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ABSTRACT: It is shown, by means of numerical and analytic work, that initial molecular mo-
menta play little significant role in the initial fast solvation relaxation that follows electronic ex-
citation of, and charge creation for, a standard model system of a solute in water. Instead, the
nonequilibrium dynamics are predominantly described by non-inertial “steering” by the torques di-
rectly generated by the newly created charge distribution. It is this process that largely overcomes
inertia, and drives the relaxation dynamics on a time scale of a few tens of femtoseconds in the key
initial regime of the dynamics. These results are discussed in the context of commonly employed
descriptions such as inertial, Gaussian, and underdamped dynamical behavior.

I. INTRODUCTION

The channeling of energy in chemical reactions de-
pends critically on translational, rotational and vibra-
tional modes of the solvent. One stepping stone to-
wards a fuller understanding—since it provides access to
the time scales of solvent dynamics— comes from the
analysis of solvation relaxation, i.e. the simpler pro-
cess by which the solvent adjusts to an electronic ex-
citation and accompanying sudden charge distribution
change of a solute molecule within it. This topic has
accordingly attracted considerable experimental, theo-
retical and computational attention over the years,1–31

continuing to the present,32–53 including explorations for
increasingly complex systems such as ion transport,54,55

supercritical water,56–58 ionic liquids,59–61 proteins and
biomolecules,62–75 inorganic complexes,76–78 and active
matter79 (the literature potentially citable in this sen-
tence is very extensive, our referencing—while fairly
extended—is of necessity more limited). The excitation
induces an ensuing solute frequency red shifting that en-
capsulates the generally complex dynamics that accom-
plishes the free energy minimization as the solvent estab-
lishes equilibrium with the new charge distribution. This
time-dependent shift has constituted the basic observable
over which the study of the solvation process has pivoted.
In this connection, it is standard practice to focus, both
experimentally and theoretically, on the normalized dy-
namic frequency shift (or Stokes shift) function (FSF)

S(t) ≡ ω(t)− ω(∞)

ω(0)− ω(∞)
, (1)

with ω(t) denoting the time-dependent fluorescence emis-
sion frequency, which reflects the energy gap ∆E between
the excited and ground electronic states.

A striking fundamental feature of S(t), first found in
numerical simulation (most often via a certain time cor-
relation function approximation for S(t), to be discussed

within9–19), is its bimodal character: a fast subpicosec-
ond initial decay, followed by a slow component in the
picosecond range. Experimental verification of this bi-
modal character came with the work of Jimenez et al.20

on excitation of the coumarin dye in water, where an ini-
tial dominant decay with a time scale under 50 fs was
reported.

Such bimodality has been captured in simulations by
the idealized model of a neutral monatomic solute which
instantaneously acquires a positive/negative unit charge
in a solvent—often water, the solvent of choice in this
article. This capture helps to explain the prominent role
that the model has played in theoretical studies, partic-
ularly for a modeled water solvent.10,21–24,32–34,55,58,80,81

Figure 1 displays the FSF for a water solvent obtained for
this model from a nonequilibrium dynamics simulation.32

This exhibits an initial dominant fast decay within a time
of approximately 20 fs, followed by a slow component
that lasts up to 1-2 ps (with an oscillatory transient in its
beginning stages). We term the former fast component
the “initial” regime behavior throughout this article.

Since by itself the FSF (either experimental or sim-
ulated) provides only indirect—as opposed to detailed
molecular level— information on solvation dynamics, nu-
merical simulation has been indispensable for its theoret-
ical interpretation. The usual approach has relied on the
calculation of related equilibrium time correlation func-
tions (TCFs), which are an approximation to a (much
less common) direct nonequilibrium dynamics approach.
But even with these techniques in hand, there have been,
and remain, a number of issues left unresolved concerning
solvation dynamics, especially regarding the initial dy-
namics. This is of particular concern for at least two rea-
sons: first, because these dynamics can often constitute a
significant fraction of the solvent relaxation, and second,
this initial regime is often key for the solvent dynamical
influence on chemical reaction rates.8,12,26,28,53,82–94

We will focus in this article on the issue of the ini-
tial time regime of solvation dynamics—and that for a
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FIG. 1: Nonequilibrium dynamics simulation result32 for the
FSF function S(t), using Eq. 2, for a neutral solute (similar
to an oxygen atom in size; cf Sec. II) in rigid water solvent
acquiring a positive unit charge (see Sec. II for a description
of the solute, solvent and methodology). The vertical dashed
line marks a time of 20 fs; this defines the “initial” regime, a
principal focus of this article, the insert highlights this region.
This S(t) result is very similar to the original NED result on
a similar system.10 The corresponding result for an initially
created negative charge is presented in the SI (Sec. S1, with
further details given in S2).

particular solute/water model— but even with that lim-
itation, a perusal of the literature reveals very frequent
conflicting interpretations for the characterization of this
initial regime; disparate adjectives employed include in-
ertial, Gaussian, and underdamped, sometimes with no
accompanying restriction to any particular solute or sol-
vent type, or with conflicting adjectives applied to the
initial regime for the same solvent.

For the present contribution, we will henceforth adopt
the specific definitions13 that: “inertial” means free
streaming solvent dynamics determined by the ini-
tial momenta rather than by charge change-induced
forces and/or torques (i.e. it is the initial unforced
free streaming motion changing particle positions and
thus the energy gap ∆E),13–15,95 that “Gaussian” be-
havior refers specifically to initial Gaussian time de-
pendence for nonequilibrium or (approximate) equi-
librium measures of the solvation dynamics function
S(t),12–15,90,91,96,97 (rather than more general issues
of Gaussian statistics13,41,84) and that “underdamped”
means that the solvent motion depends critically upon
forces and/or torques, typically exhibiting decaying os-
cillations, and is to be contrasted with “overdamped”.

In this effort, we will pursue the nonequilibrium dy-
namics (NED) approach to solvation dynamics, in an at-
tempt to clarify a number of the issues associated with
the three descriptions indicated above. Our choice of
NED is due to its character as a direct approach that
most closely (though certainly not perfectly) relates to
experiments, and avoids the inevitable approximations
necessary to achieve a TCF description; we do not how-
ever enter into any general discussion of the “linear re-
sponse theory” issues concerning the disparities between

NED and TCF predictions.10,12–17,39,40,45,81

Within the NED approach, we recently32–35 presented
an alternative perspective for solvation dynamics founded
on the computation of the nonequilibrium energy fluxes
ensuing as a result of the initial excitation. This per-
spective exploited a power/work energy flow method-
ology previously implemented for vibrational/rotational
relaxation.36–38 This methodology’s capital merit rests
on its ability to provide explicit and quantitative informa-
tion about the participation of each solvent molecule and
that molecule’s different types of motion: vibrational, ro-
tational and translational. The relevance for the FSF
solvation dynamics problem is the realization that the
relaxation can be regarded as ultimately an electronic to
solvent molecule energy phenomenon. In the energy flow
perspective’s first application to the solvation dynamics
problem, its capabilities were exploited32–35 for the stan-
dard monoatomic neutral solute, with a water solvent.

