics and their relationship to
water structure. A key example of this is the development by Laage
and Hynes of a theoretical treatment of these H-bond exchanges,
called the extended jump model, to describe the reorientation of
water molecules in terms of finite amplitude “jumps” between H-
bond partners as well as a part that comes from the reorientation
of the unbroken O---O “frame” vector in the unbroken H-bond.”*
They showed that the reorientation time 7,, which is measured in
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pump-probe infrared anisotropy experiments,* can be expressed
in terms of these components as,

1 Wy 1
—_—= =4 — 1
T To ,L.gmme ( )

where 15%™€ is the frame reorientation time, i, is the average of

a weighting function that accounts for the size of the jump
angle,” and 7, is the characteristic jump time of H-bond
exchanges, i.e., it is the inverse of the rate constant for an OH
group to switch from one H-bond acceptor to another.

More recently, Gomez et al. showed that the water self-
diffusion coefficient can also be described in terms of a contri-
bution associated with translational steps upon H-bond jumps
and one associated with frame motion of the water and its four
H-bonded partners diffusing together.*> Analogously to the
extended jump model for OH reorientation, this gives the water
self-diffusion coefficient as

_ Po, + Po,

D
31'()

=+ Dirame 2
where g, and po_are the average distances moved by the H-
bond donor and acceptors during an H-bond exchange and
Dframe is the frame contribution to the diffusion coefficient.

These theories indicate why, as we have shown recently, the
OH reorientation time and water self-diffusion coefficient are
strongly correlated with the H-bond jump time:** They have
a common mechanistic origin. However, timescales are not easily
compared (1, and D do not even have the same units) and in
many ways activation energies are more fundamental, adding
substantially to our understanding because they represent
dynamical barriers. In the same work,* we noted that H-bond
jumps, diffusion, and reorientation all have similar, but not
identical, activation energies; the differences represent the
important mechanistic distinctions of each timescale. Diffusion
adds the magnitude of the translation jump upon an H-bond
exchange plus the “frame” diffusion of a water with its four H-
bond partners intact. Reorientation of an OH group adds the
magnitude of the angular jump upon an H-bond exchange plus
the “frame” reorientation of the OH with its H-bond to its
acceptor intact. The temperature dependences of the translation
and rotational jumps are nonzero, but relatively small,*** and the
frame motions are themselves governed by H-bond exchanges in
the surrounding waters. This gives similar (and highly correlated)
activation energies for jumps, diffusion, and reorientation. The
same may hold for viscosity and dielectric relaxation, but these
more collective quantities do not yet have theoretical models that
explicate their relation to H-bond exchanges.

A key difficulty is encountered, however, in unraveling the
individual components of these jump models for water diffu-
sion and reorientation. While the diffusion coefficient, D, and
the OH reorientation time, 1,, can be directly determined
experimentally in neat water, the H-bond exchange time, 1,
cannot. Importantly, the jump time for H-bond exchanges
between two different acceptors that induced distinct, distin-
guishable OH stretching frequencies have been measured using
two-dimensional infrared chemical exchange spectroscopy.”*>¢
However, because the OH vibrational spectrum is (on average)
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the same before and after H-bond exchange between two
equivalent water H-bond acceptors, this approach cannot be
applied to neat water. For some time, it was thought that 7, was
equal to the spectral diffusion time extracted from the
frequency-frequency time correlation function accessible from
two-dimensional infrared spectroscopy experiments. However,
we have recently shown® that, in simulations, the H-bond
exchange time is not currently accessible from such measure-
ments, rather the spectral diffusion time is almost fully deter-
mined by rearrangements within intact H-bonds and transient
H-bond breakages.”” Thus, additional progress on the connec-
tion of experimental measurements to 7, is needed.

This motivates other approaches to using experimental data
to characterize the H-bond exchange process. One approach is
to use the variability in water models for molecular dynamics
simulations. While any given water model obeys the relations in
eqn (1) and (2), the differences in the models yields a range of
timescales. We have recently shown that this leads to strong
linear correlations between the (inverse) jump time and both
the diffusion coefficient and the (inverse) reorientation time for
nine commonly used water models.*® These correlations are
empirical in that they represent an average behavior over the
different models, which, e.g., each have different values of w,
and 7, frame in eqn (1). Nevertheless, one can use them to infer
the jump time based on experimental data. The measured OH
reorientation time is 2.6 ps,”®* which yields a jump time of 3.2
ps from the correlation between 1/7, and 1/t, shown in Fig. 1b
of ref. 23. Similarly, the measured water self-diffusion coeffi-
cient is 2.30 x 107> cm® s~ *,* giving a jump time of 3.8 ps from
the correlation of D and 1/t, shown in Fig. 1a of the same work.
These estimates are important guide posts, but not fully satis-
factory given the significant difference between the estimates
based on the diffusion coefficient and reorientation time.

