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2)PASTEUR, Department of Chemistry, École Normale Supérieure, PSL University, Sorbonne Université, CNRS,
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The dynamics of a vibrational frequency in a condensed phase environment, i.e., the spectral diffusion, has
attracted considerable interest over the last two decades. A significant impetus has been the development of
two-dimensional infrared photon echo (2D-IR) spectroscopy that represents a direct experimental probe of
spectral diffusion as measured by the frequency-frequency time correlation function (FFCF). In isotopically
dilute water, which is perhaps the most thoroughly studied system, the standard interpretation of the longest
timescale observed in the FFCF is that it is associated with hydrogen-bond exchange dynamics. Here, we
investigate this connection by detailed analysis of both the spectral diffusion timescales and their associated
activation energies. The latter are obtained from the recently developed fluctuation theory for dynamics
approach. The results show that the longest timescale of spectral diffusion obtained by the typical analysis
used cannot be directly associated with hydrogen-bond exchanges. The hydrogen-bond exchange time does
appear in the decay of the water FFCF, but only as an additional, small-amplitude (< 3%) timescale. The
dominant contribution to the long-time spectral diffusion dynamics is considerably shorter than the hydrogen-
bond exchange time and exhibits a significantly smaller activation energy. It thus arises from hydrogen-bond
rearrangements that occur in between successful hydrogen-bond partner exchanges, and particularly from
hydrogen-bonds that transiently break before returning to the same acceptor.

I. INTRODUCTION

The development of two-dimensional infrared photon-
echo (2D-IR) spectroscopy has driven considerable in-
terest in spectral dynamics in liquids and other con-
densed phase environments.1–4 This technique provides
a method to monitor the fluctuations of a particular vi-
brational frequency, the spectral diffusion, to gain new
insight into the liquid dynamics. This spectral diffu-
sion is described by the frequency-frequency correlation
function (FFCF) that represents a quantitative measure
of the timescale(s) with which a vibrational mode loses
memory of its frequency.

While 2D-IR spectroscopy has been applied across a di-
verse set of systems, liquid water is perhaps the best stud-
ied case. The water OH stretch vibration is of particular
interest, because its frequency sensitively depends on the
hydrogen-bond (H-bond) strength. The FFCF obtained
by 2D-IR spectroscopy thus provides a unique probe of
the H-bond fluctuation dynamics in the liquid. Several
theoretical and simulation studies5–11 have investigated
the molecular origin of the OH frequency dephasing in
liquid water, and led to a consensus about the role of
H-bond rearrangements. However, different suggestions
were made regarding the exact nature of these rearrange-
ments and their short-ranged or collective character.

After these pioneering studies of frequency dephasing
in water, it was shown12,13 that a major contribution
to H-bond rearrangements originates from H-bond ex-
changes, where a water OH group switches H-bond accep-
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tors via a sudden angular “jump” of the OH bond. The
extended jump model12,13 (EJM) combines this jump
mechanism with the slower tumbling of the intact H-bond
between these jumps and is able to accurately predict
not only the timescales of water OH reorientation,12,13

but also the associated activation energies.14 Addition-
ally, direct evidence of these large-angle jumps in salt
solutions was provided by polarization-sensitive 2D-IR
spectroscopy measurements.15

These large-angle jumps occurring with H-bond
exchanges represent the main underlying molecu-
lar step for much of the dynamics of water, in-
cluding reorientation,12,13 diffusion,14,16–18 and shear
viscosity.16,19 Prior studies8,9,20 have suggested that
H-bond exchanges are also the cause of spec-
tral diffusion, but others have proposed alternative
interpretations.10,11,21–24

In this Paper, we carry out a detailed analysis of the
FFCF for isotopically dilute liquid water (HOD in D2O)
with the aim of elucidating the dynamics to which it is
sensitive. The particular focus is on how H-bond ex-
change dynamics appears in the spectral diffusion. In
addition to the FFCF itself, we investigate its tempera-
ture derivative and hence the activation energies associ-
ated with the spectral diffusion timescales. This is ac-
complished by application of the recently developed fluc-
tuation theory for dynamics.14,18,19,25–31

