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ABSTRACT: In aqueous solution, fluorescence Stokes shift experiments monitor the relaxation
of the solute−solvent interactions upon photon excitation of the solute chromophore. Linear
response (LR) theory expects the identical dynamics between the Stokes shift and the system’s
spontaneous fluctuations. Whether this identity guarantees similar dynamics between the
nonequilibrated and equilibrium processes for the decomposition energy of the Stokes shift is the
main focus of this study. In our previous work [Li, T. J. Chem. Theory Comput. 2017, 13,
1867−1873], Stokes shift is properly correlated with various order time-correlation functions. As a
continuation, its decomposition energy from the subsystem is further represented as the full
summation of all of the cross-time correlation functions between the decomposition energy and
the total solute−solvent interactions. Gaussian statistics of the total solute−solvent interactions
ensure the same decay rates among the odd orders not only for the time-correlation functions but
also for the cross-time correlation functions, validating the LR of the Stokes shift and the
decompositions, respectively. The above mechanism is verified by molecular dynamics simulations in the protein Staphylococcus
nuclease and is robust even as the decomposed energy associated with an individual residue exhibits typical non-Gaussian properties.
Further examinations reveal the consistent molecular motions for a specific residue over the nonequilibrium and equilibrium
processes, which are responsible for the nonequilibrium dynamics of the associated decomposed energy. Our results show the
appropriateness of LR on finer molecular scales.

■ INTRODUCTION

Linear response (LR) theory has been applied extensively to
study solvation dynamics in liquids.1−9 It expects similar
dynamics between the perturbed nonequilibrium process and
spontaneous fluctuations of the thermally equilibrated
system,10 and forms the cornerstone to understand the
intrinsic dynamics in solution. Fluorescence spectroscopic
techniques investigate the response of environmental solvent
molecules upon photon excitation on the solute chromophore,
in which the Stokes shift monitors the relaxation of the solute−
solvent interactions.11−17 LR is applied to evaluate Stokes shift
using the system’s equilibrium statistics with great suc-
cess,3,18−26 even though photon excitation creates a noticeable
perturbation on the system. The validities of LR are
investigated extensively in the literature8,21,22,27−35 and are
believed to correlate with Gaussian statistics over the last few
decades. Geissler et al. suggested that the stability of Gaussian
statistics during the nonequilibrium process correlates with the
efficiency of LR.36 The studies by Thompson and co-workers
recommend that the excited-state Gaussian statistics enable the
LR of the Stokes shift, in which the role of higher-order time-
correlation functions is stressed.37,38 The connection between
the Stokes shift and the various order time-correlation
functions are further evaluated in a protein solution.35,39,40

Spectroscopic experiments directly monitor the relaxations
of the total Stokes shift. The decomposed energies between the

solute and a portion of the system are examined by theoretical
investigations.19,22,23,31,41,42 This strategy of the decomposi-
tions sheds light on the finer molecular motions of solvation
dynamics, which is crucial in terms of understanding the
biological functions and chemical reactions in solution. A
typical example is multicomponent systems such as proteins
and ionic liquids. The relaxations of the decomposed Stokes
shift reveal the dynamics of hydration water and a specific
residue in protein, or the dynamics of cation and anion in ionic
liquid. LR for the decomposed energies probes the connection
between the equilibrium fluctuations and nonequilibrium
relaxations for the individual species. Yet its validity is not
actively discussed as the LR of the total Stokes shift. While
Gaussian statistics ensures the LR for the total solute−solvent
interactions, whether it further enables LR for the decom-
positions? Furthermore, what is the mechanism for the LR of
the decomposed Stokes shift? In the literature, the non-
equilibrium dynamics of the decomposition energy are well
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characterized by suitably accumulating the cross-time
correlation function between the decomposition and the
total solute−solvent interactions over the equili-
brium.19,23,26,31,41,43 On the other hand, Schwartz and co-
workers found that the underlying molecular motions are not
consistent between the nonequilibrium and equilibrium
processes, while the LR appears to be valid for the Stokes
shift.44 A similar phenomenon is reported that LR fails for the
individual contributions from the anion and cation in ionic
liquid, although efficient for the overall response of the
system.28

In this context, we go a further step to validate the LR for
the decomposed energies of the Stokes shift. In our previous
investigations, the Stokes shift is explicitly evaluated as the sum
of various order equilibrium time-correlation functions. LR is
ensured by Gaussian statistics of the total solute−solvent
interactions.34,35,39 As a continuation of the strategy, the
decomposed energies from the subsystems are properly
presented as the summation of the cross-time correlation
functions including higher orders, and LR is analyzed. As a first
application of the formalism, molecular dynamics simulations
were performed in protein Staphylococcus nuclease (SNase) to
verify the linearity. We specifically examine the appropriateness
of the LR as the energy variable associated with an individual
residue exhibits typical non-Gaussian properties. Our results
reveal the validity of the LR for the Stokes shift as well as its
decompositions. We further verify the connection between the
nonequilibrium dynamics and equilibrium properties of the
system on finer molecular scales.