The considerations discussed above motivate our focus in
this work on the jump time activation energy,

£y 2] 8
where 8 = 1/(k,T), kp, is Boltzmann's constant, and T is the
temperature. Like the jump time itself, determining this acti-
vation energy from experimental measurements is a critical
challenge to be overcome in the long-standing goal of under-
standing liquid water. In the following, we show how this can be
accomplished by identifying the key elements of water structure
that determine the enthalpic barrier to H-bond exchange.

2 Theory

The jump timescale, 74, measures the inverse rate constant for
an OH moiety to exchange H-bond acceptors and, as is clear
from the above discussion, is one of the fundamental time-
scales of liquid water. From a molecular simulation 7, can be
calculated within the stable states picture® from the time
correlation function

Cab(t) = <na(0)nb(1)> > (4)

© 2024 The Author(s). Published by the Royal Society of Chemistry
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where (---) indicates a thermal average and n,, (n,) is equal to 1 if
the chosen OH is H-bonded to molecule a (b), and is otherwise
zero. Absorbing boundary conditions are used so that after an
exchange occurs, that molecule's contribution remains one
regardless of whether it switches back to its original H-bond
partner due to a further exchange. At longer times, 1 — Cg(%)
= e ", enabling determination of the jump time.

We have recently developed a fluctuation theory for dynamics
approach that enables the direct determination of an activation
energy from simulations at a single temperature,***=* by
computing the analytical derivative of a timescale or rate
constant with respect to temperature, in contrast to the numer-
ical derivative obtained in an Arrhenius analysis. Briefly, this
approach uses the fact that the temperature, or more precisely
the @ derivative of, for example, C,;(¢) is given by

6C,,b(t)
5

where 0H(0) = H(0) — (H) with H the total system Hamiltonian.
In other words, the temperature derivative is related to the
correlation of energy fluctuations with the dynamics; the acti-
vation energy is straightforwardly obtained by fitting Cy 45(t).**
We have used this method in a recent study in which we have
directly calculated the activation energies for water diffusion,
OH reorientation, and H-bond exchanges for a wide range of
water models.** Those data are used here and related to prop-
erties of the water structure.

Namely, the same approach can be used to calculate the
temperature dependence of static equilibrium properties.**>” In
liquids the RDF, for example,

0= o (X3t i) ). ©

i j#FI

= —{0H (0)n,(0)ny (1)) = — Cran(1), (5)

is frequently used to characterize liquid structure.* Here, 7;; = 7;
— 7, is the distance between sites i and j, N is the number of
molecules, r is the distance between two atoms — in this work we
focus on the intermolecular O---O coordinate to obtain goo(r) -
and V is the volume. Experimentally, RDFs are obtained as the
Fourier transform of the structure factor measured by either
neutron®*' or X-ray scattering.*>*

Using fluctuation theory, we have previously demonstrated
that the derivative of the RDF with respect to temperature, or
more precisely, 8, can be expressed as,

ag(ﬁr) _ _% <5HZZ¢5(V - |7if|)>

i j#Fi

7)
= —gu(r).

Here we have neglected the poV contribution to the derivative
present in the isothermal-isobaric ensemble, which is negli-
gible at 1 bar. This derivative is evaluated directly from simu-
lations at a single T and p.

3 Computational methods

We have carried out simulations of the oxygen-oxygen RDF and
its @ derivative for nine different water models. For each model,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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we generated initial configurations and the necessary data files
for molecular dynamics simulations using PACKMOL.* Initial
velocities were generated from the room temperature Maxwell-
Boltzmann distribution. Molecular dynamics simulations were
run using the Large-Scale Atomic/Molecular Massively Parallel
Simulator (LAMMPS).* Liquid structures were calculated from
separate long trajectories, propagated for 50 ns in the NpT
ensemble at 1 bar and 298.15 K after a 1 ns equilibration. For
these trajectories, configurations were output every 100 fs (in
total 500 000 configurations) from which the radial distribution
function and its derivative were calculated.