In the present work— motivated by both the above
mentioned solvation dynamics initial regime’s impor-
tance and its varied and sometimes contradictory liter-
ature interpretations — we revisit this initial regime’s
mechanistic interpretation, employing the work/power
energy flow methodology together with computational
and analytic analysis. We focus exclusively on the stan-
dard model described above for the suddenly charged
solute in a water solvent (arguably the most important
solvent), and within that model, we concentrate on the
issues identified above concerning appropriate character-
ization of the initial regime. We hasten to remark that
this is of course a quite special choice of solute, solvent
and model thereof. In many ways a number of its prop-
erties exaggerated compared to those for larger and more
complex solutes, smaller and more diffuse charge redis-
tributions upon excitation, and larger and more com-
plex solvent molecules. Nonetheless, we believe that the
present results will be relevant not only for solvation dy-
namics in water and other hydrogen bonded solvents, but
also for perspective in the interpretation and discussion
of solvation dynamics for the more complex systems of
ever increasing interest and study.

The outline of the remainder of this paper is as follows.
Our methodology is briefly outlined in Sec. II. Section
III is devoted to a first discussion for the initial regime
for the solvation dynamics displayed in Fig. 1, and in
particular, insights provided in this context by our prior
results32–35 on the associated energy flow to water libra-
tions and translations. With this background as motiva-
tion, the dynamics of the water molecule’s orientational
response to the solute’s suddenly acquired charge is ex-
amined, first with several indicative individual trajectory
results, and subsequently with a fully averaged study of
this response with the appropriate initial Maxwellian mo-
mentum distribution and —as a direct, contrasting probe
of the inertial dynamics issue— with vanishing initial mo-
mentum. Attention is then turned in Sec. IV to the
impact of the corresponding initial momentum compari-
son for the dynamical behavior of the FSF function S(t).
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Section V then marshals analytic investigation to com-
prehend these results. Both the clear dominance of non-
inertial charge change-induced torque effects for the dy-
namics and the apparently contradictory success of force
and torque-free inertial dynamical descriptions conflict-
ing with that dominance are addressed, with an impor-
tant conclusion on the importance of detailed energy flow
examination for characterizing the molecular character of
the solvations dynamics. Concluding remarks are offered
in Sec. VI.

II. METHODS

The computations in the present work are similar to
those in our previous contributions of water solvation
dynamics32–35 to which we refer for a more detailed ac-
count. The results to be presented correspond to the well
known SPC/E rigid water model.98 It is to be noted that
highly similar results (not reported here) have also been
obtained for the flexible model used in related studies by
Tran and Schwartz80 (namely the SPC/F model due to
Toukan and Rahman,99 where intramolecular flexibility
is achieved by adding a phenomenological intramolecular
force field to the SPC model).

As for the solute, we have again adopted the same
choices as Tran and Schwartz80 for ease of comparison.
For the solute electronic ground state, the water-solute
interaction was chosen to be identical to the water-water
LJ interaction (for this water model, there are no LJ
terms associated with the hydrogens, so that the solute
is similar in size and mass to an oxygen atom). The
electronic excited state, characterized by a positive unit
charge, is simply constructed by grafting the correspond-
ing Coulomb interaction on top of the LJ contribution.

All simulations have been run with an in-house code
using one solute and 199 water molecules, which for a cut-
off distance of half the box length corresponds to an inter-
action length of 9 Å. The Ewald sum correction has been
included for Coulomb forces. After equilibration, cal-
culations consists of a long trajectory (with temperature
control100) from which initial configurations are sampled,
and then used for independent nonequilibrium runs (with
no temperature control). Most of the results correspond
to sets of 5,000 trajectories (with 1 fs timestep), although
some correspond to sets of 10,000 trajectories (with 2
fs timestep). Finally, the first solute’s solvation shell is
defined as enclosing all water molecules up to a water-
ion separation of 3.9 Å. Further details will be reported
within when required.

III. INITIAL REGIME DYNAMICS: FSF
DYNAMICS AND WATER MOLECULE

ORIENTATIONAL RESPONSE

A. FSF Solvation Dynamics

Here we return to the FSF solvation dynamics Fig. 1
to place our efforts in perspective, and in particular to
make some first remarks on aspects of the first 20 fs initial
regime indicated there.

But it is useful first to recall the results of the first en-
ergy flow perspective applied to Fig. 1. Substantial ener-
gies in the initially created (Coulomb) energy perturba-
tion are transferred (up to ∼ 10 kcal/mol per molecule),
to the closest water molecules, i.e. in the solute’s first
hydration shell. Water molecules’ librations (hindered
rotations) account for approximately 3/4 of the initially
transferred energy, with roughly 2/3 of the total energy
flowing directly into the newly formed ion’s first hydra-
tion shell, with the flow in the initial period almost ex-
clusively into water librations. These important features
are largely independent of the ion’s charge sign and/or
absolute value.32 These results certainly point to the key
role of the water librations in the dynamics, and help to
guide the remainder of this subsection.

Returning to the interpretation of the initial regime in
Fig. 1, we first focus on the last of the three commonly
employed descriptors for this region: inertial, Gaussian,
and underdamped. The oscillatory—albeit damped—
character of the dynamics is unambiguously evident in
Fig. 1 at least beyond the initial regime. This is clearly
underdamped behavior, soon to be argued to be predom-
inantly of water librations (hindered rotations), and so
clearly dependent on the excitation-induced torques ex-
erted on the water molecules, and therefore assuredly not
inertial. To what extent the librations are already active
in the initial regime is now addressed.

The initial regime in Fig. 1 has a 20 fs duration until
the first relative minimum is reached. (It is noteworthy
that this same feature is evident in the TCF of a water
molecule’s rotational kinetic energy, but not that of its
translational kinetic energy.36) Let us consider the possi-
ble relationship of this time to the water librations. This
time corresponds to half a period of an oscillation char-
acterized by a wavenumber of ∼800 cm−1. This simpli-
fied assessment certainly implicates the water librations,
whose spectrum falls in the ≤900 cm−1 range.101–105 This
strongly suggests that this initial time regime is pre-
dominantly governed by torques and is thus largely non-
inertial in character: the dynamics evidently intimately
involve the underdamped water librational motion even
at this early 20 fs stage, even though no oscillations are
explicitly apparent in this regime, the timescale being
less than a librational period. (These same general con-
clusions apply in the case of a negative charge creation:
see SI Sec. S1). In the next subsection, we confirm these
suggestions. Indeed, we demonstrate that the solute hy-
dration shell’s water molecules are non-inertially strongly
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driven into their new orientations by the newly created
torques, and not by force and torque-free inertial motion.

