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Abstract

Recent advances in the calculation of activa-
tion energies are shedding new light on the dy-
namical timescales of liquid water. In this Per-
spective, we examine how activation energies
elucidate the central, but not singular, role of
the exchange of hydrogen-bond (H-bond) part-
ners that rearranges the H-bond network of wa-
ter. The contributions of other motions to dy-
namical timescales and their associated activa-
tion energies are discussed along with one case,
vibrational spectral diffusion, where H-bond
exchanges are not mechanistically significant.
Nascent progress on outstanding challenges, in-
cluding descriptions of non-Arrhenius effects
and activation volumes, are detailed along with
some directions for future investigations.

1 Introduction

The dynamics of liquids can be characterized in
myriad ways, including e.g., self-diffusion coef-
ficient, reorientation time, dielectric relaxation
time, and viscosity. While all of these prop-
erties probe different behaviors of the liquid,
some of them are expected to share a common
molecular origin and result from the same ele-
mentary structural rearrangements. A central

paradigm in chemistry is indeed that function
follows structure, and the corollary is that dy-
namics is determined by the energetics associ-
ated with changes between structures. In the
context of water, this dictates that the behav-
ior of the liquid is determined by the disor-
dered hydrogen-bonding (H-bonding) network
that represents its key structural feature. That
this is so is evident in many of the unique (or
at least rare) properties of water, e.g., a den-
sity maximum with temperature, isotopic ef-
fects in the liquid thermodynamics, a liquid-
liquid phase transition for the supercooled lig-
uid, solvation properties, etc. The rearrange-
ments of this H-bond network, and in particular
the exchange of H-bond partners that changes
the H-bond network connectivity, are therefore
expected to be the central elementary step un-
derlying (most) dynamical timescales in liquid
water. This connection is intuitive and forms
the implicit basis for much of the discussions in
the literature of liquid water dynamics.!
However, the relationship between structure
and dynamics is also fraught with imprecision.
The relaxation time of a quantity is determined
not only by the characteristic time of the struc-
tural rearrangements but also by the amplitude
of the change in that quantity that is induced
by each elementary rearrangement. In addi-
tion, multiple structural rearrangements can af-
fect the same quantity. This can be illustrated
for one water dynamical timescale, OH reori-



entation time, for which the connection with
H-bond exchange times has been made theoret-
ically precise.®> This description showed that
other factors — the angle the OH bond traverses
during an exchange, reorientation of the intact
H-bonded pair between exchanges — also con-
tribute to the OH reorientation time, thus il-
lustrating the challenges in applying intuitive,
but often overly simplified conceptual interpre-
tations, as discussed in detail in Sec. 3. More
broadly, key questions remain about how H-
bond exchange times are manifested in var-
ious other dynamical timescales such as the
self-diffusion coefficient, viscosity, spectral dif-
fusion, dielectric relaxation, and solvation dy-
namics, which currently lack the rigorous theo-
retical connection available for reorientation.
Connecting a dynamical timescale to a struc-
tural rearrangement and its associated ener-
getic barrier is not straightforward. This can
be shown by considering the simple expression
of a rate constant, k(7'), in terms of the transi-
tion state theory (TST) result,®” krgr(T), and
the associated transmission coeflicient, x(7'),

KT) = &(T)krsr(T),
kT QNT) B!
h Qu(T) ’
= /@(T)l/se_ﬁAAi(T). (1)

Here, f§ = 1/kgT with kg Boltzmann’s con-
stant, h is Planck’s constant, @, and Q% are
the reactant and transition state (TS) partition
functions, E* and AA! are the electronic en-
ergy and (Helmholtz) free energy differences be-
tween the TS and reactant configurations, and
Vs = ws/2m is the reactant frequency in the
reaction coordinate, s. This equation relates
the dynamical timescale, k=!, to the free en-
ergy barrier, AA*, associated with the underly-
ing structural rearrangement. However, while
k(T') is measurable and thus independent of any
choice of ours, each factor on the right-hand-
side of eq. 1 depends on our choice of the re-
action coordinate through the definition of the
transition state. A first difficulty therefore lies
in the identification of an adequate microscopic
coordinate to describe the relevant structural

rearrangement.

A second issue, even more critical in the
present context, is that the timescale is not
determined solely by the energetics determined
by structure (AA*) but includes contributions
from the dynamical factors x and v,.>® One can
assume there is an “exact” reaction coordinate
for which x = 1 to leave only v, as a confound-
ing factor. Assuming that v, is independent of
T, eq. 1 indicates that AU* can be obtained
from the temperature dependence of k,

Ink(T)=1 AUY | A5 2

nk(T) =l - Fo 5 @
but AS* can only be determined within a factor
of In v;.

