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We present here the results of molecular dynamics simulation of solvation dynamics (SD) in benzene,
acetonitrile, and their mixtures corresponding to three sets of acetonitrile mole fractions,xac ) 0.20, 0.50,
and 0.75, at temperature and densities appropriate for ambient conditions. The change in solute-solvent
interactions triggered by solute electronic S0 f S1 excitation is represented as dipole creation in a benzene-
like solute. We find that both solvent components are active participants in the SD event, with electrostatic
interactions of the dipolar solute with quadrupolar benzene molecules making an important contribution to
the solvation mechanism and the steady-state Stokes shift in the fluorescence spectrum. Our model solute is
preferentially solvated by acetonitrile in its S1 state and the enhancement in the local acetonitrile concentration
contributes significantly to the solvation time scale, especially in the benzene-rich mixture, where this process
becomes considerably slower than the solvation coordinate relaxation in either solvent, in agreement with
experimental findings. We investigate the contributions to SD from concentration fluctuations by monitoring
the time evolution in the solvation structure. We find that in many respects the way that these fluctuations
contribute to SD in benzene-acetonitrile mixtures resembles their contributions to the SD mechanism in
mixtures of dipolar molecules.

I. Introduction

Solvent polarity often has strong effects on reaction rates and
equilibria in the liquid phase. Polarity can be tuned by mixing
a less polar solvent with a more polar one. Even when such
mixing leads to a monotonic variation of bulk dielectric
properties with composition, the effects on solutes can be more
complicated, in view of the fact that preferential solvation by
one of the solvent components is likely to occur.1 Additional
complications can arise in solvation dynamics (SD). For typical
SD chromophores such as coumarin 153 (C153), the dipole
moment changes by about 8 D when the molecule undergoes
the S0 f S1 electronic transition.2 One would expect that the
accompanying change in solute-solvent interactions would lead
to a change the identity of the mixture component preferentially
solvationg the chromophore. Changes in preferential solvation
are also likely to strongly affect chemical reactions in which
the reactant charge distribution changes as the reaction proceeds.
Study of SD in mixtures should therefore provide valuable
insights into this molecular aspect of the solvent’s influence on
chemical reaction dynamics.

The molecular aspects of SD have been an active area of
research in recent years and a great deal of progress has been
made, as described in several review articles.3-10 Most of the
focus has been on one-component solvents, with a relatively
small number of studies devoted to mixtures.11-23 From this
work, information on the contributions of preferential solva-
tion11-14 and concentration fluctuations15-21,23to SD is starting
to emerge.

Experiments16 and molecular dynamics (MD) simulations21

of SD in methanol-hexane mixtures showed that structural

rearrangements associated with a change in preferential solvation
do indeed occur and lead to slowing down of the solvent
response in hexane-rich mixtures. In the model that was used
in the simulation of SD, only the change in the C153-methanol
interaction was assumed to contribute to the response, so only
the motion of the polar solvent component relative to the solute
contributes directly to SD.

A more complex response to an increase in the strength of
solute-solvent electrostatic interactions has been found in
mixtures in which both components are polar, since they both
participate actively in the solvation mechanism.15,17-20,22-24

Specific cases that have been investigated by MD are same-
size Stockmayer molecules with different dipoles,15,24 water-
methanol19 and water-DMSO mixtures,19,20 while the experi-
mental studies measured the solvent response to electronic
excitation of C15322,23 and cresyl violet.25 In all MD studies,
the increase in strength in solute-solvent electrostatic interaction
has been modeled as a response to charge creation in an atomic
solute. Although a number of variations in the response
associated with the identities of the solvent components and
the sign of the created solute charge were found, there are some
common features of the solvation mechanism. Specifically, the
short-time response involves solvent reorientation and a com-
pression of the first solvation shell, followed by larger-scale
structural rearrangements that lead to enhancement in the
concentration of the more polar component in the vicinity of
the solute. In mixtures in which the more polar component is
dilute, the initial shell compression involves mainly the less polar
solvent and leads to a slowing down of SD, since it impedes
the local concentration enhancement of the more polar solvent
component. This scenario differs from the mechanism of the
response of a mixed solvent to a change in the direction of a
solute dipole, which had been considered in earlier SD simula-
tions.13,26
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In the present case, we consider SD in a mixture of
acetonitrile and benzene, two solvents, one dipolar and the other
quadrupolar, both of which exhibit relatively large static
solvatochromic shifts in the fluorescence of chromophores such
as C153.27-29 Given that one can expect benzene to be an active
participant in SD, an interesting question is to what extent the
solvation mechanism resembles the mechanisms found for
dipolar mixtures.

Because benzene lacks a dipole moment, its bulk dielectric
properties are not closely related to its solvation properties.
Recent MD simulations and integral equation calculations have
shown that its finite-wavevector dielectric properties, which are
relevant to SD, qualitatively resemble those of polar liquids.30,31

Benzene and acetonitrile are miscible in all proportions over a
wide range of temperatures and pressures, including ambient
conditions.32 The mixture thermodynamic properties deviate
relatively weakly from ideal behavior32 and the dielectric
constant increases monotonically as the acetonitrile mole fraction
increases.33 However, as noted above, one might expect that
SD will not be as simple. Indeed, recent experiments by the
Levinger group23 indicate that the solvation response slows down
at low acetonitrile mole fractions and then speeds up in pure
benzene. MD simulation can answer why this occurs by
monitoring the separate solvation responses of the two solvent
components and by determining the time scale of the appearance
of different solvation structural features.