B. Water Molecule Orientation Response

The energy flow/power nonequilibrium dynamics re-
sults in Ref. 34 determined to which extent these
charge change-induced fluxes just mentioned in Sec. III A
translate into orientational and translational structural
changes. As could be expected for a neutral solute ac-
quiring a net charge, the concomitant rearrangements are
substantial and—what is more remarkable—we find that
most of the significant reordering is completed in a re-
markably short time, roughly 20 fs (see also SI Sec. S3).
In this subsection, we will consider whether initial mo-
menta play a noticeable role in the initial regime solvation
dynamics, as reflected in the water molecule orientations,
or whether instead torques dominate the motion.

To this end, we will employ a straightforward—but
nonetheless instructive—route to address this question,
first for several indicative individual trajectories in Fig.
2 and then with a fully trajectory-averaged realization
in Fig. 3; the former are consistent with, and help
to provide a molecular level perspective for, the latter.
For a given initial equilibrium configuration of a neutral
monatomic solute, three different types of short duration
(tens of fs) trajectories are generated, along the lines of
the energy flow analysis methodology.32 These are respec-
tively characterized by the following initial conditions:
(1) the solute instantaneously acquires a positive unit
charge; (2) the solute instantaneously acquires this same
unit charge, plus all particle (solute and solvent) initial
momenta are set to zero; (3) no charge is added to the so-
lute, nor are particle momenta changed. In the indicative
trajectories that we present first, finite initial momenta
are drawn from an equilibrium Maxwell distribution. In
the fully averaged results presented later, averaging over
initial Maxwellian momenta is effected, except for case
(2).

In all these cases, the orientation of the solute’s imme-
diately neighboring water molecules is monitored through
the angle between the water molecule dipole moment and
the water-ion direction (see sketch in Fig. 2). The in-
dicative trajectory results following this angle are now
presented in Fig. 2, should this angle follow a simi-
lar path for trajectories (1) and (3), this would indi-
cate that the new solute charge at most feebly affects
the water molecule dynamics and that it is the momenta
that primarily determine the short time dynamics via
approximately free streaming inertial motion; in con-
trast, a strong similarity between (1) and (2) would sig-
nal the relative irrelevance of initial momenta, and the
pre-eminence of the non-inertial initially created torques’
impact, for the initial regime dynamics.

Figure 2 displays the results for these three cases via
the tracking of a given water molecule that initially be-
longs to the solute’s first hydration shell, with the se-
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FIG. 2: Indicative trajectory results for the time dependent
angle (see inset for definition related to the water molecule
dipole direction) subtended by a water molecule belonging
to the first hydration shell of an initially neutral monatomic
solute, if: (1) blue: the solute acquires a unit charge, ini-
tial momenta are selected form a Maxwellian distribution; (2)
red: idem plus all particle initial momenta are set to zero; (3)
green: the solute is kept neutral and the initial momenta are
again selected from a Maxwellian as in (1). The two chosen
configurations in panels (a) and (b) are representative of those
inspected. The equilibrium average angle for the neutral so-
lute case is ∼ 90◦, with a rather wide distribution, while that
in the presence of the positive charge is ∼ 135◦ for the clos-
est hydration shell molecules, again with a wide distribution
(cf SI Fig. S3(b)). The initial angle of the examined water
molecule in case (a) is ∼ 75◦, which is closer to the neutral
solute equilibrium average than that for the charged solute.
Conversely, the initial angle for the case (b) examined water
molecule is ∼ 125◦, which is closer to the equilibrated value
of the charged solute rather than that for the neutral solute.
The trajectory-averaged results will be presented in Fig. 3.

lected water molecule’s initial angle in panel (a) being
∼ 75◦ and ∼ 125◦ in panel (b). As will be seen, all
these Fig. 2 indicative trajectories display the general
features exhibited by the averaged results presented in
Fig. 3. Comparison of both panels’ trajectories of cases
(1) and (2), and of those with case (3), shows two essen-
tial features: first, that there is a marked departure for
the charged solute trajectories and the neutral one, and
second—specially important for the present purposes—
that after 20 fs there is little difference between the ori-
entations of the shell’s water molecules, even though in
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case (2) initial momenta have been set to zero and are
perforce inactive. Thus, initial momenta do not seem to
play any substantial role in this initial regime: even the
case (1) and (2) trajectories are similar, certainly when
compared to those of the neutral solute case (3). Thus
the perturbed torque field arising from the creation of the
charge is evidently critical, in fact almost from the very
instant of excitation, most specially in panel (a). The
evident insubstantial importance of the initial momenta
selected from a Maxwellian distribution is not inconsis-
tent with the rapidly attained, large and supra-thermal,
rotational kinetic energies observed for earlier sampled
trajectory results on the same model system (cf Fig. 8
of Ref. 32).

Further details of Fig. 2 are instructive as well. The
impact of the charge creation-induced driving torque
changing the water molecule’s angle is clearly larger in
panel (a)—where the initial orientation is unfavorable for
the created positive charge since a water hydrogen par-
tially points towards the neutral solute—than in panel
(b). In the latter situation, the initial water dipole’s ori-
entation is much closer to that appropriate in the pres-
ence of a positively charged solute.

These simple indicative trajectory results clearly point
to the dominance of the charge creation-induced non-
inertial torque effects in the initial regime, with only mi-
nor initial momentum-dependent inertial effects possibly
occurring in the very earliest portions of that regime.

Having considered for molecular perspective the lim-
ited number of trajectories just inspected in Fig. 2, we
now present more extensive results averaged over 104 tra-
jectories, and displayed in Fig. 3. In a fashion similar
to that reported in Ref. 34, the time-dependent value
of the angle (θ(r; t)) is computed as a function of the
distance (r) from the solute ion’s center, and averaged
over trajectories; the resulting curves are shown for 0 fs,
10 fs, and 20 fs after excitation, encompassing the initial
regime during which a substantial portion of the orien-
tational equilibrium is attained (see Fig. 3 caption). We
compare the results for the sets of trajectories in cases (1)
and (2), for which we recall that a unit charge is created,
with the only difference being that all initial momenta—
which now have a Maxwell distribution in case (1)—are
set to zero in case (2). As is now anticipated on the
basis of the results of Fig. 2, and in contrast to an in-
ertial picture, there is hardly any difference in the two
results at any time. Even though we are dealing with
extremely short times, no significant effect of initial mo-
menta is readily discernible: the impact of the newly cre-
ated torque/force field supersedes any influence of initial
momenta. There is a further clear indication of charge
creation-induced Coulomb field-driven character of the
response in Fig. 3 (further elaborated in SI Sec. S3): the
magnitude of the water orientational changes far exceed
those in the equilibrium fluctuation range.