Given these difficulties, how can the connec-
tion between the various dynamical timescales
of water and H-bond exchanges be clarified?
In this Perspective, we show that one power-
ful approach is through a careful comparison of
their temperature dependences, typically char-
acterized by the activation energy. Its applica-
tion to liquid water provides a molecular un-
derstanding to the experimental observation?®
that a broad range of dynamical quantities —
including, e.g., translational diffusion and re-
orientation — share similar activation energies,
but also reveals why their activation energies
are not strictly equal. In the following, we first
introduce activation energies, their key role,
and molecular interpretation. We show that
their analysis for translational and rotational
dynamics in liquid water reveals the central
role played by H-bond exchanges in both pro-
cesses. We then consider vibrational spectral
diffusion in water and show that, in contrast
to its traditional interpretation, activation en-
ergies establish that it is not caused by H-bond
exchanges but rather by unsuccessful attempts
at exchanges. Further, we show how this ap-
proach can be extended to open challenges in-
volving non-Arrhenius processes and activation
volumes, and we finally offer some concluding
remarks.



2 The Central Role of Ac-
tivation Energies

The activation energy is defined as

B - _8lnak(T)’ 3)
g

where, e.g., k equals the inverse of a character-
istic timescale or a rate constant for a chemi-
cal reaction. FE, is unambiguously defined and
accessible experimentally, in contrast with the
potential energy barrier AU* which depends
on an arbitrary choice of reaction coordinate,
as discussed above. It may not be obvious
a priort that it is necessary to concern our-
selves with FE,, or that the activation energy
more clearly reveals the link between the var-
ious timescales (though certainly a compari-
son of both timescales and activation energies
is naturally more revealing than one involving
only the former). However, some further con-
siderations strongly indicate that the activation
energy might be a more fundamental property.
First, Tolman has shown that the activation
energy for a chemical reaction can be rigorously

expressed as

Ea = <H>reacting - <H>reactant7 (4)

where H is the system Hamiltonian and (---)
indicates a thermal average. Thus, F, is a mea-
sure of the average energy of species that re-
act minus that of the reactant species. Note
that in the case of no transition state recross-
ing, eq. 2, TST gives E, = AU?, if one assumes
that v, is temperature independent (the con-
stant pressure activation energy would similarly
yield AH* under the same assumptions). This
is consistent with the Tolman interpretation of
the activation energy, eq. 4, which recognizes
it as equal to the difference in internal energy
of the reacting species and reactant species. In
this context, if two timescales share similar ac-
tivation energies, it implies that they not only
exhibit similar responses to a change in temper-
ature, but further suggests a common mecha-
nistic component.

Second, as will be discussed in further detail

in this section, for many dynamical quantities
in liquid water, their temperature dependence is
dominated by that of the structural rearrange-
ment, e.g., the H-bond exchange for the reori-
entation time and diffusion coefficient, which
is thermally activated. In contrast, the am-
plitudes of, e.g., the reorientational or transla-
tional displacement induced by each H-bond ex-
change, change more weakly with temperature,
and bring a smaller contribution to the overall
activation energy. In other words, the activa-
tion energy as given by eq. 4 is expected to be
less sensitive to the additional factors (e.g., the
size of angular and translational jumps in reori-
entation and diffusion, respectively) that enter
into the various timescales of water.

2.1 An Example: Water Diffu-
sion & Reorientation

These arguments are admittedly not conclusive,
but can be more concretely explored by consid-
eration and comparison of water reorientational
and diffusive dynamics. Reorientation in water
is most commonly characterized by the reori-
entational timescale 75 that describes the long-
time decay of the time correlation function,

Cs(t) = (P2leomn(0) - eon(t)]), (5)

which is associated with H-bond making and
breaking;® here, éog(t) is the unit vector
along the OH bond of a water molecule at
time ¢ and P, is the second-order Legendre
polynomial. Pump-probe anisotropy measure-
ments!® can directly access 7, and an average
timescale (72) = [ C5(t) dt can be determined
from nuclear magnetic resonance (NMR) exper-
iments.!! Diffusion is naturally characterized
by the diffusion coefficient D that is obtained
from the long-time slope of the mean-squared-
displacement (M SD),

b (P =FOR) _ . MSD(t)

t—00 6t t—00 6t

, (6)

where 7(t) is the position of a molecular site
at time ¢. Note that D is also obtainable from
NMR measurements!? as well as quasi-elastic
neutron scattering®'® and tracer diffusion ex-



periments. 14

The activation energies associated with 7, and
D can be obtained from a fluctuation theory for
dynamics method 16 that provides the analyt-
ical derivative of a rate constant (or timescale)
with respect to temperature (as opposed to the
numerical derivative obtained in an Arrhenius
analysis).

The method has been described in detail else-
where, %16 but it can be readily understood us-
ing the example of the diffusion coefficient, D,
given above in eq. 6. The temperature depen-
dence in the M SD comes from the Boltzmann
sampling of coordinates and momenta of the N
atoms,

h73N

Msp() =" [ [ dpdac " ) - o),
(7)
specifically the Boltzmann factor (e7?#) and
the canonical partition function (Q). It is
straightforward to show that the derivative of
the mean-squared-displacement with respect to

[ is
OMSD(t) _ S
——— = —(6H(0)|F(t) — (0)]*)
op
= —MSDy(t), (8)

where 6H(0) = H(0) — (H) is the fluctuation
in the total system energy at time ¢t = 0 about
its average value (H). The diffusion coefficient
activation energy, I, p, is then given by

_ mGHO) 0 - 0P

P o oY

t—o0

Note that, while this illustration is based on
the diffusion coefficient, the method is appli-
cable to any time-dependent — or, indeed, any
time-independent — quantity. A key advantage
of this fluctuation theory approach is that the
activation energy can be calculated using this
expression from simulations at a single temper-
ature.