Before proceeding, we first note that the FFCF ex-
hibits short-time (< 0.5 ps) dynamics, which appears
to now be uniformly recognized as associated with un-
derdamped, librational dynamics within the intact H-
bond.5–7,10,11,32 The focus of the present work, however,
is the longer-time (picosecond) spectral diffusion that has
been the subject of many studies and for which several
interpretations have been proposed. While all studies
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concur that this timescale reports on water H-bond rear-
rangement dynamics, it is important to note that the lan-
guage used to describe the phenomena underlying spec-
tral diffusion dynamics is not unambiguous. Namely,
“H-bond dynamics” can encompass multiple physically
distinct processes with increasing timescales: 1) the re-
arrangement of the H-bond geometry without breaking
the H-bond itself, 2) transient breaking of H-bonds that
occurs before another H-bond partner is found in an ex-
change event or that occurs without any exchange at all
when an OH returns to its original H-bond acceptor, and
3) H-bond jumps in which the OH group switches from
one acceptor to another. All three types of dynamics
surely play some role in spectral diffusion and in the fol-
lowing we will attempt to carefully distinguish between
them in our discussion.

We first provide a brief overview of the prior stud-
ies of water frequency dephasing and their interpreta-
tions. In explaining some of the earliest measurements of
spectral diffusion, the relationship between the H-bond,
O· · ·O, distance and the OH frequency was often invoked,
and OH frequency dephasing was attributed to the over-
damped O· · ·O bond relaxation caused by the large sur-
rounding solvent friction.21–23,33,34

However, four subsequent parallel studies all found
that spectral diffusion in water is not associated with
modulation of the H-bond distance but rather with H-
bond rearrangement dynamics.

First, Rey, Møller, and Hynes5,7 showed that the
O· · ·O vibration is underdamped and that the relation-
ship between the OH frequency and this H-bond distance
involves considerable dispersion, notably due to the li-
brational motion. By contrasting the frequency dynam-
ics of all water OH groups and that of OH groups en-
gaged in intact H-bonds, they concluded that “...the one-
to-one frequency-H-bond length assumption is not valid
and that the observed experimental time scale should
be interpreted in terms of H-bond-breaking and -making
dynamics.”5 This picture sat in contrast to the previ-
ous descriptions centered on the H-bond distance alone
and stressed the importance of H-bond rearrangement
dynamics.

In concurrent work, Lawrence and Skinner8,9 simu-
lated both the spectral diffusion and H-bond dynamics
and also concluded that “at longer times the decay of the
spectral diffusion TCF is due to hydrogen bond breaking
and making dynamics.”8 More specifically, they proposed
that the spectral diffusion time, τω, is equal to the total
rate constant for achieving equilibrium via both forward
and backward H-bond exchanges. Using the intermit-
tent H-bond lifetime, τHB, as a proxy for the H-bond
exchange time, τ0, they argued then the spectral diffu-
sion time is given by τω = τHB/2. There are, however, at
least two unresolved puzzles associated with this view-
point. First, subsequent characterization of H-bond ex-
changes via the jump mechanism12,13 led to an improved
determination of the H-bond exchange time from simu-
lations as τ0 ≃ 3.1− 3.7 ps.14,35,36 This value is thus sig-

nificantly longer than the H-bond dynamics considered
in Ref. 8, and more than twice slower than the spec-
tral diffusion time of isotopically dilute HOD in D2O de-
termined in both simulations and measurements to be
τω ≃ 1 − 1.5 ps.2,10,37,38 H-bond exchanges are thus too
slow to explain the fast frequency dephasing. Second,
this would require spectral diffusion to be mostly caused
by specific H-bond rearrangements that are only accom-
plished by an exchange of H-bond partners, even though
both initial and final partners are water molecules with
identical average properties. The nature of these rear-
rangements would need to be characterized.
A third contribution by Fecko et al.10 stressed the col-

lective character of the H-bond rearrangements causing
the spectral dephasing. They compared the FFCF to
the time correlation functions of different contributions
to the OH frequency (within a perturbation theory de-
scription) and some of the geometric parameters (O· · ·O
distance and tetrahedrality parameter, q) and found they
all have similar long-time decays. Thus, they concluded
that the spectral diffusion “...reflects a variety of relax-
ation mechanisms, including collective rearrangement of
the hydrogen-bond network, as well as density and polar-
ization fields, on length scales greater than a molecular
diameter.” They further argue that these longer time dy-
namics, which do include the “...breaking and forming of
hydrogen bonds, involve the concerted motions of many
molecules.”
Finally, a different interpretation was later proposed

by Garrett-Roe and Hamm11 who examined the spec-
tral diffusion dynamics based on MD simulations using
the SPC model within a perturbation theory approach.
Their analysis was based on the calculation of three-time
FFCFs rather than the usual (two-time) measure of spec-
tral dynamics and they found that their results “...show
that hydrogen bond rearrangements occur largely per-
pendicular to the OH stretch frequency axis...” However,
the motions causing the OH frequency dephasing were
not discussed.
In the remainder of this paper, we examine the spec-

tral diffusion and H-bond exchange dynamics for HOD in
D2O to gain greater insight into their connection. These
analyses indicate that the spectral diffusion timescale,
as it is typically extracted from the long-time decay of
the FFCF, is not consistent with that of an H-bond ex-
change. Rather, we offer evidence that the H-bond jump
timescale is present in the FFCF decay, but only as an
additional, small-amplitude timescale.