A Nosé-Hoover thermostat and barostat were used, both of
chain length 3, with damping parameters of 100 fs and 1000 fs,
respectively.***” For all simulations, the Particle-Particle-
Particle Mesh (PPPM) Ewald summation method was used for
the calculation of electrostatic interactions, with a tolerance
parameter of 1 x 10~ %, For simulations involving rigid water
molecules, the SHAKE algorithm was used to hold bonds and
angles constant, also with a tolerance of 1 x 10~

Note that the activation energies presented in this work are
taken from ref. 34 and a different approach was used there. In
particular, to remove the effect of the barostat and thermostat
on the calculated dynamical timescales and their activation
energies, they are computed from constant volume and energy
(NVE) trajectories that are initiated from configurations
sampled from an NpT trajectory.

Uncertainties in the structural parameters were calculated
using block averages over five blocks, and represent 95%
confidence intervals according to the Student's ¢-distribution.>*
Uncertainties for the activation energies are reproduced from
ref. 34 and also represent 95% confidence interval obtained
from ten blocks.

4 Results

We have calculated the oxygen-oxygen RDF for each water
model listed in Table 1 and plotted the results in Fig. 1. The
studied models represent a wide range of parametrizations that
spans 3-site and 4-site descriptions and includes both flexible
and 3-body models. In this figure, we have also included the

Table 1 E.o, AAHj, AAHY, and —TAAS* for each water model and
experiment*

Model Eao" AAH? AAH} —TAAS?
SPC/E>? 3.09, 2.585 0.515 —1.504¢
SPC/Fw™? 3.27¢ 2.72 0.554 —1.5744
TIP3P>*°° 2.715 2.28; 0.43¢ —1.39,
TIP3P/Fw>*>° 3.38¢ 2.82, 0.564¢ —1.634
OPC3°® 3.264 2.58 0.681¢ —1.45,,;
E3B2°7 4114 3.714 0.40, —2.54,
E3B3°® 4.03, 3.58; 0.4545 —2.4046
TIP4P/2005 >° 3.63; 3.25;5 0.384 —2.105
TIP4P/Ew®® 3.52¢ 3.18g 0.344 —2.0343
Expt*? 3.43 2.97 0.46 —2.16

“Model values are reproduced from ref. 34; experimental value
predicted as described in the text.
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Fig. 1 Plots of the liquid water oxygen—oxygen (A) radial distribution
function and (B) the 8 derivative of the RDF, —g, oo(r), for each water
model. Insets show a closer view of the first maximum.

experimental radial distribution function at 295.1 K as
measured by Skinner et al. using X-ray diffraction.* In this way,
the results in Fig. 1 represent a diverse array of descriptions of
water. Each simulation model exhibits moderate agreement
with the experimental RDF, but all overestimate the height of
the first peak. The models generally agree on the peak's location
along r, with the exception of the TIP3P and TIP3P/Fw models
which predict a more contracted liquid structure.

We have also directly calculated the 8 derivative of the RDF at
298.15 K for each water model using eqn (7) and have used the
experimentally measured RDFs at 307 and 284.5 K to evaluate
this derivative numerically.** The results are plotted in Fig. 1.
The model and the experimental derivatives are in general
qualitative agreement though the models exhibit slightly less
structure than the experimental result. Interestingly the 4-site
models are in good agreement with experiment after the first
minimum (located at about 3.1 A); however, only TIP3P repro-
duces the height of the first maximum with the other models
slightly overestimating the 7T-dependence of the peak.

5 Discussion

In the remainder of this Paper, we examine how these structural
properties of water and their temperature dependence can
provide information about the dynamics of water. In particular,
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we focus on the former, which can be used to determine the
thermodynamic barriers — both enthalpic and entropic - for
water rearrangements and investigate their relationships to
dynamical activation energies. It is found that these provide
a route to estimations of the activation energy for the H-bond
exchange time.

The Gibbs free energy can be calculated from the RDF as,

AGoo(r) = —kahl goo(}’) — Zkaln r, (8)

where the first term is the potential of mean force and the
second term is the entropy associated with the increasing
volume with r. The calculated AGoo(r) for each model and the
experimental results of ref. 43 are shown in Fig. 2. We find that
the free energy barrier to move from the first to the second
solvation shell is overestimated by each model compared with
experiment. Generally, we observe that a higher barrier between
the first and second solvation shell corresponds with an overall
shallower minimum in the second solvation shell, though the
two flexible models do not follow this pattern.