We have recently used this approach to ex-
amine many dynamical and equilibrium prop-
erties of water!©?® (and other systems?”29)
including OH reorientation.'™2! and self-

diffusion. 17292124 One can use these results to
carry out a simple thought experiment. If OH
reorientation and diffusion (and other dynam-
ics) in water is controlled by H-bond exchanges,
the jump time should be the single character-
istic of all of these dynamics. Moreover, such
a relationship will extend to the correspond-
ing activation energies (and other activation
parameters, such as activation volume) that
measure the energetics for each timescale that,
within the assumptions of this thought exper-
iment, are determined by the energetics of an
H-bond exchange.

We can carry out this thought experiment
by examining timescales and activation energies
from a range of different water models. If the
assumed centrality of the H-bond jumps is ac-
curate, a single, clear relationship should exist
between a given dynamical timescale and the
jump time and, by extension, between the var-
ious timescales themselves.

The relevant comparisons suggested by this
line of thinking are presented in Figs. 1 and
2. In particular, Fig. 1 shows the water self-
diffusion coefficient and the inverse OH reori-
entation time as a function of the rate constant
for H-bond exchanges, ky = 1/79, for nine dif-
ferent classical water models. (Note that the
models include 3- and 4-site rigid models,303°
two 3-site flexible models,34 3¢ and two models
that include 3-body interactions.3"3® For ref-
erence, the measured diffusion coefficient!? is
2.30 x 107° cm?/s and the experimental reori-
entation time3%4° is 2.6 ps; the agreement of
the water models with these measured values
has been examined in detail previously.'”) In
both cases, the effective rate constants, 7.e., D
and 1/7y as well as 1/m and 1/7p, are nearly
perfectly linearly related, consistent with the
assumption that the diffusive and reorientation
dynamics are determined by H-bond jumps.
However, it is interesting to note that for the
OH reorientation time, Fig. 1b, the slope of
1/ versus 1/7 is significantly different than
one, indicative of the differences between the
two timescales®? that will be discussed in de-
tail below. (Naturally, a similar correspondence
cannot be explored for D given the different
units for the two timescales.)
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Figure 1: a) Diffusion coefficient, D, and b) inverse OH reorientation time, 1/7,, for each of nine
different water models plotted as a function of the inverse H-bond jump time, 1/75. Results are for
T =298.15 K and 1 bar. A linear fit to the data is also shown (red or blue dashed line) and, in b),
a one-to-one correlation (dashed black line). Data taken from Ref. 17.

By themselves, the results in Fig. 1 illustrate
only an empirical correlation between key mea-
surable, dynamical timescales of liquid water
and the H-bond jump time. (It will be interest-
ing in the future to examine whether this cor-
relation holds for polarizable and ab initio wa-
ter models.) As noted, there is a rigorous the-
oretical framework, the extended jump model
(EJM),*® that connects the OH reorientation
time, 75, to the jump time and we will examine
this relationship in detail below in Sec. 3. An
analogous framework relating the diffusion co-
efficient to H-bond exchanges is currently under
development. Neither, however, predicts the re-
lationships shown in Fig. 1. These models sug-
gest that D and 7 arise from a sum of contribu-
tions coming respectively from the jump time
To, from the translational or rotational jump
amplitude, and from more collective structural
dynamics. Further work is required to deter-
mine why D and 1/7» exhibit such linear de-
pendence with 1/75 and to probe the broader
generality of these linear relationships and their
causal underpinnings.

However, the latter can be partially explored,
as anticipated above, by examination of the cor-

responding activation energies. The diffusion
coefficient and OH reorientation time activa-
tion energies are each plotted as a function of
the jump time activation energy in Fig. 2 for
the same set of water models. While all three
timescales involved are non-Arrhenius, 134142
i.e., their activation energy defined by eq. 3
changes significantly with temperature, fluctu-
ation theory for dynamics gives the activation
energy at a single temperature without the ne-
cessity of choosing a temperature range in an
Arrhenius plot, minimizing this complication.
Fig. 2 shows that the activation energies for dif-
fusion and reorientation are strongly, linearly
correlated with that of the H-bond jump time.
Both E,p and E,, are larger in magnitude
than E, o indicating that the additional factors
influencing the motion, i.e., the size of the an-
gular /translational jumps and the motion of the
water molecule in intact H-bonds, add to the
effective barriers. Despite this, the linear cor-
relations of E, p and E,s with the jump time
activation energy have slopes that are nearly
unity (1.02 and 1.18, respectively). This sug-
gests that these additional contributions to the
diffusive and reorientational activation energies
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Figure 2: Jump activation energy, F, o, for each of nine different water models plotted as a function
of a) the water diffusion activation energy, E, p, and b) the OH reorientation activation energy,
E.». Results are for 7' = 298.15 K and 1 bar. A linear fit to the model results is also shown (red or
blue dashed line) in each case along with a one-to-one correlation (dashed black line). Data taken

from Ref. 17.

are themselves independent of E, or linearly,
but weakly, correlated to it. Naively, one might
also infer that they are quantitatively small, but
we will see below that the situation, at least for
OH reorientation, is more complicated.