Although we consider these results already compelling,
we add a further relevant energy flow result for this model
system which strengthens the case for the dominance of
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FIG. 3: Average of the time-dependent angle 〈θ(r; t)〉 (see
inset in Fig. 2 for definition of θ) for the water molecules
as a function of distance from the solute ion of radius simi-
lar to the water molecule, at different times after excitation.
The continuous curves correspond to set (1) of trajectories—
with finite initial momentum (now fully averaged)—while the
dashed curves correspond to set (2), in which all initial mo-
menta are set to zero. SI Sec. S3 shows that a key substantial
portion of the final equilibrium distribution is reached in the
initial time regime; further orientational rearrangements of
the water molecules are the result of subsequent translational
motions. It also more clearly indicates the large magnitude
of the orientation changes, far outside the equilibrium fluctu-
ation range. This is completely consistent with the rapidly
attained, large and supra-thermal, rotational kinetic energies
observed for the earlier sampled trajectory results in Fig. 8 of
Ref. 32. (Noise is dominant at the shortest separations since
these are hardly visited for the limited number of trajectories
run, specially for the neutral solute.)

initial torques/forces in the initial regime. It was shown
in the energy flow analysis in Ref. 34 that there is
a substantial correlation between the energy channeled
through each water molecule principal axis and the re-
spective torques at the time of excitation, pointing to
the initial torques as determinant for the initial regime
dynamics.

IV. FSF SOLVATION DYNAMICS
SIMULATIONS

The angle θ dynamics discussed in the previous Sec-
tion provides an intuitive geometrical perspective on the
solvation dynamics relaxation process. But it is obvi-
ously important to check, for the key FSF function S(t)
(Eq. 1), whether the solvation energy dynamics is also
largely insensitive to the initial momenta during the ini-
tial regime, and dominated there by torques created by
the solute’s sudden charge change.

For simulation study of our model of a neutral
monoatomic solute that acquires a finite charge, Eq.
1 for the FSF can be more conveniently expressed—
by focusing on the energy gap ∆E between the excited
and ground electronic states, which in our case is the
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Coulomb potential energy Vc(t) of interaction between
the solute and the water solvent molecules which appears
in the excited state— as the normalized and shifted ver-
sion (Eq. 2) of the ion-water Coulomb energy variation
(δVc(t) ≡ Vc(t)− Vc(0)),

S(t) =
δVc(t)

Vc(0)− Vc(∞)
+ 1, (2)

where the overbars indicate an average over nonequilib-
rium trajectories. In order to describe the model experi-
ment, the system’s initial distribution will be the equilib-
rium distribution just prior to the excitation, i.e. for the
ground electronic state with the water solvent in equi-
librium with the neutral solute and all particle momenta
governed by Maxwell distributions. The dynamics in the
trajectories and S(t) are of course those appropriate to
the excited state, i.e. the water solvent molecules are
subject to the electric field of the newly created solute
charge.

Equation 2 indicates that we need to focus on the
evolving Coulombic interaction potential energy Vc(t),
and compute its average in the excited state with the
appropriate initial ground state equilibrium spatial dis-
tribution: the water solvent in equilibrium with the neu-
tral solute. But we will probe the inertial or noniner-
tial character of the dynamics by comparing two sets of
such trajectory results with different initial momentum
distributions: the first, normal one with the initial mo-
menta properly corresponding to Maxwell distributions
(with average initial temperature of 300 K), and second,
the reference case where those initial momenta are sim-
ply set to zero (so that inertial free streaming change of
positions causing ∆E changes would not occur).

These two averages are presented in Fig. 4, corre-
sponding to 5,000 trajectories, with a time step of 1 fs,
with each trajectory 2.5 ps long (only a 0.5 ps time span
is presented). Figure 4(a) shows for the FSF solvation
dynamics, as was the case for the water orientational
dynamics in Sec. III B, that there is hardly any short
time effect stemming from the initial momenta. This
is particularly the case for our focus, the initial regime
(∼ 20 fs). Again the charge change-induced torques and
forces are evidently dominant in this initial regime, which
accordingly must be predominantly non-inertial in char-
acter. This conclusion is further emphasized in panel (b)
of Fig. 4, which provides a close up view of the initial
regime results. These results are completely consistent
with our initial considerations in Sec. III B. (We have
also included in panels (a) and (b) of Fig. 4 a quadratic
time expansion approximation to S(t) to be discussed
presently.)

Figure 4(a) also shows that there is an effect of ini-
tial momenta in the comparison, but, remarkably, this is
manifest clearly only at longer times. This effect is read-
ily explained by the rather drastic initial perturbation—
kinetic, rather than potential: our comparison choice cor-
responds to a vanishing initial kinetic temperature. This
results in an average final temperature of roughly 220 K
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FIG. 4: (a) Trajectory results for the average time depen-
dent Coulomb potential which enters the FSF S(t) (Eq. 2),
with two different conditions for the initial momenta. Red
curve: δVc(t) function (see Eq. 2) for a neutral solute in-
stantaneously acquiring a positive unit charge with a 300 K
Maxwellian distribution for initial momenta; Blue: idem, but
with all initial momenta set to zero; Green: the quadratic
short time expansion developed in Sec. V. Panel (b) provides
a shorter time interval blow-up of panel (a) which more clearly
reveals key aspects of the initial regime dynamics discussed
in the Text. (c) The FDF solvation dynamics function S(t)
compared to the Gaussian approximation to it (orange).

(after 2.5 ps); this is far below a value of ∼ 315 K when
initial momenta are not altered, i.e. starting from an
average initial 300 K temperature. The vanished initial
momenta impede attainment of a more optimal final con-
figuration, reflected in the final energies offset evident in
Fig. 4.

Finally, panels (a) and (b) of Fig. 4 provide the initial
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quadratic behavior in time, information which is relevant
to a Gaussian approximation to S(t), shown in Panel
(c) for comparison. These aspects will be discussed in
Sec.V, after we first develop a theoretical framework for
the discussion.

V. THEORETICAL ANALYSIS

Here we have examined, via numerical and analytic
work, the solvation dynamics for a standard model sys-
tem of water. We have shown that initial molecular mo-
menta play little significant role in the initial fast solva-
tion relaxation that follows electronic excitation of, and
charge creation for, a solute. Instead, the nonequilibrium
dynamics are predominantly described by “steering”, i.e.
motion governed by the torques generated by the newly
created charge distribution.

The simulation results presented in the preceding sec-
tions for the water solvation dynamics for the model
system are remarkably unambiguous on the issue of the
relative muted importance of inertial aspects—governed
by finite initial momenta—and the contrasting domi-
nant importance of the non-inertial aspects–governed by
the torques and forces generated by the solute’s sudden
charge acquisition.

In particular in the initial time regime (and sometimes
beyond) these results all indicate that regime is hardly, if
at all, governed by free streaming, inertial dynamics for
the water molecules. Instead, each of these results —for
the FSF function S(t)’s dynamical behavior, including
its initial quadratic behavior in time (Sec. IV), and the
water reorientation dynamics (Sec. III)— paints the pic-
ture that the initial regime is predominantly, if not in
fact entirely, driven by the induced torques (and forces)
exerted on the water molecules surrounding the suddenly
charged solute.