■ THEORY
Stokes Shift and Decomposition Energies. In fluo-

rescence experiments, photon excitation produces electronic
transition of a chromophore from the ground state to its
excited state. The system thus undergoes nonequilibrium
relaxation propagating on the excited-state surface. The Stokes
shift

δΔ = ⟨ Δ ⟩E t E t( ) ( )S (1)

monitors the nonequilibrium ensemble average of the solute−
solvent interactions during this process, which is defined as

δ βΔ = Δ − ⟨Δ ⟩E E E( )e (2)

for each configuration. Here, ΔE is the energy difference
between the excited and ground-state potential surface, and
⟨...⟩e represents the excited-state equilibrium average. A scaling
constant β, the Boltzmann factor, is introduced to enable δΔE
and the Stokes shift of the the dimensionless variables. This
treatment does not hinder one to understand the inherent
dynamics of the system. Solvation time-correlation is

=
Δ
Δ

S t
E t
E

( )
( )
(0)

S

S (3)

In a multicomponent system like protein solution, the Stokes
shift arises from the contribution ΔES

x(t) of all of the
subsystems by

∑ ∑ δΔ = Δ = ⟨ Δ ⟩E t E t E t( ) ( ) ( )x x
S S (4)

Here, x can be the water, protein, or a specific residue close to
the chromophore. δΔEx is the contribution of the subsystem x
to the total solute−solvent interactions. The normalized form
of ΔES

x(t) is denoted in the way

=
Δ
Δ

S t
E t
E

( )
( )
(0)

x
x
S

S (5)

The solvation time-correlation function can be represented by

∑=S t S t( ) ( )x
(6)

Partition of the Stokes Shift and Decomposition
Energy into Time-Correlation Functions and Cross-
Time Correlation Functions. In the literature, the Stokes

shift is equivalently evaluated by δ⟨ Δ ⟩
⟨ ⟩

δ

δ

Δ

Δ
E t( )e

e

E

E

(0)
e

e
.2,37 In our earlier

studies, ΔES(t) is directly correlated with various order time-
correlation functions ⟨δΔE(t)δΔE(0)n⟩e on the excited
surface.39 The latter is reformed as the relaxation of Sn(t) by

∫
δ δ

δ δ δ

= ⟨ Δ Δ ⟩

= Δ Δ Δ

S t E t E

E E t P E

( ) ( ) (0)

d( ) (0, ) ( )

n
n

n

e

(7)

The above integration depicts summation over the ensemble
δΔE(0,t) with a certain weight, namely the weight function
Pn(δΔE). δΔE(0,t) is interpreted as follows.39 For a given
value of δΔE, the related configurations are sampled over the
excited-state equilibrium fluctuations. Upon evolution of the
time interval t, each configuration results in a solute−solvent
interaction. δΔE(0,t) is referred to as the average of the above-
propagated energies. The weight function is defined as

δ δ δΔ = Δ ΔP E E P E( ) ( )n
n

e (8)

Pe(δΔE) is the excited-state equilibrium distribution. As the
solute−solvent interactions exhibit Gaussian statistics with

δΔ =
πσ

δ σ− Δ
P E( )e

e

2

E2/2 e
2

e
2
, the weight function can be explicitly

derived as

δ δ
πσ

Δ = Δ
δ σ− Δ

P E E( )
e

2
n

n
E /2

e
2

2
e

2

(9)

Based on the above reformation, the time-correlation function
can be equivalently processed by the relaxation process of
Sn(t), where the related dynamics are characterized by

=c t
S t
S

( )
( )
(0)n

n

n (10)

In the literature, the Stokes shift is revealed to arise from
various order time-correlation functions.30,37 In our previous
studies, ΔES(t) is explicitly expressed as the summation of
Sn(t) with certain weights39,40

∑
∑

Δ =

=

E t f S t

f S c t

( ) ( )