Empirical correlations like those in Figs. 1
and 2 are potentially useful if they are, in
fact, general. Namely, the diffusion coefficient
and OH reorientation time can be predicted
to within ~ 6% from a calculation of the H-
bond jump time (a similar correlation allows
the viscosity, not shown, to be similarly de-
termined within ~ 10%). The activation en-
ergies for D and 7, are predicted even more ac-
curately, to within 3% across the nine water
models, from the linear correlations. Measured
diffusion activation energies fall in the range
E,p = 4.2 — 4.6 kcal/mol,**36 which would
predict, from Fig. 2 the jump activation energy
as E, o = 3.6 — 4.0 kcal/mol; these values over-
lap with analogous predictions from measured
OH reorientation times,?**° but the values of
E,5=3.7£0.5 and 4.1 £ 0.5 kcal/mol are suf-
ficiently uncertain as to make the comparison
of limited value.

2.2 Mechanistic Insight from Ac-
tivation Energy Decomposi-
tions

The causal link between the dynamical proper-
ties of water and H-bond exchanges can be fur-
ther explored through the fluctuation theory for
dynamics approach. While other approaches to
determine activation energies are available, a
key advantage of this theory is that it provides
otherwise unavailable insight into the origin of
the activation energy through a rigorous decom-
position. Specifically, the fluctuation in the to-
tal system energy in the expression for the acti-
vation energy, eq. 9, can be expressed as a sum
of components; for example, in classical molecu-
lar dynamics simulations a natural dissection is
AH(0) =0KE(0)+dVL;(0) 4+ 0VEie(0), where
the three terms on the right-hand-side are the
fluctuation in kinetic energy, Lennard-Jones po-
tential energy, and electrostatic interactions, re-
spectively. Substitution of this expression into
eq. 9 gives

Eop =FEopke+ Eoprs+ Eop g, (10)



where, e.g.,
lim (3V2,(0) [7(t) = 7(0))
lim (|7(£) — 7(0)[?)

t—o0

(11)

Ea,D,LJ -

The Tolman viewpoint for the activation en-
ergy gives a clear interpretation of this com-
ponent as the average Lennard-Jones potential
energy of diffusing species minus the average
Lennard-Jones potential energy of all species.
The E,prxr and E, p g are given by corre-
sponding expressions, with analogous interpre-
tations.

It is then informative to compare the ac-
tivation energy components for different dy-
namical properties of water. This is done in
Fig. 3, which shows the total activation energy
and its electrostatic, Lennard-Jones, and Kki-
netic energy components for the diffusion coeffi-
cient, OH reorientation time, H-bond exchange
(“jump”) time, and shear viscosity. (The shear
viscosity is obtained from a time correlation
function involving the elements of the pressure
tensor; the calculation of its activation energy
has been described elsewhere.??) The total acti-
vation energy for these H-bond jumps are quite
similar to those for diffusion and OH reorienta-
tion as well as the water shear viscosity.

More revealing, however, is that the energetic
components of the activation energy are also
quantitatively comparable for all four dynam-
ical properties. Indeed, the individual kinetic
energy, Lennard-Jones, and electrostatic com-
ponents of the diffusion and OH reorientation
activation energies are nearly identical. This
is consistent with the suggestion of a common
mechanism for the two dynamical timescales,
namely the exchange of H-bond partners that
is the elementary step of water structure rear-
rangements (see also below). Yet, there are
quantitative differences between the H-bond
jump time activation energy components and
those of the other dynamical properties, indica-
tive of additional features — beyond H-bond ex-
changes — of the mechanisms of diffusion, reori-
entation and viscosity that add to the energetic
barriers.

Of particular note is the fact that £, s is

Activation Energy (kcal/mol)
Diffusion
Reorientation
Viscosity

Total Elec LJ KE
Energy Component

Figure 3: Total activation energy and its
electrostatic, Lennard-Jones, and kinetic en-
ergy components for the H-bond jump time
(blue), diffusion coefficient (red), reorientation
time (purple), and shear viscosity (magenta) of
TIP4P /2005 water. Data taken from Refs. 17
and 22.

negative for each of these measures of water dy-
namics. Within the Tolman perspective, this
indicates that the water dynamics are faster
when the Lennard-Jones interaction energy is
smaller. We have previously noted that this
results from a competition inherent in the H-
bond, which is held together by electrostatic
interactions (within the classical models used
in these simulations) that are restrained by the
repulsive Lennard-Jones interactions of the two
partnered water molecules. In breaking this
H-bond, the electrostatic energy rises but the
Lennard-Jones energy falls as the two molecules
separate; see Fig. 5 in Ref. 19.