II. THEORY

Spectral diffusion is most clearly quantified in terms
of the normalized frequency-frequency time correlation
function (FFCF) given by

Cω(t) =
⟨δω01(0)δω01(t)⟩

⟨δω2
01⟩

, (1)
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where δω01(t) = ω01(t) − ⟨ω01⟩ is the fluctuation in the
transition frequency at time t and ⟨· · · ⟩ represents a ther-
mal average. The spectral diffusion time, which we will
refer to as τω is typically extracted as either the longest
timescale of a tri-exponential fit2,38,39 of Eq. (1) or the
timescale from a single exponential fit to Cω(t) for long
times, e.g., t > 1.5 ps.40 Note that the FFCF, under
reasonable assumptions (at least for the neat liquid),41

can be extracted from the center-line-slope of a 2D-IR
spectrum and is thus experimentally accessible.

In the present analysis, we use a multi-exponential fit,

Cω(t) =
∑
α

Aαe
−kαt, (2)

to describe the FFCF. We consider fits with both three
and four exponentials and in all cases the shortest three
timescales, τα = 1/kα, are assigned as the inertial (τiner),
librational (τlib), and spectral diffusion (τω) times, re-
spectively. When fitting to three and four exponentials

we will denote the spectral diffusion time as τ
(3)
ω and

τ
(4)
ω , respectively. When four exponentials are used, the
longest timescale will be the separately calculated jump
time, τ0. Note that the inertial and librational decays
are not qualitatively exponential, but Eq. (2) provides an
adequate description of the associated timescales without
adversely affecting the longer timescales that are the fo-
cus of the present investigation.

The jump time characterizing H-bond exchanges can
be obtained from the stable-states time correlation func-
tion,

Cab(t) = ⟨na(0)nb(t)⟩, (3)

where here na (nb) equals 1 for a given OH if it is H-
bonded to acceptor a (b) and is 0 otherwise. Thus, for a
given OH initially H-bonded to an acceptor we can de-
note as a, the contribution to Cab at t = 0 is zero and it
only changes to 1 when the OH has switched to a new ac-
ceptor (b). Thus, Cab(t) rises on a timescale equal to the
rate constant for H-bond exchanges. Or, equivalently,
1 − Cab(t) decays as an exponential with a timescale
equal to the jump time. In practice, some short-time
non-exponential dynamics is observed in Cab(t) and we
fit it to a bi-exponential where the longer timescale is the
jump time τ0.

We calculate the activation energy for the spectral
diffusion timescales based on the fluctuation theory for
dynamics.28 This approach directly evaluates the tem-
perature derivative of a time correlation function from
simulations at a single temperature. A detailed deriva-
tion can be found in Ref. 28. Briefly, for the FFCF in
Eq. (1), the derivative with respect to β = 1/kbT is given
by

∂Cω(t)

∂β
= −⟨δH(0) δω01(0)δ ω01(t)⟩

⟨δω2
01⟩

+
⟨δH(0) δω2

01⟩ ⟨δω01(0)δ ω01(t)⟩
⟨δω2

01⟩2
= −Cω,H(t), (4)

where δH(0) = H(0)−⟨H⟩ is the fluctuation in the total
system energy. We have noted that T only appears in
the Boltzmann weighting and normalizing canonical par-
tition functions implicit in the thermal averages in Cω(t).
Note that the time-correlation functions in Eq. (4) can be
evaluated at a single temperature using the same simula-
tions from which Cω(t) is obtained (see Sec. III A). They
give the analytical derivative of the FFCF in contrast
the numerical derivative obtained an Arrhenius analysis.
The second term in Eq. (4) represents the temperature
dependence of the FFCF normalization factor while the
first correlates the spectral dynamics with δH(0), the to-
tal energy in the system relative to its average value, e.g.,
faster (slower) spectral diffusion when more (less) energy
is available corresponds to a positive spectral diffusion
activation energy.
The derivatives of the timescales are then obtained by

fitting Eq. (4) to the derivative of the fitting function in
Eq. (2),

∂Cω(t)