It is straightforward to show® that the derivative given by
eqn (7) applied to the OO RDF, gy oo(r), can be used to deter-
mine the corresponding enthalpy,

_ gH,oo(r)
AHoolr) = goo(r) ’ ®)

and the entropic contribution to the Gibbs free energy as,

—TASoo(r) = AGoo(r) — AHoo(r), (10)
using AGoo(r) = AHpo(r) — TASoo(r); the AH and AS obtained
are those for 298 K and may vary with temperature though, at
constant volume, we have found they are effectively indepen-
dent of temperature.*® The enthalpy and entropy contributions
to the free energy calculated in this way are shown in Fig. 2.
Both quantities exhibit more structuring in the experimental
results than in the simulations. The experimental enthalpic
barrier for moving from the first to second solvation shell is in
best agreement with the E3B models, though the measured
second solvation shell minimum is shallower than predicted by
any of the models. The experimental entropy profile is similar to
that predicted by all of the water models and agrees best with
the 4-site models studied. However, at short distances the
measured —TASoo(7) increases more steeply than in any of the
models.

We have previously reported calculations of the diffusion,
reorientation, and the jump activation energies for the models
considered here;* the results are given in Table S1 in the ESL.f
We now examine the relationship between the enthalpic (and
entropic) change associated with exchanging an H-bond and
the observed activation energy for each of these three
timescales.

It should be noted that the H-bond jump involves the
movement of the original acceptor out of the first solvation shell
of the H-bond donor, while the new acceptor must enter the first
solvation shell. Thus, it is useful to consider the quantity AAH*
= AH} + AH},, which corresponds to the sum of the enthalpy

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 (A) Gibbs free energy, (B) enthalpy, and (C) entropy as a function
of the intermolecular water oxygen—oxygen (OO) distance. (The first
minimum is set to zero in each case.)

barrier in both directions, as illustrated schematically in Fig. 3.
Here we define AHf and AH}, as the enthalpy required to cross
the barrier in the forward and backward directions, respectively.
These are calculated as

AHf:; = AHO()(VI) — AHOO(rlst)

| (11)
AH} = MAHoo(r*) — AHoo(rana),

where ¥, 14, and ronq are the positions of the transition state,
the first solvation shell, and second solvation shell, respectively;
see Fig. 3. A similar approach has previously been successfully
used with the RDF to estimate the jump time, though it relies on
information only available from simulations.®

Laage and Hynes have suggested previously that the jump
activation energy can be expressed as F, o = AAH* + AAH} where

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Schematic of the liquid water oxygen—oxygen enthalpic (solid
orange line) and entropic (dashed purple line) contributions to the free
energy. Indicated on the plot are the positions ryg, r*, and ronq as well as
the forward and backward directions over the enthalpic barrier. As
noted in the text, an H-bond exchange must involve one water
molecule leaving the first solvation shell, with an enthalpic barrier of
AH}, and another molecule entering the first solvation shell, with an
enthalpic barrier of AHE.

the second term corresponds to a separate barrier along an
angular coordinate.” From our present calculations, we find that
the SPC/E model AAH? is 2.58 + 0.06 kcal mol™*, and its E, , is
3.09 + 0.04 kcal mol . Using these values, we then find AAHG =
0.51 & 0.07 keal mol™" in close agreement with the result of
~0.5 kcal mol ™" in Fig. 17 of ref. 7. In Table 1 we have included
our calculated values of AAHj = Eao — AAH' for each water
model. Interestingly, 4-site models have generally larger values
of AAH* and smaller values of AAHf; than their 3-site brethren,
leading to higher values of E, ,.

It is useful to consider instead the dependence of a given
activation energy on the enthalpic barrier AAH*. We have
plotted the jump, reorientation, and diffusion activation ener-
gies of each water model as a function of their corresponding
values of AAH* in Fig. 4A-C. The data show a clear linear
dependence between each activation energy and the structural
enthalpic barrier, such that a linear function of the form

Ea,X = mH,X(AAHi) + bH,X9 (12)
provides an excellent fit of the data, as also shown in Fig. 4A-C.
Here, by x is the y-intercept, the value my x is the slope, and X
represents the timescale, with X = 0 for the jump time, X = 2 for
the reorientation time, or X = D for the diffusion coefficient.
The values of my; x and by x are given in Table S2 in the ESLT

These results demonstrate the clear structure-dynamics
relationships for water, not only for the jump time but also for
the OH reorientation time and the self-diffusion coefficient. For
all three timescales E, x and AAH' have a strong linear corre-
lation (R*> between 0.916 and 0.957). We have tabulated the
fitting parameters and R> values for each fit in Table S2.t It is
interesting to note that the slope for the jump time activation