We report here simulation studies of SD in room-temperature
benzene-acetonitrile mixtures of varying composition, including
pure benzene, in which SD has not yet been investigated by
computer simulation. The SD is represented as a dipole creation
in a benzene-like solute, with the magnitude of the created dipole
resembling that of C153. The roles of the two components and
the contributions of preferential solvation changes to the solvent
response are investigated. The resulting limitations of the linear
response approximation in predicting the solvent response are
explored. To make a connection between SD and the properties
of benzene-acetonitrile mixtures, we present a brief overview
of the variation in the intermolecular structure and single-
molecule dynamics as a function of composition. A more
complete account of mixture properties will be presented
elsewhere.

The remainder of the paper is organized as follows: In section
II, we review briefly the theoretical background on SD and
define the quantities that we calculate and analyze. The model
and computational methods used in our calculations are
described in section III. Our results for the structure and
dynamics of benzene-acetonitrile mixtures are presented in
section IV and for SD in these mixtures in section V. Our main
findings are summarized, and the paper is concluded in section
VI.

II. Solvation DynamicssTheoretical Background

Solvation dynamics is typically measured by monitoring the
time evolution of the Stokes shift in the fluorescence spectrum
of a dissolved chromophore.6,8 This time evolution is reported
usually in terms of the frequencyν(t) at the peak of the
fluorescence band.6 The experimental solvation response func-
tion is given by

where t ) 0 corresponds to the time of electronic excitation
(which occurs essentially instantaneously on the time scale of

nuclear motions) andν(∞) corresponds to the peak frequency
of the steady-state fluorescence.

Connection to solvation can be made by noting thatν(t)
contains a contribution from the isolated-molecule transition
energy (Eel) and a time-dependent contribution,∆E(t), due to
the presence of the solvent8,34-36

where the overbar indicates an average over all the solute
molecules contributing to the observed signal. The solvation
response can therefore be expressed as

WhenS(t) is calculated from computer simulation on a system
containing a single solute molecule, the overbar is interpreted
as an average over statistically independent nonequilibrium
trajectories.

For relatively rigid chromophores typically used to measure
SD, the main effect of the change in the electronic state on the
solvant environment comes from the change in the solute charge
distribution.28 Other changes, involving solute geometry, po-
larizability, solute-solvent dispersion and short-range repulsion
occur as well but their effects on the time-evolution of the
solvatochromic shift and its steady-state value are less pro-
nounced. We will therefore focus here on representing∆E(t)
as a change in solute-solvent Coulomb interactions due to
changes in the solute partial charges. Thus for a system of one
solute molecule (molecule 0) andN solvent molecules

where∆q0R is the change in the partial charge of the solute site
R, qjâ is the partial charge on the siteâ of the jth solvent
molecule andr0R,jâ is the scalar distance between these two sites.
Since the above form of∆E is pairwise-additive, the contribu-
tions to it from different solvent components can be readily
identified. In the present case of mixtures of acetonitrile and
benzene,

In a system containing the solute withNac acetonitrile molecules
andNbe ) N - Nbe benzene molecules,

A similar expression, withj ranging fromNac + 1 to N and the
sum overâ running over benzene interaction sites (â ∈ be),
applies to∆Ebe.

The total solvation response can be readily decomposed into
contributions from the two solvent components:

where for the solvent componentA ()ac, be),

hν(t) ) Eel + ∆E(t) (2)

S(t) )
∆E(t) - ∆E(∞)

∆E(0) - ∆E(∞)
(3)

∆E ) ∑
j)1

N

∑
R∈0

∑
â

∆q0Rqjâ

4πε0r0R,jâ

(4)

∆E ) ∆Eac + ∆Ebe (5)

∆Eac ) ∑
j)1

Nac

∑
R∈0

∑
â∈ac

∆qRqâ

4πε0r0R,jâ

(6)

S(t) ) Sac(t) + Sbe(t) (7)

SA(t) )
∆EA(t) - ∆EA(∞)

∆E(0) - ∆E(∞)
(8)

Sν(t) )
ν(t) - ν(∞)

ν(0) - ν(∞)
(1)
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If ∆E can be considered to be a small perturbation in system
properties, the solvation response can be estimated using the
linear response approximation (LRA), which relatesS(t) to the
time correlation function (TCF)C0(t) of fluctuationsδ∆E )
∆E - 〈∆E〉 of ∆E in the unperturbed system,36

where 〈...〉 denotes an equilibrium ensemble average for the
solvent in the presence of the ground state (S0) solute.

Previous studies indicate that LRA is not always applicable
to solvation dynamics.13,15,19,20,35,37-41 However, it has proved
to be a good approximation for electrostatic SD in acetoni-
trile,2,42 one of the solvent components considered here. No
evidence is as yet available on its applicability to pure benzene.
In some of SD studies in one-component solvents, it has been
found thatC0(t) provides a good approximation toS(t) at short
times, but that the longer time decay is approximated more
accurately by2,39,43

the TCF ofδ∆E for the solvent in the presence of the excited-
state (S1) solute. This reflects the fact that at the longer,
diffusive, time scales more information on the change in solute-
solvent interaction has been transmitted to the surrounding
solvent. Also, the solute motion that is known to contribute
substantially to SD at longer times is strongly affected by the
change in solute-solvent coupling.