∂β
=

∑
α

[
∂Aα

∂β
−Aαt

∂kα
∂β

]
e−kαt. (5)

In fitting ∂Cω(t)/∂β the timescales and amplitudes ob-
tained from the fit of Cω(t) are used such that the fitting
parameters are only ∂Aα/∂β and ∂kα/∂β. The activa-
tion energy associated with the α timescale is then given
by

Ea,α = − 1

kα

∂kα
∂β

. (6)

Note that in this approach the activation energy is eval-
uated from simulations at a single temperature (no Ar-
rhenius analysis is involved).
In an analogous fashion, the derivative of the jump

TCF, Eq. (3), can be obtained as14,42

∂[1− Cab(t)]

∂β
= ⟨δH(0)na(0)nb(t)⟩. (7)

This derivative is also fit to the form in Eq. (5), but
with only two timescales. The jump time activation en-
ergy, Ea,0, is then given by Eq. (6) for the longer, jump,
timescale τ0.

III. COMPUTATIONAL METHODS

A. Simulation Details

The simulations were carried out using the Large-
scale Atomic/Molecular Massively Parallel Simulator
(LAMMPS).43 A cubic, fully periodic, simulation cell
with side lengths of 21.725311 Å was filled with 343 wa-
ter molecules described by the SPC/E model,44 giving a
density of 1.00 g/cm3. A simulation timestep of 1 fs was
used. The Particle-Particle-Particle Mesh Ewald summa-
tion method was used to calculate electrostatic interac-
tions, with a tolerance parameter of 1 ×10−4.45,46 Water
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bonds and angles were held rigid using the SHAKE algo-
rithm with a tolerance parameter of 1 ×10−4.47

One 200 ns NV T trajectory was propagated at
298.15 K, with positions and momenta saved every 1 ps,
yielding 200,000 configurations. Initial velocities were
selected from a Maxwell-Boltzmann distribution. The
initial configuration was generated using PACKMOL.
The Nosé-Hoover thermostat damping parameter was
100 fs.48,49

From each saved configuration, a 20 ps NVE simula-
tion was run from which time correlation functions were
calculated. Configurations from each simulation were
saved every 10 fs, giving 2000 total configurations per
NVE trajectory. Reported TCFs are calculated as the
average across the set of NVE trajectories and deriva-
tives are calculated by weighting by the energy fluctu-
ation of each trajectory according to Eqs. (4) and (7).
All fits of TCFs were calculated using the Levenberg-
Marquardt algorithm.50,51 All uncertainties are reported
as a 95% confidence interval according to the Student’s
t-distribution over an average of ten blocks (each block
representing 20,000 configurations).52

We have repeated the above analysis at room tempera-
ture for two other water models developed by Skinner and
co-workers, the E3B2 and the E3B3 water models.53,54

These models explicitly add 3-body effects on top of ex-
isting force fields (TIP4P for E3B2 and TIP4P/2005 for
E3B3). In general, the simulation details remain the
same as above; however, for the E3B2 and E3B3 models
the side lengths were 21.7710 and 21.7799 Å, respectively.

B. Vibrational Frequencies

The OH vibrational transition frequencies are related
to the electric field imposed on the H atom by the water
molecules surrounding them, as described by the empir-
ical mapping approach developed by Corcelli, Skinner,
and co-workers.55–58 In this work, we use maps that have
been previously developed for the SPC/E, TIP4P, and
TIP4P/2005 force fields.57,58 In previous work, Skinner
and co-workers have used the TIP4P map in calculations
of the FFCF using the E3B2 and E3B3 models. Each
of these maps takes the electric field experienced by each
hydrogen atom from waters within 7.831 Å of the H atom,
which can be written as

Ei(t) = e⃗OH,i(t) · E⃗(r⃗H,i, t), (8)

and correlates it to the transition frequency obtained
from density functional theory calculations. In the above
expression, the electric field is calculated in atomic units,
r⃗H,i is the position of the ith H atom, and e⃗OH,i is a unit
vector pointing along the OH bond.