3 A Rigorous Connection:
The Extended Jump
Model for OH Reorien-

tation in Water

The connection between the OH reorientation
in water and H-bond exchanges has been for-
malized in the extended jump model (EJM) de-
veloped by Laage and Hynes.* In the EJM, the
OH reorientation time is expressed as a sum of



contributions from H-bond jumps between ac-
ceptors that occur with a large change in the
OH angle and the “frame” reorientation of the
intact H-bonded pair,

1 1 1
— = + . (12)
T2 T2 jump T2, frame

Here, 72 frame is the longest decay timescale
of the second-order reorientational time cor-
relation function (TCF) for the OO bond in
the intact H-bond Ch frame(t) = (P2[€00(0) -
€00(t)]) H—bona- The timescale 75 jymyp is the con-
tribution from jumps between H-bond accep-
tors based on the jump time, 75 (the inverse of
the rate constant for the “reaction” of an H-
bond exchange), and the size of the associated
large angle changes,
70

T2, jump = 5y (13)
where Wy is the average value of the weighting
in the Cy(t) TCF for angular jump size, A6,

sin[5A0/2]
wa(AG) = {1 - W} . (14)

These equations defining the EJM give a direct
relationship between the jump and reorienta-
tion times and the associated activation ener-
gies.

The 7 reorientation time activation energy is
given by a weighted combination of the activa-
tion energies for the jump and frame compo-
nents, **

T2 T2

Eoo = EJ5™. (15)

Jump
Ea,Q +

T2, jump T2, frame

The jump contribution activation energy is it-
self a combination of the activation energy as-
sociated with the jump time, 79, and the weight
ws that depends on the angles traversed when
H-bonds are exchanged,

jump 1 87’0 1 852

Eo® = —o2 =737

' T 08 Wy OB
= E.0+E (16)

Thus, we see that the OH reorientational ac-
tivation energy that is obtained in an infrared

pump-probe anisotropy measurement is related
to three contributions,

T2

T2 E({game’

(Ea,O + E'aA,Qe) +
T2, frame

Ea,2 -

T2, jump

(17)

only one of which is the H-bond jump activa-

tion energy, F,o. The activation energy pre-

dicted by the model was shown!® to be in ex-

cellent agreement with that calculated directly
from simulations.

The EJM result in eq. 17 shows the direct
connection between the H-bond exchange acti-
vation energy, E,o, and the OH reorientation
time activation energy, F,o. However, it also
makes clear that the two are not the same,
with F,, having additional contributions from
the reorientation of the intact H-bonded pair
and the temperature-dependence of the angu-
lar jumps that occur upon H-bond exchange.
This is illustrated in Fig. 4. It will be interest-
ing to examine this behavior in linear alcohols
where, for some chain lengths, the frame time
is faster than the H-bond jump time.*” Similar
behavior is expected for the relation between
the jump and diffusion coefficient, £, p, activa-
tion energies, which must involve how the dis-
tance moved by a water molecule undergoing
H-bond exchange and diffusion of a persistently
H-bonded water molecule depend on tempera-
ture.

Despite these confounding factors, E,, and
E, are strongly, linearly correlated and so are
E,p and E,o, as shown in Fig. 2 for nine
different water models. In a detailed analy-
sis of the EJM for the SPC/E water model, '’
we found that E2Y is comparatively small (~

0.13 kcal/mol), while Ef;g“me is substantial,
3.66 kcal/mol, but reasonably similar to £, =
3.31 kecal/mol. This is perhaps not surprising
in that the frame reorientation of the intact H-
bonded pair itself is presumed to occur by the
H-bond exchanges of water molecules solvating
the pair, leading to a comparable activation en-
ergy. In other words, because liquid water is
fundamentally defined by its H-bond network,
nearly any rearrangement involves the exchange
of H-bonds and hence has a similar activation
energy. However, lest one become too comfort-
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able with such a painless description of water
dynamics, a key counterexample is presented
in the next Section.

4 A Counterexample: Vi-
brational Spectral Diffu-
sion in Water

While the analysis of activation energies pro-
vides strong support for a common structural
rearrangement origin for translational and re-
orientational dynamics in water, we now show
that it can also reveal that other dynamical pro-
cesses taking place on a similar picosecond (ps)
timescale are not caused by the same underly-
ing mechanism. We now illustrate this point
with a different dynamical property of water,
the spectral diffusion time, which has attracted
significant attention over the past two decades,
motivated by two-dimensional infrared spec-
troscopy (2D-IR) measurements. The spectral
diffusion time is a measure of the dynamics of

130 and taken from

the OH (or OD) vibrational frequency obtained
from the decay of the frequency-frequency time
correlation function (FFCF),

Ow(t) = <5W01(0) 50&01(t)>. (18)

Here, dwo1(t) = wo1(t)—{wo1) where wp (¢) is the
fundamental vibrational frequency of the OH
mode. The FFCF can be obtained from the
center-line-slope of the 2D-IR spectrum?® and
thus is directly measurable.