In mixtures, we expect that the LRA will not be able to
account for concentration fluctuations associated with changes
in preferential solvation. Studies of SD in mixed dipolar solvents
have shown that this mechanism leads to a nonlinear response
affecting primarily the longer-time portion ofS(t).15,19,20Devia-
tions of S(t) at longer times fromC0(t) will allow us to gauge
the importance of this solvation mechanism in the present
system.

Monitoring the changes in the local solvent concentrations
more directly by following the time evolution of the solvation
structure and coordination numbers in the first solvation shell
should shed further light on the SD mechanisms and their time
scales. For example, Yoshimori et al.17,18 and Day and Patey15

found in the case of ion creation in Stockmayer-molecule
mixtures that the populations of the two solvent components in
the first solvation shell evolve on two distinct time scales, the
shorter one of which they identified with electrostriction and
the longer one with redistribution of solvent components. A
similar analysis of SD in the present system should reveal to
what extent this physical picture applies to mixtures of dipolar
and quadrupolar molecules of different sizes and shapes.
Specifically, extending their definitions to polyatomic molecules
represented by atom-atom potentials, we will monitor the
solvent population response in the solvation shells of sites that
undergo changes in partial charges by calculating

where nRâ is the first-shell coordination number for solvent
atoms of typeâ in the vicinity of the solute siteR.

Even though the LRA is not expected to be valid for long-
time SD, we expect thatC0(t) will be a good approximation to
S(t) at short times and its further analysis can therefore provide
us with insights into other mechanistic aspects of SD in mixed
solvents. Given that∆E is pairwise additive, the decomposition

of Cn(t) (n ) 0, 1) into individual solvent component contribu-
tions and their cross correlation can provide us with information
on the importance of interspecies cross correlations in SD:

Furthermore, assuming thatCn(t) provides a reasonable estimate
of the short-time dynamics contributing toS(t), we can learn
more about how the velocities of the solute and the two solvent
components influence SD by analyzing the “solvation velocity”
TCF44-50

where the overhead dot denotes a time derivative and the three
contributions are defined as in eq 12.

∆Ė can be expressed in terms of solvation forces and torques
and molecular center-of-mass and angular velocities:45

where rjµ ) (xj, yj, zj, θj, φj, ψj) is the coordinate associated
with the µth degree of freedom of thejth molecule andFjµ )
-∂∆E/∂rjµ is the corresponding force component. We are
assuming that the molecules are rigid and that they therefore
have only translational (xj, yj, zj) and rotational (θj, φj, ψj)
degrees of freedom.

Equation 14 can be used to interpret the relative sizes of the
three contributions toGn(t). For example, since the velocities
r̆ jµ for different degrees of freedom and different molecules are
uncorrelated att ) 0, Gn,x(0) arises solely from solute motion
and can be used to measure how much the solute contributes to
the short-time SD. More explicitly, the early decay ofCn(t) can
be expressed in terms of the “solvation frequency”,ωn,s

45,46,50

where

Large contributions toωn,s will arise from the solvent component
for which the mean squared solvation forces or torques and the
corresponding mean square velocity components are large, as
one can see from eqs 13 and 14

In the present case, we might anticipate that both force and
velocity contributions will favor acetonitrile given that it has a
large dipole and that its mass and moments of inertia are smaller
than those of benzene.

III. Intermolecular Potentials and Computer Simulation
Details

Both solvent components are modeled as rigid, using
geometric parameters corresponding to the equilibrium bond

Cn(t) ) [〈δ∆Eac(0) δ∆Eac(t)〉n + 〈δ∆Eac(0) δ∆Ebe(t)〉n +

〈[δ∆Ebe(0) δ∆Eac(t)〉n + 〈δ∆Ebe(0) δ∆Ebe(t)〉n]/〈(δ∆E)2〉n

) Cn,ac(t) + Cn,x(t) + Cn,be(t) (12)

Gn(t) ) 〈∆Ė(0) ∆Ė(t)〉n

) Gn,ac(t) ) Gn,x(t) + Gn,be(t) (13)

∆Ė ) -∑
j)0

N

∑
µ)1

6

Fjµr̆ jµ (14)

Cn(t) ) 1 -
ωn,s

2t2

2
+ O(t4) (15)

ωn,s
2 ) Gn(0)/〈(δ∆E)2〉n (16)

Gn(0) ) 〈(∆Ė)2〉n ) ∑
j)1

N

∑
µ)1

6

〈(Fjµ)
2〉n〈r̆ jµ

2〉n (17)

C0(t) ) 〈δ∆E(0) δ∆E(t)〉0/〈[δ∆E]2〉0 (9)

C1(t) ) 〈δ∆E(0) δ∆E(t)〉1/〈[δ∆E]2〉1 (10)

PRâ(t) )
nRâ(t) - nRâ(∞)

nRâ(0) - nRâ(∞)
(11)
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lengths and angles of isolated molecules. Intermolecular interac-
tions are represented as Lennard-Jones (LJ)+ Coulomb atom-
atom potentials. For a pair of atomsR and â on different
molecules the potential is given by

whereεR andσR are the LJ potential well depth and diameter
and qR is the partial charge for the atomic interaction site of
type R.