For SPC/E, the transition frequency ωi
01(t), in cm−1,

of the ith OH at time t can be written as

ωi
01(t) = 3761.6− 5060.4 Ei(t)− 86225 Ei(t)2. (9)

Similarly, the TIP4P map (used for both E3B2 and
E3B3) is,

ωi
01(t) = 3760.2− 3541.7 Ei(t)− 152677 Ei(t)2. (10)

The density functional theory calculations used to
obtain these “maps” are obtained from quantum-
mechanical/point charge cluster calculations using con-
figurations selected from MD simulations. The one-
dimensional OH potential is calculated and the corre-
sponding vibrational Schrödinger equation is solved to
obtain the frequency.57,58

IV. RESULTS AND DISCUSSION

A. Spectral Diffusion Timescales

We begin by considering the spectral diffusion dynam-
ics as described by the FFCF. We have calculated the
FFCF for three different water models and the timescales
and amplitudes for all the simulations are given in Ta-
ble I. We first discuss the results for SPC/E water at
298.15 K, which are shown in Fig. 1. The fit to a
tri-exponential function, Eq. (2), is also shown, which
gives inertial and librational timescales of 33 and 374 fs,

respectively, and a spectral diffusion time of τ
(3)
ω =

1.30 ± 0.03 ps. This last value is consistent with pre-
vious simulation studies2,39,59–61 for SPC/E water that
found 0.9,60 0.98,39 and 1.2 ps.61 Similarly, photon-echo
and 2D-IR measurements have found this timescale to
be 0.9, 1.2, or 1.4 ps for HOD/D2O and 1.7–1.8 ps for
HOD/H2O.2,10,38,39,62

However, it is evident from examination of the FFCF
shown on a semi-log scale in the inset of Fig. 1 that this
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FIG. 1: The room temperature frequency-frequency
correlation function (black solid line) for SPC/E water
is shown along with fits using three (blue dashed line)
and four (red dashed line) exponentials. Inset: Semi-log

plot.
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3-Exponential Parameters

Model T (K) τiner τlib τ
(3)
ω Ainer Alib A

(3)
ω

SPC/E 298.15 0.0331 0.3749 1.303 0.5402 0.3165 0.1457
E3B2 298.15 0.0331 0.4827 2.144 0.5472 0.3243 0.1294
E3B3 298.15 0.0301 0.4893 2.272 0.5881 0.3081 0.1041

4-Exponential Parameters

Model T (K) τiner τlib τ
(4)
ω τ0 Ainer Alib A

(4)
ω Aτ0

SPC/E 298.15 0.0331 0.3204 0.982 3.161 0.5322 0.2664 0.1904 0.0131
E3B2 298.15 0.0311 0.3305 1.202 4.591 0.5242 0.2413 0.2093 0.0261
E3B3 298.15 0.0291 0.3573 1.192 4.301 0.5721 0.2333 0.1683 0.0271

TABLE I: Timescales (in ps) and amplitudes of the FFCF calculated from three- (top) and four- (bottom)
exponential fits. Subscripts represent uncertainty in the trailing digit(s).

tri-exponential description is not accurate at times longer
than 4 ps. Rather, the data indicate that an additional
timescale is present in the dynamics. Based on the hy-
pothesis that these slower dynamics were in fact those
associated with the exchange of H-bond acceptors, we
also fit the FFCF with Eq. (2) using four exponentials
with the longest timescale constrained to the jump time.
The jump time was separately calculated as described
in Sec. II from the same simulations and found to be
τ0 = 3.16± 0.01 ps. (We use a strict geometric definition
of the H-bond as ROd···Oa

≤ 3.1 Å, rH···Oa
≤ 2.0 Å, and

θH−Od···Oa
≤ 20◦, where “d” indicates donor and “a” ac-

ceptor.) This four-exponential fit is shown in Fig. 1 and
provides an excellent description of the full decay of the
FFCF (out to 12 ps where the FFCF is less than 0.001).
This indicates that H-bond exchanges, i.e., jumps, are
indeed present in the FFCF, but only as a long time
component described by the jump time and with an am-
plitude we find to be 1.3% for the SPC/E model. In

contrast, the third timescale, τ
(4)
ω , has an amplitude of

19.0%.
The tri-exponential fit yields a longest timescale, τ

(3)
ω ,

that represents a mixture of the more rapid spectral dif-
fusion dynamics in between exchanges of H-bond accep-
tors and that directly associated with H-bond exchanges
as described by τ0. The mixture is not an even one
and the dominant component is that which does not in-
volve H-bond jumps. Because the jump time enters with
only a small amplitude, the spectral diffusion timescale
is only modestly different in the two descriptions with

τ
(4)
ω = 0.98 ± 0.01 ps. Notably, these results indicate
that if one only calculates, measures, or fits the FFCF
to times less than ∼ 4 − 5 ps, the resulting timescale
is not significantly related to H-bond exchanges. An f -
test, with a 95% confidence interval, confirms that the
4-exponential fitting function provides a statistically sig-
nificant improvement in the description of the FFCF over
the 3-exponential function.63

It is important to evaluate the generality of this re-
sult by considering other water models. To this end, we
have carried out the same calculation of the FFCF for the
E3B253 and E3B354 water models, which add three-body
interactions to fixed charge models as noted in Sec. III A.