In liquid water at ambient conditions, OH
spectral dephasing occurs on a ps timescale,
typically associated with H-bond rearrange-
ments. Comparison between simulations and
measurements lead to the proposal by Lawrence
and Skinner that the longer-time decay of the
FFCF directly probes H-bond exchange dynam-
ics.*” They compared the FFCF to time correla-
tion functions that measure continuous survival
probability of H-bonds and found that they de-
cay on the same time scale.

It is noteworthy that the H-bond TCF used
by Lawrence and Skinner are not the same as



that which provides the H-bond jump time.*?
The jump time is obtained from the time con-
stant of the exponential decay of the stable-
states TCF,%5 1 — Cyup(t) where Cyp(t) =
(na(0)ngp(t)) with ng = 1 (0) when an OH is
(is not) H-bonded to acceptor A and np =1 (0)
when it is (is not) H-bonded to a new acceptor
B. The principal difference is that they decay
on timescales faster than the jump time because
they are sensitive to transient H-bond breaks,
i.e., OH groups that briefly break their H-bond
but do not find a new acceptor and instead re-
turn to the original acceptor. This deviation be-
tween the spectral diffusion time and the jump
time was resolved by Lawrence and Skinner by
describing the former as arising from the sum of
the forward and backward jump rate constants
for a given OH.

Such plausible arguments about the connec-
tion between the spectral diffusion and jump
timescales are directly tested by examination
of the corresponding activation energies.?® We
have recently calculated the spectral diffusion
and jump activation energies, E,, and L,
respectively, for three water models. The re-
sults are presented in Fig. 5 and show that the
spectral diffusion time has a significantly lower
activation energy than the jump time. Not only
does this demonstrate that the two timescales
measure different dynamics, it indicates that H-
bond jumps require passage over higher barri-
ers and hence spectral diffusion does not require
H-bond exchange. We did find a small (< 3%
amplitude) component in the FFCF (see the
right panel of Fig. 5) that has a timescale and
activation energy matching the jump time; this
amplitude is likely not large enough, or at short
enough times, to appear in measurements of the
FFCF and spectral diffusion time.

Analyzing their respective activation energies
therefore reveals that OH frequency dephasing
is not sensitive to the same H-bond network
rearrangements as translational and rotational
dynamics: while unsuccessful attempts at jump
H-bond exchanges do not lead to stable water
reorientation and translation, they do induce
OH frequency dephasing.
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5 An Open Challenge:

Non-Arrhenius Behavior

The above examples show how activation ener-
gies provide important insight into the connec-
tion between OH reorientation dynamics and H-
bond jumps as well as the lack of a connection
between spectral diffusion and H-bond jumps.
However, a key feature of water dynamics is
that they are non-Arrhenius, i.e., the activa-
tion energy itself depends on temperature.

This non-Arrhenius behavior is often con-
nected to the existence of a liquid-liquid phase
transition for water that is now generally ac-
cepted.?!°953 The phase coexistence line ter-
minates at a critical point around 1700 bar
and its extension to lower pressures, called the
Widom line, is believed to lie around 215 K at
1 bar.®%°2 This leads to a continuous change in
the water structure from predominantly high
density liquid (HDL) at temperatures above
this point to mostly low density liquid (LDL)
below this point, the so-called “two liquids” pic-
ture. The LDL structure is more ordered, with
greater tetrahedrality in the water first solva-
tion shell. This has significant consequences for
water dynamics such as diffusion and reorienta-
tion.21:59:53:54 This is illustrated, over a limited
temperature range of 235-360 K, in Fig. 6 based
on 1 bar constant pressure simulations with the
TIP4P /2005 water model.

This behavior is described by the tempera-
ture dependence of the activation energy,!6:2!
namely

OE, p lim ([0 (0)* — (3H?)][7(t) — 7(0) ")

op lim (|7(t) — 7(0)[*)

t—o00

+ Eg,D
The non-Arrhenius behavior of water dynamics
can be interpreted, within some assumptions,
in terms of eq. 1. Imagining a non-recrossing
dividing surface, we have (under constant pres-
sure conditions),

1
Ink(T) = Inv, — BAHY + Aks

B

(20)

(19)
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and then with eq. 3, we obtain £, = AH*.
The typical van’t Hoff/Arrhenius assumption is
that AH* and AS*, the activation enthalpy and
entropy, respectively, are temperature indepen-
dent, which is clearly not the case for water
dynamics. In this context for the case of water
diffusion,
OE,p OAH i
g 98’
can be understood as a measure of the tem-
perature dependence of AH* and thus of the
change in the underlying barrier for diffusion,
associated with the changes noted above in the
water structure, as the temperature is changed.
This measure of the non-Arrhenius charac-
ter of the dynamics can be used to accurately
describe the behavior of timescales over larger
temperature ranges. A key example is the self-
diffusion coefficient of water that exhibits a
qualitative change moving across the Widom
line at 1 bar by supercooling.?*"5* This has been
measured in thin layers of water by Kimmel and
co-workers® and it has been suggested that the
data can be quantitatively described as,®?