Let us put these results in some historical perspec-
tive. It was argued early12–15 that inertial free streaming-
induced change of the energy gap ∆E could account for
the initial solvation dynamics in some solvents, but this
would—in hydrogen-bonded solvents such as water— be
very quickly overcome, due to the rapid librational mo-
tions governed by the torques on the molecules.13,16,17

Yet, this was not an argument that there would be no in-
ertial motion impact at all. This, plus the quite clear suc-
cess of an inertial description for certain solvents,13,15–17

calls for a re-examination of the arguments in favor of
any inertial motion initial contribution to the solvation
dynamics, taken up next.

A. Preliminaries

In order to simplify the notation, we will employ mass-
weighted coordinates, such that for each particle, the
Cartesian coordinate is scaled by the square root of the

mass and the momentum component is scaled by the in-
verse of that square root. The particle masses will be
made explicit at the conclusion when their explicit pres-
ence is important.

It will also be useful to introduce some further nota-
tion at the beginning. The Hamiltonians of the ground
(g) and excited (e) states are Hg,e = K + Vg,e, involv-
ing the system kinetic energy K and total potential en-
ergy, with the excited state potential energy Ve differing
from its ground state counterpart by the Coulomb po-
tential, Ve = Vg + Vc. Accordingly, the corresponding
vector forces F g,e = −∇Vg,e differ by the Coulomb force
F c = −∇Vc. Finally, the Liouville operators iLg,e gov-
erning the ground and excited state dynamics, involving
the particle momenta p and those forces are, with iLg,e
being the Poisson bracket {A,Hg,e},

iLe = p ·∇r + F e ·∇p =

= iLg + F c ·∇p, (3)

where we have invoked the force relation F e = F g +F c,
and used shorthand notation for the multi-dimensional
solute plus water solvent system and the convention that
A ·B is

∑
iAiBi, the sum over particles and Cartesian

coordinates. The first component p · ∇r of iLe (and
iLg) represents free streaming inertial motion indepen-
dent of the forces, while the second component F e ·∇p

carries the impact of the non-inertial excited state forces
on the motion. It is key for our subsequent discussion
that its key Coulomb contribution F c · ∇p represents
the non-inertial excited state Coulomb force impact on
the motion. A simple discussion explicitly illustrating
this character of the terms in the Liouville operator is
given in SI Sec. S6.

B. Ground State TCF Interlude

It will be useful for perspective to first consider key
aspects of the original discussions which let to an iner-
tial perspective. Early solvation dynamics discussions
focused on equilibrium TCF approaches, and the princi-
pal such approaches involved two approximations. The
first is that S(t) can be approximated by the normalized
equilibrium TCF Cg(t) of the energy gap ∆E(t) in the
ground electronic state, with both the initial distribution
and the dynamics being those of that state

S(t) ∼ Cg(t) =
〈δ∆E(0)δ∆E(t)〉g〈

(δ∆E)
2
〉
g

, (4)

with the definition δ∆E(t) = ∆E(t) − 〈∆E〉g. It is im-
portant to stress for later reference that, accordingly, the
Coulomb force figures neither in the initial distribution
nor the dynamics.106 The second approximation is that
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the equilibrium TCF’s short time dynamics can be ap-
proximated by a Gaussian in time,12–15,90,91,96,97 charac-
terized by a ground state frequency ωg.

13,17,29

Cg;G(t) = e−
ω2
g
2 t

2

;

ω2
g =

〈(
∆Ė

)2〉
g〈

(δ∆E)
2
〉
g

=

〈
(p · ∇r∆E)

2
〉
g〈

(δ∆E)
2
〉
g

=

=
〈Fc · Fc〉g
β
〈

(δVc)
2
〉
g

, (5)

where the second line involves the inertial Liouville op-
erator p · ∇r, while the last line is the evaluation for
the present Coulomb potential energy case, and β is
(kBT )−1.

This form is the exponentiation of the expansion of
Cg(t) through second order in time, with the quadratic

term involving
〈
δ∆E(0) · δ∆Ë(0)

〉
g
. By invoking the

feature that any equilibrium TCF is even in time, or
equivalently by effecting an integration by parts (see
SI Sec. S5, Eq. S9 et seq.), this quadratic term av-

erage becomes

〈(
δ∆Ė

)2〉
, the form appearing in Eq.

5 (specification of the common initial time t = 0 is
unnecessary in the equilibrium average.107) Again, we
stress that the initial time derivative evaluated here is
iLgδ∆E = p · ∇r∆E, i.e. the initial inertial change for
∆E (we continue to use mass weighted coordinates). The
energy gap, i.e. the Coulomb potential, is changed due
to the particle coordinate changes, themselves due to the
free streaming motion of the particles, un-influenced by
any force.

The important result for present purposes is that the
equilibrium Cg;G(t)(t) was shown to be —surprisingly—
a very good approximation for a significant fraction (∼
2/3) of the nonequilibrium S(t)’s decay for the modeled
non-hydrogen bonding polar solvent CH3Cl. Similar suc-
cess of a Gaussian time dependence for S(t) was found by
Maroncelli for acetonitrile (CH3CN) solvent,14,15,30 and
by other authors for other solvents.90,91,96,97 This suc-
cess rather strongly supported the inertial perspective:
the dominant effect is of the solvent molecules’ initial
free streaming motion, changing their positions and thus
the energy gap. However— as anticipated in Ref. 13
and simultaneously found in a methanol (CH3OH) sol-
vent simulation by Fonseca and Ladanyi16,17— this dom-
inance would be negated by the early and marked depar-
ture for aqueous and other strongly hydrogen-bonded sol-
vents with rapid librational motions, i.e. motion driven
by transition-induced torques and forces.

These observations were mainly directed to equilibrium
TCF approximations to the dynamics. A detailed anal-
ysis for the nonequilibrium dynamics is considered next.

C. Short Time Regime Focus

With these preliminaries, we start with the required
nonequilibrium average of the Coulomb potential at time
t, which is

Vc(t) =

∫
dΓ
[
e−iLetρg

]
Vc

=

∫
dΓρge

iLetVc =
〈
eiLetVc

〉
g
, (6)

where the brackets indicate the phase space average
with the initial ground state equilibrium distribution
ρg ∝ e−βHg .

A straightforward expansion in powers of time of Eq.
6 has no term linear in time, since the first order change
iLeVc = p · ∇Vc is odd in momentum and the average
vanishes. The leading order time-dependent contribution
to δVc(t) = Vc(t)− Vc(0) is then the quadratic expression

δVc(t) =
t2

2

〈
(iLe)

2
Vc

〉
g

= − t
2

2
〈(iLe)p · F c〉g =

=

(
− t

2

2

)[
〈(iLg)p · F c〉g + 〈(F c·∇p)p · F c〉g

]
=

= − t
2

2
〈Fc · Fc〉g . (7)

The second line follows from the decomposition of iLe,
eq. 3, into its ground and excited state contributions.
The first contribution vanishes by integration by parts to
produce iLgρg, which vanishes since the ground state dy-
namics do not alter the equilibrium distribution ρg; this
and the evaluation of the second term gives the final line,
involving the square of the Coulomb force. (Note that
one factor of the Coulomb potential—through the force
F c—must enter simply because the non-equilibrium av-
erage is of that potential, while the other factor requires
the impact of dynamics) . The derivation just presented
is repeated in somewhat more detail in SI Sec. S4. In-
cidentally, the average in Eq. 7 without mass-weighted
coordinates is

〈∑
i |F ci |2/mi

〉
g
, where the i index runs

over all particles, implying that an isotopic effect is to be
expected.