(0) ( )

n n

n n n

S

(11)

The contribution of the nth order time-correlation function to
the total Stokes shift is f nSn(0). The coefficient f n and thus the
weight can be derived as follows. According to the definition in
eq 7, Sn(t) depicts the relaxation of δΔE(0,t) with the weight
function Pn(δΔE). Therefore, the Stokes shift is pictured as the
mixture of all of the relaxations among Sn(t), in which the
initial distribution Pg(δΔE) of the nonequilibrium relaxation is
expanded by all of the weight functions
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∑δ δΔ = ΔP E f P E( ) ( )n ng (12)

f n can be derived using either the analytical or the numerical
method. The solvation time-correlation function is

=
∑

∑
s t

f S c t

f S
( )

(0) ( )

(0)
n n n

n n (13)

The above protocol can be similarly employed on the
decomposed energies. The nonequilibrium ensemble average
⟨δΔEx(t)⟩ depicts the energy contribution of the subsystem x

to the Stokes shift and can be evaluated by δ⟨ Δ ⟩
⟨ ⟩

δ

δ

Δ

Δ
E t( )e

e

x E

E

(0)
e

e
.37

The cross-time correlation ⟨δΔEx(t)δΔE(0)n⟩e is thus
introduced by Taylor expansion. It is noted that term “cross”
here refers to the time-correlation function between the
decomposition δΔEx(t) and the total interaction δΔE(0),
which can be reformed into the relaxation of Sn

x(t) by

∫
δ δ

δ δ δ

= ⟨ Δ Δ ⟩

= Δ Δ Δ

S t E E

E E t P E

( ) (t)

d( ) (0, ) ( )

n
x x n

x
n

e

(14)

The integration illustrates the summation over the ensemble
δΔEx(0,t) weighted with the initial weight function Pn(δΔE).
δΔEx(0,t) is the decomposition of δΔE(0,t) from the
subsystem x, which is the average of the propagated values
of the energy quantity δΔEx (upon the time interval of t)
initiated by the same δΔE over the excited-state equilibrium.
The following relationship naturally holds

∑=S t S t( ) ( )n n
x

(15)

The normalized form, as defined in the following, obeys the
certain constraint with the nth time-correlation function cn(t)
by

∑

=

=

c t
S t
S

c t c t

( )
( )
(0)

( ) ( )

n
x n

x

n

n n
x

(16)

The nonequilibrium relaxation ΔES
x(t) is represented as the full

summation over all of the cross-time correlation functions by

∑
∑

Δ =

=

E t f S t

f S c t

( ) ( )

(0) ( )

x
n n

x

n n n
x

S

(17)

The nth order contributes f nSn(0)cn
x(0) to the total energy

decay ΔES
x(0). The decomposed solvation time-correlation

function (eq 5) is thus

=
∑

Δ
S t

f S c t

E
( )

(0) ( )

(0)
x n n n

x

S (18)

Gaussian Statistics and Linear Response Theory.
Under the circumstance of Gaussian statistics, Wick’s
theorem45 enables the same decay rates among the odd
order S2n+1 and disappearance of the even order S2n, leading to
the linear response theory of the Stokes shift as follows35,39

=+c t c t( ) ( )n2 1 1 (19)

=S t c t( ) ( )1 (20)

An assumption is further made for the relaxation dynamics of
Sn
x by the disappearance of S2n

x for all of the even orders. The
odd orders obey

=+c t c t( ) ( )n
x x
2 1 1 (21)

As a result, linear response theory is derived as

=S t c t( ) ( )x x
1 (22)

The dynamics of ΔES
x(t) thus depend on all of the odd orders

S2n+1
x (t) with the identical relaxation rates. Equations 19−22
provide the key of the LR not only for the Stokes shift but also
for the decomposed energies of the subsystems. The
illustration of the latter has not appeared previously. It is
noteworthy that the Gaussian property of δΔE is desired
during the above derivations, while the quantity δΔEx may not
necessarily be the Gaussian random process.
We specially inspect the percentage allocation for the total

energy decays, namely ΔES(0) and ΔES
x(0), in terms of the

time-correlation functions and cross-time correlation functions,
respectively. In eq 11, the total Stokes shift ΔES(0) arises from
the contribution of the odd order time-correlation function by
f 2n+1S2n+1(0). Similarly in eq 17, ΔES

x(0) arises from the
contribution of the order 2n+1 cross-time correlation function
by f 2n+1S2n+1

x (0). All of the even orders contribute none as a
result of Gaussian characteristics. According to eqs 19−22, the
percent of the order 2n+1 to the total energy decay obeys the
following relationship