(21)

th(T) = S(T) thLDL(T)

+ [1—=s(T)] InDypr(T), (22)

11

where DLDL(T) DO’LDLG_BE“’LDL and

DHDL(T) DO,HDL e PBanpL  gre Arrhe-
nius descriptions of the low- and high-density
liquids, respectively, and s(7) 1/[1 +
3T =T0)/AT] ig a switching function centered
around the Widom line temperature. We have
fit the six parameters (Do 1.pr, Eo,or, DouprL,
Eonupr, To, AT) in eq. 22 to the values of D,
E.p, and 0F, p/0p obtained in simulations of
TIP4P /2005 water at room temperature alone.
The fit parameters depend somewhat on the
initial values assumed, but the most frequently
obtained values are used to calculate D(7T') from
eq. 22 and compared to the experimental mea-
surements of Ref. 54 and direct simulations of
D(T) in Fig. 6.

This shows that a non-Arrhenius temperature
dependence does not necessarily imply a change
in the underlying mechanism. In supercooled
liquid water, it was shown?? that the H-bond
exchange mechanism is unchanged when the
temperature decreases and remains the main
reorientation pathway, but that its tempera-
ture dependence is non-Arrhenius because of
the progressive shift in the distribution of local
structures, which causes a change in the activa-
tion energy.
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6 An Open Challenge: Ac-
tivation Volumes

The discussion above has focused exclusively
on the temperature dependence of dynamical
properties of water. However, the effects of
other thermodynamic variables are also impor-
tant and can provide additional mechanistic in-
sight. Key among these variables is pressure,
the impact of which is typically measured by
the activation volume,

Oolnk
op ’

AV = —kpT (23)
for a rate constant, k, or timescale, 7 = 1/k.
This is a measure of the difference in volume
occupied by the transition state for the process
and the reactants; it is important to note that
the relevant volume includes any changes in sol-
vent structure.%> 57

In the case of water, the pressure dependences
of dynamical properties such as the diffusion co-
efficient and the integrated reorientation time
(the integral of Cy(t) accessible from NMR)
have been examined. 72443445859 These prop-
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erties are not “Arrhenius” in pressure — i.e.,
Ink is not linear in p so that AV* changes
significantly with pressure — and thus activa-
tion volumes are typically determined by mea-
suring a timescale at a large number of pres-
sures and fitting the results to a functional
form. 43445859 At the same time, even relatively
small changes in the timescale usually require
increasing the pressure by hundreds or thou-
sands of bar, which has limited the attention of
simulation studies.

The fluctuation theory for dynamics approach
enables the calculation of the activation volume
from simulations at a single pressure.!'”?* In
analogy with eq. 9, the activation volume for
the diffusion coefficient is given by

7(0)*) npr

— 7 (0) ) npr

i VO -
Y0

lim
t—o0
where V' (0) = V(0) — (V) is the fluctuation
at t = 0 in the total system volume and the
subscript NpT indicates an average computed
in the isothermal-isobaric ensemble.
We have previously calculated AVE using
eq. 24 at several different temperatures and

(24)
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pressures for SPC/E water.?* The results are
in good agreement with previous experimental
measturements. #3445859 More recently we have
computed the activation volumes for the dif-
fusion coefficient, OH reorientation time (72),
and the H-bond jump time (79) for several wa-
ter models. 7

It is then interesting to compare these in the
same manner as we have done for activation
energies in Fig. 2. This is presented in Fig. 7
where AV} and AV} are each plotted as a func-
tion of the H-bond jump activation volume,
AV, The results bear some similarities to the
activation energies in Fig. 2 in that the acti-
vation volumes are all strongly, linearly corre-
lated. The slope of this correlation is nearly
unity (0.96) for the case of the diffusion coef-
ficient, but somewhat higher (1.18) for the re-
orientation time. This is contrasted, however,
by a significant shift in the diffusion coefficient
activation volume relative to that for H-bond
jumps. Namely, AV[i) is systematically higher
than AVJ by ~ 3 em?/mol. Note that a com-
paratively smaller, ~ 0.55 kcal/mol, analogous
shift is observed for the diffusion coefficient ac-
tivation energies relative to those for the H-
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bond jump time.

Taken together, these differences between the
activation parameters for diffusion and the
jump time indicate important components of
the water diffusion mechanism beyond the ex-
change of H-bond partners. (It is noteworthy
that such mechanistic insight is not derivable
from examination of the associated timescales
alone.) In particular, the larger values of AVE)
compared to the quite negative jump time acti-
vation volumes indicate that water diffusion in-
volves components, e.g., the translational mo-
tion upon H-bond exchange, that are signifi-
cantly more sensitive to the available volume
than the H-bond jump itself. Similarly, the
larger E, p relative to E,, show that water
diffusion also requires surpassing an additional
barrier beyond that of an H-bond jump. The
general picture that is anticipated for diffusion
is of a translational displacement associated
with an H-bond exchange and diffusion of an
intact H-bonded molecule; both of these com-
ponents would be expected to lead to a larger
activation volume and activation energy than
an H-bond jump alone. The fact that E, p ver-
sus E, o and AV} versus AVJ both have slopes



that are nearly one suggests that these addi-
tional factors have activation parameters that
are relatively independent of E,, and AVOi, or
depend on them in opposite manners that ef-
fectively cancel. This suggests some inferences
about the (lack of) a relationship between the
mechanistic details of these components of dif-
fusion and H-bond exchanges.