Chem. Sci., 2024, 15, 2197-2204 | 2201
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Fig. 4 Plot of the (A) jump, (B) reorientation, and (C) diffusion activation energies plotted for each water model as a function of AAH* and the
same for —TAAS* (D—F). Linear fits are included for each panel as a solid black line. The predicted activation energies from the X-ray data of
Skinner et al.,** generated using the correlations of AAH*, are included on each plot.

energy is slightly different than one, which may be indicative of
a temperature dependence of the H-bond jump transmission
coefficient as well as the non-zero barrier in the jump angle. The
same is true for the reorientation and diffusion activation
energies, but this is expected because these processes involve
contributions from “frame” motion between H-bond jumps as
well as the magnitudes of the angular and translational motions
with an H-bond exchange.”****?** These factors also explain the
slightly weaker correlations of E,, and E,, with AAH*
compared to that for E,,. This strong structure-dynamics
relationship will be used to determine E, o, which is not acces-
sible experimentally, from AAH* determined from the temper-
ature dependence of the measured RDF.

We have also calculated —TAAS?, the entropic contribution
to the free energy barrier corresponding to an H-bond exchange,
which we have included in Table 1. With this a similar linear
equation may be obtained as

EaﬂX = mS’)((—TAASi) + bS,Xa (13)

2202 | Chem. Sci, 2024, 15, 2197-2204

where mgy and bgx are again the slope and intercept; their
values are given in Table S2 in the ESL

We have plotted E, y as a function of —TAAS* for each water
model in Fig. 4D-F and fitted these data to eqn (13). While the
observed correlations are strong (R> between 0.842 and 0.887),
they are weaker than that found for the enthalpic correlations.
(Full details of the fits are provided in Table S2.1) The strong
linear correlations of the activation energies with —TAAS* is
likely a direct result of enthalpy-entropy compensation in the
water models.**

With these correlations in hand, we can use the experimental
results of Skinner et al.,** which give AAH&XPt =2.97 keal mol !
and —TAASﬁxpt = —2.16 kcal mol™, to infer the activation
energies. As the correlations with AAH* are stronger than with
the entropy, we use AAH(EXPt and our fitted parameters in Table
S1t to estimate the activation energies from the experimental
data. We first apply this approach to predict E,, and E, , as
these have been previously determined experimentally. This
provides a validation of the use of these structure-dynamics
relationships to determine activation energies. We find an
estimated value of E,, = 3.89 kcal mol ", which is in good

© 2024 The Author(s). Published by the Royal Society of Chemistry
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agreement with the values measured by Petersen et al.>® (4.1 +
0.5 keal mol ™) and Nicodemus et al.>® (3.7 & 0.5 kcal mol ™).
We also obtain an estimate of E, , = 4.00 kcal mol %, which is
close to the range of 4.2-4.6 kcal mol " found in direct experi-
mental measurements.'®*"**%* (The entropic correlations using
—TAASEXP,t predict values of E,, = 4.26 kcal mol ! and E,p=
4.30 kcal mol™'; these values are also reasonable, but the
stronger correlations with AAH* indicate those likely provide
the better estimates.)

The fact that these estimates of E,, and E, , are in accord
with direct measurements supports using the structure-
dynamics relationship to determine the H-bond jump activa-
tion energy. This yields E,, = 3.43 kcal mol *,°® which to the
best of our knowledge is the first estimate of this value based on
experimental data. If we instead utilize the entropic correla-
tions, we find that the jump activation energy is 3.76 kcal mol *,
which is within uncertainty of the enthalpy-derived value.

6 Conclusions

In summary, we have used molecular dynamics simulations of
nine commonly used water models to evaluate the connection
between liquid structure and dynamics. We have calculated the
RDF and the Gibbs free energy along with the enthalpic and
entropic contributions to the free energy along the OO coordi-
nate in water using fluctuation theory for each of the water
models. We then demonstrate, using these data, that a strong
linear dependence exists between the activation energies of
three dynamical timescales (hydrogen-bond exchanges, OH re-
orientation, and water self-diffusion) and the enthalpic barriers
involved in a hydrogen-bond exchange. Finally, we have used
this structure-dynamics relationship to obtain the first
experimentally-derived value of the H-bond jump activation
energy from the measured T-dependent RDFs of Skinner and co-
workers.** These results should motivate further temperature-
dependent measurements of the water structure to better
determine the H-bond jump activation energy by way of the
thermodynamics of the water structure.
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