The former has been previously used to investigate water
spectral diffusion and its temperature dependence.40 The
FFCFs obtained with these models are shown in Fig. 2
and the parameters obtained from fitting them are pro-
vided in Table I.
The spectral diffusion dynamics for these E3B force

fields are qualitatively the same as that observed for
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FIG. 2: Same as Fig. 1, but for the (a) E3B2 and (b)
E3B3 water models.
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SPC/E water in Fig. 1. Namely, a tri-exponential fit
is consistent with the calculated FFCF only for shorter
times, here less than 6 ps. At times longer than this the
FFCF decays more slowly than represented by the spec-

tral diffusion time obtained in the fit, τ
(3)
ω = 2.1−2.3 ps;

see Table I. These times are consistent with the ∼ 2 ps
previously reported by Ni and Skinner for the E3B2
model.40 This is quantitatively slower than that obtained
for the SPC/E model, which represents the primary dif-
ference between the descriptions. Because of this behav-
ior, we are able to resolve the FFCF for the E3B models
out to longer times than that for SPC/E water.

As with the SPC/E description, these τ
(3)
ω spectral dif-

fusion times are considerably shorter than the calculated
jump times, which are also given in Table I. The jump
times of τ0 = 4.59 and 4.30 ps for E3B2 and E3B3, re-
spectively, are significantly larger than the SPC/E value.
Using these values as the timescale for an added fourth
exponential in fitting Cω(t) gives excellent agreement
over the full time range. However, this jump time contri-
bution to the FFCF is still small, with an amplitude of
2.6− 2.7% compared to the faster spectral diffusion time
amplitude of 21 − 17%. We also note that the addition
of this jump time component dramatically reduces the
spectral diffusion time obtained to 1.2 ps for both E3B
models.

Thus, for all three water models we find the same fea-
tures in the FFCF that indicate a small role, < 3% of
the total response, for H-bond exchanges that occurs
on timescales longer than the dominant component of
1 − 1.2 ps. The latter occurs more rapidly than H-bond
exchanges, indicating it has a different physical origin.

B. Activation Energies

To further explore the role of H-bond exchanges in the
spectral diffusion dynamics, we now turn to an examina-
tion of the activation energies of the timescales involved.
These activation energies can shed light on the mechanis-
tic origins of the decay times present in the FFCF. Most
importantly, if the spectral diffusion time is associated
with H-bond exchanges, it should exhibit the same acti-
vation energy as the jump time.64 Deviations from this
prediction are indicative of a different mechanistic origin
(or origins) of the spectral diffusion timescale.

We evaluate this directly by calculating the
temperature-, or more precisely, the β-derivative of
the full FFCF as described in Sec. II and expressed in
Eq. (4). The results are shown in Fig. 3 for all three
water models along with the fits to the form given
in Eq. (5). As with the FFCF itself, it is clear that
∂Cω(t)/∂β is not adequately described at long times by
the three-exponential fit, but the agreement is excellent
when a small additional component with a timescale
equal to the jump time, τ0, is included.
As noted in Sec. II, the activation energy of each

timescale can be obtained from fitting the derivative
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FIG. 3: The β derivative of the FFCF, ∂Cω(t)/∂β,
versus time (black solid line) is shown for the (a)

SPC/E, (b) E3B2, and (c) E3B3 water models with
three- (blue dashed line) and four- (red dashed line)
exponential fits, Eq. (5). In the latter, the longest

timescale is fixed as the jump time, τ0.