In the case of acetonitrile, we use the potential parameters
of Böhm et al.51 and for benzene the parameters correspond to
turning the nonelectrostatic, exp-6, portion of the C-C and
H-H potentials in the model developed by Williams and co-
workers52,53 into LJ form. The liquid-phase thermodynamic,
structural, and transport properties of the resulting model for
benzene are essentially identical to those reported by others for
the Williams potential.54-56 The values of parameters specifying
the molecular geometries and intermolecular potentials are
summarized in Table 1.

Both potentials were chosen because they are relatively
simple and because they represent quite well a variety of
structural, thermodynamic, and relaxation properties of the pure
liquids.51,54-56 In the case of benzene, for which another LJ+
Coulomb site-site potential is also in common use,57 the
Williams potential was chosen because of its properties relevant
to electrostatic solvation dynamics: its molecular quadrupole
moment is in agreement with experimental data58 and the liquid-
state far-infrared absorption spectrum calculated using this
model56 is in excellent agreement with experiment.59

The molecular dynamics (MD) simulations were carried out
for pure acetonitrile and benzene and for mixtures corresponding
to acetonitrile mole fractionsxac ) 0.20, 0.50, and 0.75. All
systems were at an average temperature of 298 K and at densities
corresponding to atmospheric pressure, taken from experimental
data of Colin et al.32 The simulations were carried out on
systems of 256 molecules under conditions corresponding to
the microcanonical ensemble, using the programMDMPOL,60a

based on the Verlet leapfrog algorithm for translation,60 quater-
nions for rigid-body rotation,60 and Ewald sums with conducting
boundary conditions60 for the long-range portion of electrostatic
interactions. The time steps used in integrating the equations
of motion ranged from 4 fs for pure acetonitrile to 8 fs for pure
benzene. Equilibrium averages were obtained from trajectories
ranging in length from 1.28 to 1.92 ns.

The solvation dynamics event was simulated by designating
one of the benzene molecules as the solute and by representing

the S0 f S1 electronic transition as an instantaneous change in
the partial charges on two of the solute carbons at para positions
relative to each other (e.g., carbons 1 and 4) by+0.5e and
-0.5e. This creates a solute dipole moment of 6.9 D in the
solute S1 state, whereas the S0 state solute, being benzene-like,
has no dipole moment. Even though this solute and the
representation of the change in its charge distribution are simpler
than for the Coumarin 153 (C153) chromophore used in the
experiments, the leading moments in its charge distribution
resemble those for C153, which is weakly polar in its ground
state and its dipole increases by about 8 D as aresult of the S0
f S1 electronic transition.2

The results forS(t) and for the related time evolution in the
solvation structure were obtained by averaging over 500-600
nonequilibrium trajectories. The starting points, separated by
at least 3.2 ps, were chosen from equilibrium benzene-
acetonitrile mixture MD data.

IV. Structure and Dynamics of Benzene-Acetonitrile
Mixtures

Knowledge about intermolecular structure and dynamics in
benzene-acetonitrile mixtures of varying composition can lead
to a better understanding of solvation in these systems. We have
therefore calculated a number of quantities related to intermo-
lecular structure and translational and rotational dynamics in
these systems and present here some of the results. A more
complete account of our study of the properties of these mixtures
will be given elsewhere.61

The systems that we have simulated include a single benzene
molecule in acetonitrile (255 molecules), whereas the system
containing a single acetonitrile molecule and 255 benzene
molecules was not considered. Thus the dilute solution results
for only the benzene component are presented.

We present first the results for intermolecular structure in
the form of site-site pair correlations,gRâ(r). Given that
acetonitrile has four different types of interaction sites, only a
subset of functions involving these sites is shown in Figures 1
and 2, which depict acetonitrile-acetonitrile and acetonitrile-
benzene pair correlations. Figure 3 displays all three site pair
combinations possible for benzene-benzenegRâ(r). As all three
figures show, both intra- and interspecies pair correlations
become more pronounced as the mixtures become richer in
benzene. Although the structural enhancement is somewhat
larger for the acetonitrile-acetonitrilegRâ(r)’s than for the other
component combinations, the fact that it occurs for acetonitrile-
benzene pair correlations as well indicates that there is no
evidence of strong preference for acetonitrile to surround itself
with other acetonitrile molecules. We therefore tentatively
explain the sharpening of the intermolecular structure with
increasingxbe as being due mainly to tighter packing.