We stress at this stage that the average in the final
form in Eq. 7 has a non-inertial character, which can be
understood as follows. This average results from the ex-
cited state Liouville operator Coulomb force component
F c · ∇p acting on p · F c. We already emphasized that
this component represents non-inertial motion related to
the suddenly created solute charge. We can make this
connection even more explicit: we give a simple but gen-
eral demonstration in SI Sec. S6 that this component
of the Liouville operator describes the non-inertial force-
induced change in initial momentum—the acceleration—
of a particle, in our case, of the surrounding solvent water
molecules responding to the switched-on Coulomb force
F c.
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It will prove important for later reference to observe
that Eq. 7—as shown in SI Sec. S4—can be written in a
different form:

δVc(t) = − t
2

2
β
〈

(p ·∇rVc)
2
〉
g

=

= − t
2

2
β 〈pp : F cF c〉g . (8)

This is readily obtained form the first line of Eq.7 by
integrating by parts the complete iLe operator. This
generates iLeρg, whose iLgρg contribution vanishes (as
above), leaving the term −βρgp · ∇rVc. (The steps are
explicitly followed in SI Sec. S4). The new form Eq.
8 of the quadratic term is clearly of an inertial charac-
ter, involving as it does only the inertial free streaming
operator p · ∇r.

Equations 7 and 8 apparently provide conflicting de-
scriptions of the initial dynamics: the non-inertial char-
acter of Eq. 7—in accord with the earlier presented
strong evidence of the dominance of non-inertial charge
change-induced Coulomb forces in the motion—evidently
at odds with the inertial character of Eq. 8. We will see
that these two equations prove to be instructive in inter-
preting our simulation results and the resolution of the
apparent conflict. We stress here that the results in these
two equations as well as in Eq. 5, all involve the same
inverse mass dependence when returned to regular coor-
dinate and momenta definitions. (In all the equations
above, we have left momentum terms unaveraged in or-
der to facilitate that discussion. The observant reader
might note that, while apparently differing in an unaver-
aged form, Eqs. 7 and 8 are identical when that average
is performed; more on that later).

Before proceeding, we note that the properly normal-
ized form of the solvation dynamics FSF S(t), Eq. 2, also

involves the denominator factor Vc(0)− Vc(∞). The first
term is just the ground state equilibrium average 〈Vc〉g,
while the subtracted term will be the excited state equi-
librium average 〈Vc〉e. In precisely the same maneuver
used in obtaining the TCF Eq. 4 denominator,13,45 the
excited state equilibrium distribution ρe is approximated
by ρg · (1− βδVc), this gives

Vc(0)− Vc(∞) = β
〈

(δVc)
2
〉
g
. (9)

This (minor) approximation is common to S(t) and all
TCF expressions in this work, so it has no impact on any
difference between them.

D. Initial Regime Analysis

With this background, we now return to the Fig. 4
results for the present problem, where ∆E(t) = Vc, the
Coulomb potential energy. We will primarily be con-
cerned with panels (b) and (c) of that Figure. The spe-

cific features to be discussed are first, the early depar-
ture of S(t) in Figure 4(c) from its Gaussian approx-
imation, and second, the short time agreement of the
quadratic approximation (which provides the informa-
tion for the Gaussian approximation) in panel (b), for
both the Maxwellian distribution and the vanishing of
the initial momentum. Altogether, these features will
demonstrate the quadratic approximation and thus the
related Gaussian is—despite prior invocations—unable
to distinguish between inertial and non-inertial pictures,
and thus that further analysis—such as has been pro-
vided by the work/power perspective used in this work—
is necessary to make that distinction.

We first observe that Fig. 4(c) shows that S(t) is well
described by a Gaussian approximation for half of the
initial 20 fs regime. From an inertial perspective, this
is actually surprising, since strong interactions would be
expected to induce a rapid departure from free stream-
ing motion for aqueous and H-bonded solvents,13,16,17

as described at the beginning of this Section. But the
power/work orientational calculations of Sec. III B show
that strong Coulombic torques driving non-inertial mo-
tion are in fact operative in this time regime, confirm-
ing the suggestions given in Sec. III A. Indeed, on a
short time scale, librational motion exhibits Gaussian
behaviour.25

However, closer inspection will reveal an unexpected
and even more general and substantial difficulty: initial
Gaussian behavior by itself cannot in fact be used to
distinguish between inertial and non-inertial dynamics.

To see this, we need to go through a certain amount of
analysis. To begin, we write out the Gaussian approxima-
tion SG(t) for the nonequilibrium S(t) straightforwardly
developed in detail in SI Sec. S5:

SG(t) = e−
ω2
e
2 t

2

;

ω2
e =

|
〈
V̈c

〉
g
|

β 〈δV 2
c 〉g

=

〈(
V̇c

)2〉
g

〈δV 2
c 〉g

(10)

Here we have written two equivalent forms of the ex-
cited state square frequency ω2

e in the second line, de-
rived explicitly in SI Sec. S5. The first follows straight-

forwardly from the direct expansion of
〈

(iLe)
2
Vc

〉
g
; this

explicitly involves the coefficient of t2/2 in Eq. 7 and thus
has a non-inertial character. The second form explicitly
involves the coefficient of t2/2 in Eq. 8, which is instead
inertial in character and was itself simply obtained by
integration by parts of the first form.

At this point, we observe the difficulty; the recurrence
of the apparent conflict between the quadratic terms Eqs.
7 and 8, now transferred to the Gaussian approximations
to the non-equilibrium FSF S(t), but now complicated
by comparison with the equilibrium ground state TCF
Gaussian–—and supposedly inertial—result Eq. 5. We
go through this contradictory situation step-wise. The
second form of Eq. 10, in accord with the inertial charac-
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ter of Eq. 8, gives exactly the same result for the nonequi-
librium case as does the classic equilibrium ground state
TCF result Eq. 5, which indicates inertial behavior:
ω2
e = ω2

g ! This conclusion seems to confirm an inertial
picture for S(t)’s short time behavior, but—to repeat—it
is in opposition to the extensive support of a non-inertial
dynamics interpretation just reviewed at this subsection’s
beginning. In particular, it evidently contradicts all three
panels of Fig. 4, most clearly in panels (b) and (c); these
indicate the short time equality of S(t) calculated with
an initial Maxwell distribution for the momenta or zero
initial momenta, thus ruling out an inertial perspective,
and indicating the non-inertial dominance of the charge
change-induced torques.