FFCF, Cω,H(t). The results of this analysis are given
in Table II. (Note that the four-exponential fits shown in
Fig. 3 use the jump time τ0 and its derivative ∂τ0/∂β,
both of which are obtained from a separate analysis of
the trajectories.) The calculated activation energies for
the spectral diffusion time are not the same as that for
the jump time, independent of whether the three- or four-
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SPC/E Water Model

Timescale Ea KE LJ Coul

τ0 3.303 0.951 -0.884 3.236

τ
(3)
ω 2.2451 0.5120 -0.6050 2.3398

τ
(4)
ω 1.6898 0.4134 -0.9469 2.201.48

E3B2 Water Model

Timescale Ea KE LJ Coul

τ0 4.432 1.102 -1.162 4.492

τ
(3)
ω 3.3615 0.8316 -0.9115 3.4536

τ
(4)
ω 2.4920 0.5114 -0.7820 2.7642

E3B3 Water Model

Timescale Ea KE LJ Coul

τ0 4.143 1.061 -1.373 4.454

τ
(3)
ω 2.8135 0.769 -0.9417 2.9836

τ
(4)
ω 2.5530 0.5310 -1.1330 3.1540

TABLE II: Activation energies and kinetic (KE),
Lennard-Jones (LJ), and Coulombic (Coul) energy
components for the jump time τ0 and the spectral

diffusion times obtained from three-, τ
(3)
ω , and four-,

τ
(4)
ω , exponential fits of the derivative FFCF, Cω,H(t).
All energies are in kcal/mol; subscripts represent

uncertainty in the trailing digit(s).

exponential fit is considered. Specifically, the jump time
has a significantly higher Ea compared to the spectral
diffusion time. This difference is increased when the long-
time behavior is more accurately described by inclusion of
the fourth exponential with timescale τ0. This indicates
that the spectral diffusion times are determined by a pro-
cess with a lower effective barrier than that for H-bond
exchanges. Consistent with our analysis of the FFCF,
this suggests that the spectral diffusion time cannot be
solely, or even primarily, associated with H-bond jumps.
Furthermore, as was the case for the FFCF, an f -test
with 95% confidence intervals confirms that the deriva-
tive 4-exponential fitting function provides a statistically
significant improvement over the 3-exponential derivative
function.63 Importantly, this demonstrates that the ex-
plicit inclusion of the jump activation energy in this fit
improves the quality of the fit of the long-time behavior
of the FFCF.

Ni and Skinner previously reported a spectral diffu-
sion activation energy of 3.85 kcal/mol for the E3B2 wa-
ter model from an Arrhenius analysis.40 This is most di-

rectly comparable to Ea for τ
(3)
ω in the present calcula-

tions, for which we obtain 3.36± 0.15 kcal/mol. It is not
clear if the two results are statistically different, however,
as in Ref. 40 they obtain the timescale from fitting the
FFCF for times longer than 1.5 ps to a single exponential
and use a wide temperature range (283− 363 K) for the
Arrhenius analysis.65 It is important to note that while
these values are similar to activation energies reported
for the spectral diffusion time from measurements – val-
ues of 3.4 ± 0.5 kcal/mol66,67 and 3.5 ± 0.2 kcal/mol68

have been reported (though Perakis and Hamm argue

that 6.2 ± 0.2 kcal/mol, taken under different polariza-
tion conditions, is a better estimate68) – they are not in
agreement with the jump time activation energy obtained
from the same water model, Ea,0 = 4.43±0.02 kcal/mol.
Thus our present results indicate that the spectral diffu-
sion activation energy is not the same as the jump acti-
vation energy, and thus it is not associated with H-bond
exchanges.

C. Mechanistic Insight

The fluctuation theory approach provides a rigorous
way to decompose the activation energy into contribu-
tions from different components of the total energy by
recognizing that δH(0) = δKE(0)+δULJ(0)+δUCoul(0),
where δKE(0), δULJ(0), and δUCoul(0) are the kinetic,
Lennard-Jones, and Coulombic energy fluctuations, re-
spectively. This sum can be used to replace δH(0)
in Eqs. (4) and (7) to yield three separate derivative
time correlation functions, each of which can then be
fit with Eq. (5) to extract the activation energy contri-
butions associated with each term. These contributions
can be interpreted based on Tolman’s perspective.69 Tol-
man showed that for a chemical reaction, the activation
energy can be rigorously written as Ea = ⟨H⟩reacting −
⟨H⟩reactants, i.e., the average energy of the species that
react minus the average energy of reactants. In this con-
text, the Lennard-Jones contribution to the activation
energy is Ea,LJ = ⟨ULJ⟩reacting − ⟨ULJ⟩reactants or the
average Lennard-Jones energy of reacting species minus
the average Lennard-Jones energy of reactants. Thus,
such decompositions provide otherwise unavailable mech-
anistic insight into how different kinds of energy in the
system promote or inhibit the process of interest.
The decomposition of the FFCF derivative,