Just like the intermolecular structure, the single-molecule
dynamics for acetonitrile and benzene change gradually with
composition. In Figures 4 and 5 are shown respectively the
center-of-mass mean squared displacements,〈[∆R(t)]2〉, and the
orientational time correlations,

of unit vectorsû along molecular axes in mixtures of different
xac. In the case of acetonitrile, this vector is along the molecular
dipole (also the 3-fold symmetry axis) and in benzene along a
CH bond. The mean squared displacements are related to the

TABLE 1: Intermolecular Potential and Molecular
Geometry

A. Acetonitrilea

site (εR/kB)/K σR/Å qR/e

N 50.24 3.300 -0.514
C 50.24 3.400 0.488
Cm(methyl) 50.24 3.000 -0.577
H 10.04 2.200 0.201

B. Benzeneb

site (εR/kB)/K σR/Å qR/e

C 41.81 3.473 -0.153
H 4.92 2.882 0.153

a Bond lengths and angles:rCN ) 1.170 Å, rCCm ) 1.460;rCmH )
1.087;∠H-Cm-C ) 109.8°. b Bond lengths:rCC ) 1.393 Å; rCH )
1.027 Å.

ψ1(t) ) 〈û(0)‚û(t)〉 (19)

uRâ(r) ) 4xεRεâ[(σR + σâ

2r )12

- (σR + σâ

2r )6] +
qRqâ

4πε0r
(18)
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molecular self-diffusion coefficientsD by

Table 2 lists the values ofD and of the rotational relaxation
times

for acetonitrile and benzene at several compositions.
Figures 4 and 5 and Table 2 show that both translational

diffusion and molecular reorientation slow as the benzene
concentration increases. At all concentrationsDbe is smaller than
Dac, as one would expect in view of the larger molecular volume,
while the rotational relaxation of the benzene CH vector is faster
and less strongly composition-dependent than that of the
acetonitrile dipole. Some of the relaxation of the CH vector
occurs by the rotation of the molecule about the 6-fold axis,62,63

displacing very little of the surrounding liquid, so the acetonitrile

dipole experiences greater mechanical as well as dielectric
friction. For both mixture components, the diffusive portions
of 〈[∆R(t)]2〉 andψ1(t) show a monotonic and gradual slowing
down with decreasingxac. This represents further evidence that
pronounced structural and dynamical inhomogeneities are absent
from these mixtures, at least for the model potentials used here.
No structural and dynamical data on acetonitrile-benzene
mixtures are available for direct comparison with quantities
displayed in Figures 1-5 and Table 2.

V. Solvation Dynamics

A. Solvation Energy Response.Figure 6 depicts the solva-
tion response functionsS(t) (eq 3) for pure acetonitrile and
benzene and for their mixtures at three compositions. As noted
in section II, these are obtained by following the time evolution
of the system after one of the benzene molecules instantaneously
becomes dipolar through partial charge changes bye/2 and-e/2
in para-position C-sites.

From the top panel of Figure 6 it can be seen that the short-
time portion of S(t) exhibits a smaller initial curvature with
increasingxbe. This is expected on the basis of the fact that

Figure 1. Acetonitrile-acetonitrile atom-atom pair correlations,gNCm-
(r) (top panel),gNC(r) (middle panel), andgCCm(r) (bottom panel), where
Cm and C denote, respectively, the methyl and CN group carbons, for
pure acetonitrile and in benzene-acetonitrile mixtures corresponding
to xac ) 0.75, 0.50, and 0.20.

Figure 2. Acetonitrile-benzene atom-atom pair correlations,gCmCb-
(r), gNHb(r), andgNCb(r), where the subscript b denotes benzene atoms
and Cm is the acetonitrile methyl carbon, forxac ) 255/256, 0.75, 0.50,
and 0.20.

6D ) lim
tf∞

d〈[∆R(t)]2〉
dt

(20)

τ1 ) ∫
0

∞

dt ψ1(t) (21)
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benzene has larger moments of inertia and mass than acetonitrile,
both of which will lead to a decrease with increasingxbe in the
solvation frequencyω0,s (eq 16). At longer times, slower decay
of S(t) with increasingxbe occurs in the composition range 0e
xbe e 0.75. However, in the benzene-rich mixture,xbe ) 0.75,
the diffusive decay rate ofS(t) becomes slower than in pure
benzene, in agreement with experimental results23,33 indicating
that a slowly decaying component becomes increasingly promi-
nent asxbe increases in benzene-acetonitrile mixtures, but is
absent fromS(t) in pure benzene.

Our model chromophore differs from C153 used by Luther
et al.,23 so we do not expect very close agreement with
experiment, especially at short times. ExperimentalS(t) data
are usually fit to a sum of exponentials and we have carried
out the same fitting procedure for our MD results. The results
are given in Table 3. Such a fit is clearly going to be poor at
short times, for whichS(t) is closer to being Gaussian than
exponential, with the initial decay described by eq 15 forn )
0. However, the multiexponential form is reasonable at longer
times, as the comparison between the MD data and the fit,
shown in the bottom panel of Figure 6, illustrates.

In Figure 7 we compare the results of our fit with multiex-
ponential fits to experimental data for the C153 chromophore

in acetonitrile,22 benzene,23 and their mixtures,23 at xac ) 0.50
and 0.20.