Δ
=

Δ
+ + + +f S

E

f S

E

(0)

(0)

(0)

(0)
n n

x

x
n n2 1 2 1

S

2 1 2 1

S (23)

Therefore, the partitions remain the same for ΔES
x(0) and

ΔES(0). The orders taking the prevailing percentages to the
total Stokes shift also control the nonequilibrated dynamics of
the decomposition energy. Once S2n+1(t) and S2n+1

x (t) of those
orders take the same decay rates as their linear one, LR is
appropriate for the Stokes shift and the decomposition energy.
The percentages in eq 23 can be calculated under the
circumstance of Gaussian statistics.39 The parameter f 2n+1 is
derived based on the connection (eq 12) between the ground-
state distribution Pg(δΔE) and Pn(δΔE); S2n+1(0) can be
integrated by

∫ δ δ
πσ

= Δ Δ
δ σ

+
+

− Δ
S E E(0) d( )

e

2
n

n
E

2 1
2 2

/2

e
2

2
e

2

(24)

It is noteworthy that the percentages of some orders could be
negative owing to the coefficient f 2n+1.

Molecular Dynamics Simulations. Tryptophan in
protein is the optical probe with its indole ring as the
chromophore. Molecular dynamics (MD) simulations were
conducted using the GROMACS program package46 com-
bined with the SPC/E water model. The GROMOS96 force
field47 is applied for ground-state tryptophan. The site charges
of the fluorescence state of indole were obtained by applying
the ab initio partial charge density differences to the ground-
state partial charges of the GROMOS96 force field.26 The
initial configuration of the protein Staphylococcus nuclease is
taken from the PDB databank (1SNO). Periodic boundary
conditions were implemented by using a truncated triclinic box
of side length 61 Å and solvated with 4605 water molecules.
The Nose−Hoover thermostat was used to maintain the
system at 295 K. The initial simulations of 5 ns were
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performed to equilibrate the systems and are followed by the
time length of 120 ns MD simulations on both the ground- and
excited-state surfaces to probe the equilibrium statistics. Our
previous investigations have found the multiple local substates
originating from the energy basins on the ground-state
surface.34,35 In this context, we reveal the mechanism of LR
for one of the ground-state substates, namely isomer 1, with
the simulation details in accordance with refs 34 and 35.

■ RESULTS AND DISCUSSION
Equilibrium Distributions, Time Correlation Func-

tions, and Cross-Time Correlation Functions. The local
structure around the tryptophan W140 in protein SNase is
displayed in Figure 1. This protein has been well examined by

fluorescence spectroscopy12,48 and theoretical studies.34,35,39,48

Within 5 Å of W140, a positively charged residue K133 aligns
with the nitrogen atom of the indole (Figure 1). The energy
probabilities are derived based on the excited-state equilibrium
simulations (Figure 2). For the total solute−solvent
interaction, the distribution exhibits the Gaussian function

δΔ =
πσ

δ σ− Δ
P E( )e

e

2

E2/2 e
2

e
2

with a variance σe of 3.8. For the energy

variable δΔEx of the subsystems, the distribution profiles
present diverse characteristics. The profile presents a single
peak for water, and a peak at −1.2 and a slight shoulder at 4.9
for the protein, which correlate with the clear bimodal
structures of the individual residue K133. As a comparison,
the probabilities are also derived for δΔE and δΔEx based on
the ground-state (isomer 1) equilibrium fluctuation. Single
peak profiles are observed for all of the energy variables, in
which the distribution of the total solute−solvent interactions

obeys the shifted Gaussian form δΔ =
πσ

δ σ− Δ −
P E( )g

e

2

E( 11.3)2 /2 g
2

g
2

with

a σg of 3.0. The total energy decays of Stokes shift ΔES(0) and
the decomposition ΔES

x(0) can be derived based on the ground
and excited energy distributions, which is 13 for the total
energy shift, 1.9 for water, 11 for the protein, and 7.7 for the
residue K133.
The equilibrium dynamics of the energies are examined on