This seeming conundrum can be resolved by the fact
that the two forms Eqs. 7 and 8—which paint opposite
pictures for the character of the dynamics, non-inertial
and inertial respectively— are in fact equivalent. Thus
they cannot be used to unambiguously identify the dy-
namics’ character, either for the nonequilibrium solva-
tion dynamics FSF S(t) or the equilibrium TCF. We now
show in more detail that this is the case.

We begin by recalling the equivalent form Eq. 7 (i.e.
equivalent to Eq. 8) employed for the calculation of ω2

e ,
which involves—for both the initial Maxwellian momen-
tum distribution and vanishing momentum— the aver-
age 〈Fc · Fc〉g, clearly highlighting —via the presence of
the initial excited state Coulomb force and the absence
of the momentum —the non-inertial role of the charge
change-induced initial forces and torques. Indeed it was
this average 〈Fc · Fc〉g form (rather than Eq. 8) that we

used to give the initial quadratic t2 behavior displayed
in panels (b) and (c) of Fig. 4, and this is clearly in
numerical agreement with the initial quadratic behavior
of S(t) with vanishing initial momenta: the same non-
inertial quadratic time dependence applies for zero ini-
tial momenta and a Maxwellian distribution.108 On the
other hand, if one only focused on the argument of Eq.
8, that would vanish for initial momenta; in this connec-
tion, here we recall the indicative trajectory results in
Fig. 2 where no momentum average was effected, and a
non-inertial perspective was supported. But of course, as
we explicitly noted in our first discussion of Eqs. 7 and
8 above, if the momentum average is carried out in Eq.
8, one obtains exactly Eq. 7.

We can briefly summarize the relevant aspects of the
nonequilibrium Coulomb potential case quadratic time
and allied Gaussian approximation behavior as follows.

The non-inertial short time dominance for torques and
forces are indicated by the results that: (i) Eq. 7 gives
the same, correct numerical, result for the zero momen-
tum and Maxwell-averaged initial quadratic t2 behavior
of S(t) in Figs. 4(b) and 4(c); (ii) at the same time,
the non-inertial perspective Eq. 7 leads to the square
frequency ω2

e — the first form in Eq. 10 —for the appro-
priate nonequilibrium Gaussian approximation SG(t) to
S(t) in Fig. 4(c).

But at the same time, the contrasting inertial perspec-

tive for the dynamics are indicated by the results that:
(iii) the square frequency ω2

e—the second form in Eq.
10—calculated from the inertial form Eq. 8 gives the
same numerically correct results for the zero momentum
and Maxwell-averaged initial quadratic t2 behavior of the
nonequilibrium S(t) in Figs. 4(b) and 4(c)—compare
item (i) above; and (iv) this inertial form also gives the
identical appropriate Gaussian approximation SG(t) Eq.
10 to the nonequilibrium S(t) in Fig. 4(c)—compare item
(ii); and finally (v) from SI Sec. S5 and the discussion
below Eq. 10, the square frequencies in the excited and
ground electronic states are identical, ω2

e = ω2
g ; thus the

Gaussian SG(t) is (remarkably) identical to the inertial
perspective ground state equilibrium TCF Gaussian re-
sult SG,g(t), Eq. 5, involving the frequency ωg, use of the
latter for the former is thus not an approximation.109

The thorough-going equivalence for the nonequilibrium
Coulomb potential case just demonstrated in detail leads
to a simple if unexpected conclusion: the predictions of
the short time quadratic t2 behavior of S(t) and the short
time Gaussian approximation SG(t) for S(t) are identi-
cal from both the inertial and non-inertial perspectives,
and cannot be distinguished, a feature already explicitly
evident if one simply carried out the momentum average
in Eq. 8, which generates exactly the Eq. 7 result. Thus,
an unambiguous nonequilibrium short time microscopic
physical description cannot be assigned. The same con-
clusion applies in the approximate equilibrium TCF per-
spective, early TCF Gaussian arguments (see e.g. Refs.
13–15) were thus necessary but not sufficient for that
purpose.110

This raises the obvious question: can the subsequent
evolution of the nonequilibrium FSF S(t) itself clearly
distinguish these two descriptions? But the question
should be posed not only in the post-Gaussian portion of
the initial regime, but also in terms of their longer time
successor descriptions, since clearly, even if free streaming
motion were initially dominant, the motion’s character
must be quickly converted by the impact of any existing
torques and forces. Since our present system ground and
excited state interactions differ only by the Coulomb po-
tential, the question is then: can the post-initial regime
evolution of S(t) distinguish between non-inertial motion
driven by the charge change-created Coulomb torques
and forces and either— at sufficiently early times— in-
ertial motion, or —at later times— motion impacted by
the non-Coulomb interactions common to both electronic
states?

Figure 5 gives some perspective on this issue, since
it considers a different case in which a smaller charge
is initially created on the solute. Before discussing the
details of the Figure, we consider first some issues con-
cerning the impact of any change in the initially created
Coulomb field. The standard ground state equilibrium
TCF approximation Eq. 4—in which the Coulomb field
presence in the dynamics are simply ignored— is obvi-
ously of no use here: the dynamics of S(t) would be
forced to be independent of the suddenly acquired so-
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FIG. 5: Comparison of the nonequilibrium dynamics simu-
lation results for the FSF function S(t) for a neutral solute
acquiring a positive charge with two disparate possible values.
Red curve: instantaneous acquisition of a 0.1e charge, with
a 300 K Maxwellian distribution for initial momenta; Blue:
idem, but with all initial momenta set to zero; Green: ac-
quisition of a 1e positive charge with, as for the initial case,
Maxwellian initial momenta.

lute charge ∆q. For the correct, i.e. unapproximated
nonequilibrium S(t), from Eqs. 2, 7 and 9, S(t) is inde-
pendent of ∆q through second order in time (the source
of the lack of inertial/noninertial behavioral distinction,
also reflected in the nonequilibrium Gaussian approxima-
tion): the impact of the newly created solute Coulomb
potential will set in subsequently, as we now examine.

To probe the impact of the Coulomb potential, Fig.
5 compares S(t) for our solute, water solvent model’ s
standard charge change ∆q = 1 (green) with a much
smaller created charge ∆q = 0.1 (red), both with ini-
tial Maxwellian momentum distributions. The previously
concealed noninertial impact of the Coulomb field is al-
ready revealed by ∼ 20 fs, as the ∆q = 0.1 case depar-
ture form the ∆q = 1 case becomes evident. In addition,
the dominance of the non-inertial dynamics for the small
created charge is reinforced by the comparison with the
result of the reference zero initial momenta calculation
(blue): the S(t) results coincide up through at least half
of the initial regime.