We do not expect perfect agreement between simulation and
experiment, especially at short times, given the fact that our
model chromophore is smaller and less massive than C153. This
will result in a different solvation structure and in a larger
contribution of the model solute motion to SD. Neverthe-
less, we see very good agreement between simulation and
experiment atxac ) 0.5 and 1.0 over all relevant time scales. In
the case of the benzene-rich mixture,xac ) 0.20, the agreement
is good at long times, but not at shorter times for which
the experimentalS(t) decays faster, suggesting that there is a
higher initial acetonitrile concentration in the first solvation shell
of C153 than of the model chromophores in benzene-rich
mixtures. The relaxation timesτ3, corresponding to the slow-
est decay mechanism ofS(t) that we obtain from multiexpo-
nential fits to our mixed solvent data (Table 3) follow
experimental trends and are in quite good agreement with the
values obtained from fits to experimental data,23 which giveτ3

) 6.62 ps atxac ) 0.5 andτ3 ) 8.73 ps atxac ) 0.2. For
solvation in pure benzene our simulation is in only fair
agreement with experiment, predicting somewhat faster solvent
relaxation than is observed experimentally, despite the fact that
some of the pure solvent dynamics, in particular, translational
diffusion,55 are slower in the model system than in the real
liquid.

Figure 3. Benzene-benzene atom-atom pair correlations,gCbCb(r),
gCbHb(r), and gHbHb(r), where the subscript b denotes benzene atoms,
for benzene-acetonitrile mixtures corresponding toxac ) 0.75, 0.50,
and 0.20 and for pure benzene.

Figure 4. Mean squared displacements of the molecular centers of
mass of acetonitrile (top panel) and benzene (bottom panel) molecules.
The acetonitrile results are forxac ) 1.00, 0.75, 0.50, and 0.20 and the
benzene results include also pure benzene (xac ) 0.00).
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The experiments and simulation both show that a slowly
relaxing component inS(t) is present atxac ) 0.50 and 0.20
but absent from the pure solvent components. The presence of
this component in the mixtures signals a change in the solvation
mechanism. Simulation and theory of solvation dynamics in
dipolar mixtures15,17-19 indicate that the time scale associated
with building up enhanced concentration of the more polar
solvent component in the vicinity of the solute becomes an
important step in the solvation response of mixtures rich in the
less polar component. We analyze our MD trajectory data to
determine to what extent an analogous mechanism contributes
to the present case of dipolar-quadrupolar mixtures.

We start this analysis by presenting in Figure 8 the data for
C0(t) andC1(t) for the same compositions as the ones depicted
in Figure 6. Comparison of Figures 6 and 8 indicates that the
short-time dynamics of solvation agrees well with linear
response in the presence of the ground-state solute. However,
C0(t) exhibits a slower decay rate with increasingxbe at long as
well as at short time scales. Thus it does not show a diffusive

decay rate reversal forxbe ) 0.80 andxbe ) 1.0. This further
points to a solvation mechanism associated with concentration
fluctuations that are absent from the system containing the
ground-state solute. The long-time rate reversal forxbe ) 0.80
andxbe ) 1.0 is seen in the case ofC1(t), showing that SD in
mixtures becomes nonlinear in benzene-rich mixtures, given that
C0(t) andC1(t) are in clear disagreement with each other. The
differences in the behavior ofC0(t) andC1(t) may be ascribed
to local solvent composition differences in the vicinity of
ground- and excited-state solutes, as we shall see below.

To gain further insight into the sources of nonlinearity in
solvation in acetonitrile-benzene mixtures, we decomposeS(t)

Figure 5. Orientational time correlations,ψ1(t), of unit vectors along
the acetonitrile dipole (top panel) and benzene CH bond (bottom panel)
at the same component concentrations as in Figure 4.

TABLE 2: Properties of Benzene-Acetonitrile Mixtures

xac υ/cm3 mol-1 Dac/10-9 m2 s-1 Dbe/10-9 m2 s-1 τ1,ac
CN /ps τ1,be

CH /ps

0.00 89.40 1.1 4.1
0.20 81.95 1.9 1.3 7.5 3.9
0.50 71.00 2.8 2.1 4.9 3.3
0.75 61.93 3.6 2.8 3.7 2.9
1.00 52.74 4.6 3.7 2.8 2.7

Figure 6. Solvation response function,S(t), following dipole creation
in a benzene-like solute in acetonitrile-benzene mixtures at composi-
tions xac ) 1.00, 0.75, 0.50, 0.20, and 0.00. The top panel depicts the
MD data, focusing on the 0-3 ps time scale. The bottom panel depicts
the MD data for ln [S(t)] (symbols) and fits of these data to sums of
exponentials (dashed lines; see Table 3 for parameters) over a longer
time scale.

TABLE 3: Fits of Solvation Response Functions to Sums of
Exponentialsa

xac a1 τ1/ps a2 τ2/ps a3 τ3/ps

0.00 0.534 0.301 0.466 1.567
0.20 0.452 0.218 0.379 1.210 0.169 10.8
0.50 0.560 0.138 0.361 0.820 0.079 6.52
0.75 0.808 0.148 0.192 1.588
1.00 0.846 0.099 0.154 0.842