the excited-state surface, which is expected to correlate with
the validity of LR. For the total solute−solvent interaction
δΔE, the time-correlation function S2n+1(t) is accumulated for
the odd orders of 1, 3, 5, and 7 over the excited equilibrium
trajectory. The statistical error makes the calculations of higher
orders difficult. The normalized form c2n+1(t) is displayed in
Figure 3. All of the curves exhibit almost identical decay rates,
as characterized by an inertial drop and two exponential decays
on the timescale of a few picoseconds (ps) and tens of ps. The
equilibrium dynamics are also probed for the decomposed
contribution δΔEx of the total solute−solvent interactions. The
odd-order cross-time correlation functions of S2n+1

x (t) are
accumulated for the water, the protein, and the residue K133.
The normalized functions of c2n+1

x (t) are displayed in Figure 3.
For all of the subsystems, the set of curves exhibit high
consistency. The relaxation processes of c2n+1

x (t) are almost the
same among the odd orders, in which the total contribution
c2n+1
x (0) to full relaxation is 15% by water, 85% by the protein,
and 59% by the residue K133. Therefore, the same decay
patterns exist among the odd orders not only for the time-
correlation functions but also for the cross-time correlation
functions. These similarities provide straightforward evidence
on Gaussian statistics and fund the linear response theory of
the Stokes shift and decompositions.

LR of Stokes Shift and Decomposition Energies. By
employing eq 23, we first check the energy allocations for the
total Stokes shift and the decompositions with the time-
correlation functions and cross-time correlation functions. Due
to Gaussian statistics of δΔE, the percentage partition remains
the same between ΔES(0) and ΔES

x(0) of the subsystem like
water, the protein, and the residue K133. Figure 4 shows the
percent map up to the 19th order, in which only the odd
orders are present and all of the even orders contribute null.
The maximum contribution arises from the 9th order with
38%. Orders 7 and 11 take 25% and 26%, respectively. These
three orders take the prevailing contributions to the total
energy decays by 89%. In contrast, the linear order only
contributes 0.2%. Order 19 contributes 2.6%, and the
contributions of higher orders are trivial. Orders 15 and 17
show slightly negative percentages, where the reasons have
been illustrated in the method sessions.
Linear response theory is examined for the Stokes shift in

SNase. The nonequilibrium simulations were performed by
propagating 150 trajectories on the excited-state surface with
the initial configurations being sampled over the ground-state

Figure 1. Local structure of protein SNase around indole W140. A
positively charged K133 aligns with the indole. The spheres in color
are nitrogen (blue), hydrogen (white), and carbon (cyan).

Figure 2. Probability distributions of energies on the excited state
(solid lines). The total solute−solvent interactions on the top panel
show the Gaussian-type profile. The decomposed contribution by
protein exhibits a slight bimodal distribution, which is linked with the
two clear structural alignments of the residue K133. As a comparison,
the distributions over the ground-state equilibrium are also derived
(dashed lines), showing a single peak for all of the energy variables.
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equilibrium. The nonequilibrium solvation time-correlation
function S(t) is obtained and compared with the linear-order
equilibrium time-correlation function c1(t). An excellent
agreement is observed in Figure 5. LR is further examined
by evaluating Sx(t) for water, the protein, and the residue K133
and compared with the associated linear-order cross-time
correlation function c1

x(t). For all of the subsystems, the
nonequilibrium and equilibrium dynamics are in good
agreement with each other. Even for the residue K133 with
typical non-Gaussian properties of the bimodal energy
distribution (Figure 2), the dynamics of Sx(t) are still well
characterized by the decay rates of c1

x(t), which undoubtedly
verifies LR. The validities are mostly attributed to the equal
dynamics c2n+1(t) = c1(t) and c2n+1

x (t) = c1
x(t) between the linear

and those orders taking the prevailing percentage contributions

to the total energy decays, although the dynamics of orders 9
and 11 have not been derived owing to the sampling difficulty.
We further inspect the molecular origin for the non-

equilibrium relaxation of Sx(t) for the residue K133. During
the time interval of 200 ps upon photon excitation, the average
distance between the head group of K133 and the nitrogen
atom of the indole decreases from 4.5 to 3.8 Å (Figure 6A).
The distance distributions during the nonequilibrium process
were also obtained (Figure 6B). The profiles present a single
peak at 4.5 Å at the instant of the perturbation, gradual growth
of a second peak at 3.5 Å over time, and the final stabilization
between the double peaks. Meanwhile, the distance fluctua-
tions over the excited-state equilibrium are derived. Figure 6C
shows that the head group of K133 hops back and forth
between two states: close contact to a nitrogen atom with a
distance of 3.5 Å and break up of this strong interaction. The
above observations verify the coexistence of the two
populations as well as their internal conversions on the
excited-state surface. The structural transitions between two
states occur during the nonequilibrium relaxation and account
for the energy decay of ΔES

x(t). Correspondingly, the
conversion rates correlate with the dynamics of Sx(t).