Interestingly, the picture is different for the
case of the OH reorientation time. While both
the activation volume and energy are higher
for 75 than the jump time, the differences are
smaller. In particular, the reorientation and
jump time activation energies, Fig. 2b, are
within 20% of each other for all the water mod-
els, and the corresponding activation volumes
differ by less than 1 cm?®/mol. At the same time,
the differences grow with the jump time activa-
tion energy or volume. This indicates that, in
contrast to diffusion, the additional components
of the OH reorientation time, specifically the
magnitude of the associated angular jump and
the frame reorientation time (see, e.g., eq. 17),
have activation energies and volumes that scale
with those of the jump time. These results
can be easily rationalized as the angular jumps
should be less sensitive to pressure than trans-
lational ones required for diffusion.

7 Summary & Future Di-
rections

In this Perspective, we have illustrated how
careful consideration of activation energies re-
veals both the common and distinct mechanis-
tic origins of various timescales associated with
the dynamics of liquid water. At the center of
water structure and dynamics is, naturally, the
H-bond network and thus, not surprisingly, the
exchange of H-bond partners within this net-
work represents the shared rate-limiting step for
many (but not all!) timescales in water.

The extended jump model*® rigorously con-
nects H-bond exchanges with OH reorientation
at both the timescale and activation energy
level, as discussed in Sec. 3. An analysis of the
reorientation time activation energy, ' however,
shows that only ~ 60% is associated with H-
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bond jumps and a significant contribution arises
from the (slower) reorientation of the intact
H-bonded pair. An analogous description for
diffusion is currently being developed, which,
given the strong correlation between diffusion
and reorientation, can be expected to provide a
similarly rigorous link and, perhaps, additional
unexpected results. It remains, however, to ex-
tend these pictures to connections between H-
bond exchanges and more collective measures
of water dynamics such as viscosity®% and di-
electric relaxation. Such a unified theory of wa-
ter dynamics would also shed light on other re-
lated issues of considerable insight, including
breakdowns of Stokes-Einstein behavior?? and
the role of H-bonding in solvation dynamics. A
key caveat, however, is revealed by examination
of the spectral diffusion time (Sec. 4), which
shows that H-bond exchange is not required for
all water dynamical properties. 2

The fluctuation theory for dynamics approach
that enables much of this analysis also per-
mits non-Arrhenius parameters to be calculated
from simulations at a single temperature, 62!
as illustrated in Sec. 5. Such information pro-
vides a more global description of the tem-
perature dependence of dynamical timescales.
Moreover, it demonstrates that the dynami-
cal properties at all temperatures are encoded
in the structural and dynamical behavior at
a single (arbitrary) temperature (at least for
a given phase). However, this is only an ini-
tial step and several challenges remain. First,
the calculation of F,/df is significantly more
computational intensive than that of D or E,
alone. Improved methods, e.g., for acceler-
ated sampling, are needed to make these simu-
lations more routine. Second, the qualitative
form of dynamical time correlation functions
can change over the temperature range, e.g.,
the water OH reorientational correlation func-
tion Cy(t) changes from a long-time exponential
decay to a stretched exponential decay upon su-
percooling. This makes even the identification
of a particular timescale challenging. Third, it
remains to generate enough information about
the temperature dependence, e.g., through cal-
culation of even higher derivatives, to develop
model-less descriptions. Fourth, better experi-



mental determination of F, versus T" would pro-
vide greater insight and more rigorous tests of
modeling.

Consideration of activation volumes (Sec. 6)
reveals important gaps in our understanding of
the mechanisms of water dynamics. In particu-
lar, it indicates key differences between the vol-
ume required for the other motions, beyond H-
bond exchange, involved in diffusion and OH
reorientation. These have received little atten-
tion and remain largely unexplained beyond the
rationalizations offered in Sec. 6, but represent
an important benchmark for molecular theories.
At the same time, additional measurements of
activation volumes, e.g., for OH reorientation
and spectral diffusion, would further test such
theories as well as simulation models.

There are many potential directions for future
investigations beyond those outlined in the pre-
ceding paragraphs. For example, the detailed
insight into activation energies offered by the
fluctuation theory for dynamics should enable
greater consideration of dynamical properties
in the development of force fields for molecu-
lar simulations. Moreover, while the focus here
is on liquid water, corresponding examinations
of activation energies and volumes for dynam-
ics in non-aqueous liquids,?® electrolyte solu-
tions,?"? nanostructured materials, and bio-
logical systems, will present new challenges but
also yield improved mechanistic descriptions.
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