The power/work approach results for the energy flow
are shown in Fig. 6, and confirm the ∆q = 0.1 case
non-inertial driven motion, even though the amount of
energy transfer is about two orders of magnitude lower
than our standard case (cf. Fig. 6 caption; note that
the results are normalized in order to effect the compari-
son). The transfer is largely to the water librations, just
as for our standard charge transfer ∆q = 1 case; indeed
the librations are even more pronounced in the smaller
energy transfer case. The results and discussion of Figs.
5 and 6 provide an illustration that, while the calculation
of the nonequilibrium S(t) is already far more revealing
than that of the ground state equilibrium TCF, compre-
hension of the essential character of the dynamics, over
a wide range of times, will require analysis beyond the

simple calculation of S(t).
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FIG. 6: Energy transfer to water solvent librations and trans-
lations and to solute translation for the charge changes 0 to
0.1e (red) and 0 to 1e (blue). For these two cases, the en-
ergies have been separately normalized by the total energy
transfer magnitudes (kcal/mol): 0.98 (red) and 112 (blue).
The total energy transfers in the initial time regime 20 fs are
in kcal/mol: 0.94 (red) and 85 (blue).

Our results in this subsection for the initial regime
have a very important general implication: since the
short time Gaussian behavior conceals the microscopic
character of the motion, the detailed microscopic energy
flow and momentum variation exercises carried out in
this work were in fact necessary to conclude that it is
the non-inertial excitation charge creation driven torque
effects that are dominant in the initial regime of the sol-
vation dynamics. There is also an important implication
for longer times outside of the initial regime. Both our
power/work based orientational results in SI Sec. S3—
which extend our initial regime results in Sec. III—
and the Coulomb potential impact results in Figs. 5
and 6 for initial Maxwell distributed- and vanishing mo-
menta, have indicated that a power/work analysis —or
related approaches111—would be required to provide a
more molecular level incisive description of the dynamics
underlying the FSF solvent dynamical function S(t).

VI. CONCLUDING REMARKS

Here we have revisited—for the special but standard
ground to excited electronic state transition model of an
instantly charged solute immersed in water solvent—the
mechanistic interpretation of the initial time regime of
the nonequilibrium solvation dynamics induced by the
charge change, of the type probed experimentally in time-
dependent fluorescence Stokes shift spectroscopy. As
noted in the Introduction, this regime is of special in-
terest in connection with its sometimes very significant
contribution to the overall dynamics and its frequent rel-
evance for the solvent dynamical influence on chemical
reaction rates. In this effort, we have employed compu-
tational and analytic analysis, utilizing and informed by
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work/power energy flow methodology. We have shown
that these dynamics are clearly non-inertial, driven by
the Coulombic torques and forces on the solute’s water
molecule neighbors, generated by the sudden appearance
of the solute charge in the excited electronic state. This
contrasts with a inertial mechanism, in which the dy-
namics would instead be determined by the initial mo-
menta, i.e. by the free streaming motion—unaffected by
the charge change—which would alter the Coulomb po-
tential energy gap by changing molecular positions.

We have also shown that an initial Gaussian time
dependence for these nonequilibrium dynamics—while
quickly departing from the actual dynamics—coincides
exactly with a common approximation of a ground elec-
tronic state time correlation function (TCF), which is
readily (and conventionally) interpreted as indicating
inertial dynamics. Thus, any initial Gaussian time
behavior—equilibrium or nonequilibrium—is unable to
distinguish between, and thus to identify, the molecu-
lar mechanism—non-inertial or inertial—–of the solva-
tion dynamics. On the other hand, the work/power
energy flow methodology is able to identify the mech-
anism in this initial time region and beyond, and to pro-
vide detailed microscopic insight on the non-inertial dy-
namics driven by the excitation charge created Coulomb
torques and forces. And as we argued in concluding
Sec. V, our results for longer times outside of the initial
regime indicate that a power/work analysis—or related
approaches—are requisite to generate a more molecu-
lar level characterization of the dynamics underlying the
FSF solvent dynamical function S(t).

Our simulations were all for the special model where
the energy gap ∆E between excited and ground elec-
tronic states was the Coulomb potential energy between
the charged solute and the water molecules. However,
with the definition that the excited (e) and ground (g)
state Hamiltonians are related by He = Hg + ∆E, the
analysis in this paper carries through unchanged. This
generality is important, because as emphasized already
in the Introduction, the current solute, charge creation,
and water solvent model is a special one. Other so-
lute and solvent systems will of course exhibit differ-
ent detailed molecular level characteristics in the initial
regime, and on succeeding time scales as well. As we
point out at the conclusion of SI Sec.S4, our formula-
tions and analysis, both for the nonequilibrium FSF and
its Gaussian behavior, also hold for non-Coulombic in-
teractions and cases where the solute size changes. Of
course, the early time relative importance of non-inertial
and inertial motion will likely vary from case to case.
There are obviously many systems that might be con-
sidered for comparable study with the present meth-
ods. The extensive listing of the broad range of solva-
tion dynamics arenas gives an idea of assorted possibil-
ities, but an interesting first choice could be a funda-

mental charge transfer photoreaction,53 or a system with
quite strongly contrasting interactions, which might in-
volve nonpolar solvation dynamics and solute size change
where electrostriction and translational dynamics are
evidently important.81 (Such effects are absent in the
present system in the initial period: significant trans-
lational motion only sets in at longer time scales.32)

All of our simulations and analysis have employed clas-
sical mechanics for the nuclei. Comparable water sol-
vent solvation dynamics simulations for S(t) instead em-
ploying quantum mechanics have found deviations be-
low 20% from classical behavior.44 Such comparatively
modest quantum effects are common for water dynam-
ical problems, but for our present purposes, it is worth
pointing out that, for such strongly interacting systems,
mechanistic perspectives are typically unaltered.112–114

As noted above, a work/power energy flow analysis
proves to be necessary to identify the character of the dy-
namics in the initial time period of the solvent relaxation.
Further, it has been indicated that such an analysis can
be also quite effective in this regard on other time scales;
it, or something related,111 will in fact be necessary to
provide a detailed microscopic description of the solva-
tion dynamics on all time scales (other, related illustra-
tions of this can be found in Refs. 32,36,38); novel exper-
imental probing of the dynamics’ character—especially
either inertial or non-inertial, i.e. induced (forced) on
short time scales—will be key in this effort as well.115

With this feature in mind, we have indicated in SI Sec.
S7 several potentially useful key general power relation-
ships that may prove useful; these connect certain time
derivatives of FSF functions of the type Eq. 2—but
with a general energy gap ∆E— to the average time-
dependent nonequilibrium power and to a quasi-time cor-
relation function for that power.

VII. SUPPLEMENTARY INFORMATION

The Supplementary Information associated with this
article deals with the following topics: Solvation dynam-
ics for negative charge creation; Initial decay for the
created anion case; Time evolution of orientational and
translational structure; Derivation of quadratic expan-
sion terms; Gaussian time dependent solvation dynam-
ics; Simple interpretation of Liouville operator terms;
Work/power related forms.
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