a The fit is toS(t) ) ∑iai exp(-t/τi) for t g 0.12 ps. Thus∑iai * 1.
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into contributions from the two solvent components and display
these results in Figure 9. Given the higher polarity of acetonitrile,
Sac(t) dominates the solvent response of thexac ) 0.75 and 0.50
mixtures. In thexac ) 0.20 mixture,Sac(t) is still larger than
Sbe(t) at short times, but both components play important roles
in the overall decay ofS(t). In this case it is evident that both
Sac(t) and Sbe(t) exhibit a prominent slowly decaying portion,
which is positive forSac(t) and negative forSbe(t). Because of
the partial cancellation of the sum of these portions, the
amplitude of the slowly decaying part ofS(t) is smaller, but
still quite prominent. The fact thatSbe(t) becomes large and
negative before decaying to zero suggests that the electrostriction
and redistribution solvation steps have opposite effects on the
time evolution of∆Ebe. This type of behavior of the solvation
response of the less polar component has been observed
previously in dipolar mixtures at low concentrations of the more
highly polar component.15,19,20 It indicates that benzene is an
active participant in SD and that its electrostatic attraction to
the excited-state solute plays an important role in the solvation
mechanism. It should be noted that the solvent redistribution
step is present also at the two higher acetonitrile concentrations,
but that its relative importance is smaller in these cases.

Tables 4 and 5 contain information on several aspects of SD.
Table 4 contains steady-state Stokes shifts and their contributions
from the two solvent components. For the mixtures, these are
compared to the results that one would obtain on the basis of
ideal mixing. The frequency shift

is compared to

where the subscript p denotes solution in the pure component.
We see from Table 4 that∆ν in the mixtures is always larger

than∆νid and that this difference can be traced to the fact that
acetonitrile contributes more and benzene less to∆ν than one
would predict on the basis of ideal mixing. The size of the
deviation from ideality increases with increasing benzene
concentration, in agreement with experimental trends.23

We should note that the values of∆ν that we get for our
model solute are of the same order of magnitude measured for
the C153 chromophore in the same solvents.23,29These are 2.32
× 103 cm-1 in pure acetonitrile,29 in mixtures23 1.47× 103 cm-1

at xac ) 0.50 and 1.10× 103 cm-1 at xac ) 0.20, while two
slightly different values,23,29 0.72× 103 and 0.79× 103 cm-1,
have been reported for C153 in pure benzene.

The short-time (t < 0.2 ps) dynamics of solvation is
represented reasonably well byC0(t), so we can use the
decomposition of〈(δ∆E)2〉0 andG0(0) into solvent component
contributions to determine how acetonitrile and benzene con-

Figure 7. Comparison of the multiexponential fits to the experimental
S(t) data for C153 chromophore (full line) and our MD data dipole
creation in a benzene-like chromophore (dashed line). The top panel
depicts the data for SD in acetonitrile, benzene, and their mixture at
xac ) 0.50. The bottom panel depicts the data for SD in benzene and
in benzene-acetonitrile mixtures atxac ) 0.20.

∆ν ) [∆E(0) - ∆E(0)]/hc (22)

Figure 8. Time correlations,Cn(t), of the fluctuations in the solute-
solvent interaction energy change,∆E, corresponding to solute dipole
creation. The top panel depictsC0(t), the time correlations in the systems
containing the ground state, benzene-like, solute and the bottom panel,
C1(t), the time correlation for the systems containing the excited-state
dipolar form of the solute. The mixture compositions are as in Figure
6.

∆νid ) xac∆νac,p+ xbe∆νbe,p (23)
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tribute to the solvation frequency,ω0,s (eq 16). These results
are given in part A of Table 4. For the sake of completeness,
we include in part B of the table the corresponding excited-
state data on〈(δ∆E)2〉1, G1(0), andω1,s.

The decomposition of〈(δ∆E)2〉n into its species auto and cross
correlation contributions indicates that there are strong inter-
species cross correlations present in the mixtures. These give
rise to negative terms that are similar in magnitude to the
benzene autocorrelation contribution at the same composition.

As one might have anticipated on the basis of the smaller
mass and moments of inertia of acetonitrile, its contribution to
Gn(0) is larger than to〈(δ∆E)2〉n (and Cn(0)). As a result of
this, acetonitrile autocorrelation contribution toGn(0) exceeds

that of Gn,be(0) even atxbe ) 0.80. The cross term,Gn,x(0), is
always small, indicating that solute motion does not play an
important role in short-time SD.

Because acetonitrile makes a large relative contribution to
Gn(0), there is a large increase in the solvation frequency,ωn,s,
in going from pure benzene to the benzene-rich mixture,xbe )
0.80. ωn,s increases further as the acetonitrile concentration
increases, becoming quite close to the value for pure acetonitrile
even atxac ) 0.50. The consequences of this are seen in Figures
6 and 8, which show that the short-time decay ofS(t) as well
as ofCn(t) for xac g 0.50 is almost as fast as in pure acetonitrile.

Generally, the differences between the short-time dynamics
contributing toC0(t) and C1(t) can be attributed to a larger
relative contribution of acetonitrile to the solvent response in
the S1 state. These results are consistent with the expected
acetonitrile local concentration enhancement in the vicinity of
the dipolar form of the solute.

B. Changes in Solvation Structure. Differences in the
solvation mechanism between mixtures and one-component
solvents are due to concentration fluctuations that can occur
only in mixed solvents. They can be observed directly by
examining the solvation structure in addition to the time
evolution of the solvation energies. In the present case, partial
charges on two solute sites are changed to create a dipole in
the excited state. We focus on these sites, denoted as+ and-,
in examining the changes in the solvation structure.