∂Cω(t)/∂β, into its kinetic, Lennard-Jones, and
Coulombic contributions is shown in Fig. 4 for SPC/E
water. The activation energy components obtained
from the fitting are given in Table II, where E3B2 and
E3B3 results are also listed. Consistent with what we
have previously found for the activation energies for OH
reorientation,18,27 diffusion,18,30 viscosity,19 and H-bond
jumps of water,14 the Coulombic interactions represent
the dominant contribution, though they are in competi-
tion with the smaller Lennard-Jones component. Indeed,
Ea,Coul is nearly equal to the total activation energy for
the spectral diffusion timescale if a three-exponential fit
is used and larger than it in the four-exponential fitting.
On the other hand, Ea,LJ is negative, reflecting the nat-
ural tension between the Coulombic and Lennard-Jones
interactions in an H-bond. However, the Lennard-Jones
contribution is significantly smaller than Ea,Coul, as is
the positive kinetic energy component.
The decomposition of the activation energies for the

SPC/E model are suggestive of differences between
the results for the H-bond jump and spectral diffusion
times. However, the comparatively large statistical
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FIG. 4: The β derivative of the FFCF, ∂Cω(t)/∂β,
versus time (black solid line) and its kinetic (red solid
line), Lennard-Jones (violet solid line), and Coulombic
(blue solid line) energy contributions for the SPC/E
water model. Four-exponential fits, Eq. (5), are also

shown (dashed lines of the same color; not easily visible
because of the high quality of the fit.)

uncertainties do not allow them to be distinguished
except for the total activation energy and the kinetic
energy component; these are both higher for the jump
time than the spectral diffusion result. For the E3B

models, the errors are smaller (particularly for the τ
(4)
ω

timescale due to its larger amplitude) and it is then
clear that the differences observed in the total jump and
spectral diffusion activation energies are also present in
the kinetic, Lennard-Jones, and Coulombic components.
In all cases, the jump time has components that are
larger in absolute value compared to the spectral diffu-
sion results (independent of the fitting method). This
is suggestive of weaker energetic barriers for spectral
diffusion compared to H-bond exchanges.

V. CONCLUSIONS

We have examined the connection between spectral
diffusion and H-bond exchange dynamics in three wa-
ter models by calculating and analyzing the frequency-
frequency correlation function for the OH vibration of an
HOD in D2O. We find that the long-time decay of this
FFCF is not adequately described by a single spectral
diffusion timescale. However, inclusion of an additional
decay component with a timescale equal to the H-bond
exchange time, τ0, yields an excellent fit of the calculated
FFCF. This exchange time component has a small am-
plitude (< 3%) and is thus a minor component of the
spectral diffusion dynamics. The remaining spectral dif-
fusion timescale is found to be ∼ 1 − 1.2 ps, consistent
with experimental measurements,10,38 but significantly

faster than the H-bond exchange time.

We have also used dynamical fluctuation theory to cal-
culate and compare the spectral diffusion and H-bond
jump activation energies from the temperature (or β)
derivative of the FFCF. This derivative time correla-
tion function is also only well described when a small-
amplitude decay based on the H-bond jump time is in-
cluded. Moreover, the resulting activation energies are
different for the spectral diffusion time and the H-bond
jump time. The same is true for the components of
the two activation energies (available within the fluc-
tuation theory) associated with kinetic, Coulombic, and
Lennard-Jones energies in the system.

The results show that the spectral diffusion time is
shorter than that for H-bond exchanges and it has a
smaller activation energy. Thus, it clearly corresponds
to processes that happen in between H-bond exchanges
and require less energy than that necessary to fully break
one H-bond and form another. This implicates rearrange-
ments of the H-bond structure within the intact H-bond
and transient breaking of H-bonds (in which the OH re-
turns to its original H-bond acceptor) as the motions as-
sociated with the spectral diffusion time. While H-bond
exchanges also contribute to the spectral diffusion, they
do so at longer times and with a comparatively small
amplitude.

This minor contribution of H-bond jumps to the spec-
tral diffusion is consistent with a picture in which only
jumps between acceptors that yield different H-bonding
structures are expected to lead to a difference in the
equilibrium OH frequency. While this is the case in
aqueous solutions containing different types of H-bond
acceptors,70,71 in neat liquid water most of the frequency
dephasing can be accomplished by rearrangements of the
H-bonding arrangement either without breaking the orig-
inal H-bond (through motions of the surrounding waters)
or by transiently breaking and reforming the H-bond with
the original acceptor. These motions occur on a picosec-
ond timescale, more than three times faster than that for
H-bond exchanges.
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