■ CONCLUSIONS

We investigate the connection between the equilibrium and
nonequilibrium solvation dynamics in optical transitions. LR is
probed for both the Stokes shift and its decomposition
energies. ΔES(t) and ΔES

x(t) are represented as the summation
of various order time-correlation functions and cross-time

Figure 3. Normalized equilibrium time-correlation function c2n+1(t), labeled “total”, and the cross-time correlation function c2n+1
x (t) for water, the

protein, and the residue K133. The almost identical relaxation rates exhibit among the odd orders not only for c2n+1(t) but also for c2n+1
x (t) of all of

the subsystems.

Figure 4. Percentage contributions of the odd-order time-correlation
functions and cross-time correlation functions to the total decays of
the Stokes shift (13) and the decomposed energy for water (1.9),
protein (11) and K133 (7.7). The percentage allocations remain the
same for ΔES(0) and ΔESx(0).

Figure 5. Comparisons between the nonequilibrium dynamics (noisy lines) of the energy decays and equilibrium time-correlation functions
(smooth lines). Excellent agreements are observed between S(t) and c1(t) for the total solute−solvent interactions (total), and Sx(t) and c1

x(t) for
water, the protein, and the residue K133, indicating the success of linear response theory.
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correlation functions, respectively. Gaussian statistics of the
total solute−solvent interactions ensure the identical dynamics
among the odd orders of the time-correlation functions, giving
the LR of Stokes shift.37,38 We further show the same decay
rates among the odd order cross-time correlation functions
under this circumstance, validating LR of the decomposition
energies. Therefore, the nonequilibrium relaxations of the
system upon photon excitation are correlated with its
spontaneous fluctuations more than merely the Stokes shift.
Our observations on the decomposition energies suggest that
the dynamics on finer molecular scales are also delicately
controlled by the system’s equilibrium properties.
As the solute interacts with the abundant number of the

surrounding solvent molecules in aqueous solution, the total
solute−solvent interactions frequently exhibit Gaussian
statistics, as indicated by the central limit theorem.10,49

However, the contribution from a specific subsystem probably
deviates from the Gaussian random process. This deviation
does not necessarily impede the appropriateness of LR. In this
study, the relaxation dynamics of the decomposition energy for
an individual residue are well characterized by the equilibrium
approach even with the presence of the bimodal energy
distribution, which turns to be driven by the consistent
molecular motions occurring over both the nonequilibrium
event and the equilibrium fluctuations. On the other hand, the
failure of the hidden LR theory was also reported that the
underlying molecular motions responsible for the non-
equilibrium relaxation differ from the ones active at
equilibrium for an atomic solute in liquid tetrahydrofuran,
while the LR of the Stokes shift appears to be valid.44 This
occurs because the dynamics of the nonequilibrium relaxation
and the equilibrium fluctuations occur on a similar timescale
and give rise to the similarity of S(t) and c1(t), as revealed in a
previous paper.44 Our results are thus not in conflict with the
observations in the literature.
We demonstrate a strategy to study LR for decomposition

energies of the Stokes shift. The decomposed time-correlation
function cn

x(t) and Sx(t) can be applied to depict the
equilibrium and nonequilibrium dynamics for the subsystem,
which is naturally applicable for multicomponent systems as

illustrated in protein. Similarly, for the ionic liquid, energy is
partitioned into the contributions from the cation and the
anion. LR for the individual ionic species is found valid using
the fixed charge molecules31 and not accurate in polarizable
molecule simulations.28 The underlying mechanism can be
probed using the theory in this context. Beyond the above
multicomponent systems, the method is expected to have a
more general application on solvation dynamics, once the
appropriate decompositions of energies are performed. For
example, Schwartz et al. introduced a protocol to project the
total interaction δΔE into the contribution from a molecule’s
translation and rotation (including cross-terms) for the atomic
solute in liquid tetrahydrofuran.44 The decomposition enables
the deriving of the associated cn

x(t) and Sx(t) and thus
evaluating the dynamics for the explicit molecular motions
over the equilibrium fluctuations and nonequilibrium relaxa-
tions. Further efforts are desired to apply LR of the
decomposition energies in understanding solvation dynamics.
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