Figures 10 and 11 depict some of the equilibrium solute-
solvent pair correlations for the ground (benzene-like) and
excited-state solute. Figure 10 depicts the solute-acetonitrile
pair correlationsg+N(r) andg-Cm(r) at mole fractionsxac ) 0.20
0.50, 0.75, and 1.00. While the composition dependence of the
ground-state pair correlations is relatively modest, a large
increase in the first peak in both pair correlations occurs with
decreasingxac. The bottom panels of the figure show that a local
acetonitrile concentration enhancement extending beyond the
first solvation shell occurs atxac ) 0.20.

In Figure 11 are shown the solute-benzene pair correlations
g+Cb(r) and g-Hb(r) at acetonitrile mole fractions,xac ) 0.00,
0.20, 0.50, and 0.75. In this case the ground-state pair correla-
tions, which correspond to benzene-benzene functions
gCbCb(r) and gCbHb(r), exhibit relatively weak composition
dependence. The excited-state pair correlations for the mixtures
show evidence of depletion of benzene from the first solvation
shell. Perhaps surprisingly, in view of the Figure 10 results,
which show the strongest acetonitrile concentration enhancement
at xac ) 0.20, the strongest benzene concentration depletion
occurs atxac ) 0.75 and becomes less pronounced in benzene-
richer mixtures.

The results of Figures 10 and 11 are indicative only of the
initial and final states and not of the time evolution of the local
concentrations. For the three mixture compositions, we have
followed the time evolution of the coordination numbersn+â
andn-â for solvent sitesâ within a shell radius of 5.5 Å from
solute sites+ and- for all the site pairs depicted in Figures
10 and 11. We found that the time evolution ofn+N closely
resembles that ofn-Cm and that ofn+Cb closely resemblesn-Hb,
so we display the results for only one coordination number per
solvent component. These results for the time evolution ofn+N

and n+Cb over a 10 ps time interval are shown in Figure 12.
The figure also shows the equilibrium coordination numbers (t
) ∞) for the excited-state solute. Several facts about the local
compositions can be deduced from the figure. First, it can be
seen that asxac decreases, the relative importance of the solvent
redistribution step increases. Second, judging from the distance

Figure 9. Decomposition of the solvation response function,S(t), into
its solvent component contributions,Sac(t) andSbe(t), for acetonitrile-
benzene mixtures at compositionsxac ) 0.75 (top panel),xac ) 0.50
(middle panel), andxac ) 0.20 (bottom panel).

TABLE 4: Steady-State Stokes Shift Valuesa

xac ∆νac ∆νbe ∆ν xac∆νac,p xbe∆νbe,p ∆ν - ∆νid 1 - ∆νid/∆ν

0.00 3.24 3.24 3.24 0.00 0.00
0.20 2.49 1.97 4.46 1.07 2.58 0.80 0.18
0.50 4.08 0.85 4.93 2.69 1.61 0.63 0.13
0.75 4.75 0.43 5.18 4.02 0.81 0.35 0.07
1.00 5.37 5.37 5.37 0.00 0.00

a All values are in 1000 cm-1.
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between coordination numbers at 10 ps and at the S1 equilibrium,
we see that the redistribution step becomes slower at lowerxac.
Third, the behavior of the coordination numbers differs quali-
tatively for the two solvent components. In the case of

acetonitrile, n+N increases monotonically to reach the S1

equilibrium value, whilen+Cb first increases and then very
gradually decreases, indicating the opposite effects of electros-
triction and redistribution in the case of benzene. It should also

TABLE 5: Mixture Component Contributions to Mean Squared Energy Gap Fluctuations and Solvation Velocities

A. Ground State

xac

〈(δ∆Eac)2〉0/
10-40 J2

〈δ∆Eacδ∆Ebe〉0/
10-40 J2

〈(δ∆Ebe)2〉0/
10-40 J2 s-2

G0,ac(0)/
10-14 J2 s-2

G0,x(0)/
10-14 J2 s-2

G0,be(0)/
10-14 J2 s-2

ω0,s/
ps-1

0.00 3.03 0.937 5.56
0.20 2.66 -1.99 2.92 1.09 -0.12 0.80 7.03
0.50 4.22 -2.27 2.10 2.72 -0.13 0.54 8.78
0.75 4.61 -1.49 1.17 4.16 -0.09 0.28 10.1
1.00 4.59 5.66 11.1

B. Excited State

xac

〈(δ∆Eac)2〉1/
10-40 J2

〈δ∆Eacδ∆Ebe〉1/
10-40 J2

〈(δ∆Ebe)2〉1/
10-40 J2 s-2

G1,ac(0)/
10-14 J2 s-2

G1,x(0)/
10-14 J2 s-2

G1,be(0)/
10-14 J2 s-2

ω1,s/
ps-1

0.00 2.18 0.938 6.56
0.20 5.67 -5.60 3.42 1.84 -0.18 0.76 8.31
0.50 5.52 -3.90 2.47 3.87 -0.18 0.49 10.1
0.75 5.85 -3.09 1.68 5.13 -0.13 0.29 10.8
1.00 4.59 6.50 11.9

Figure 10. Solute-acetonitrile site-site pair correlations,g+N(r) (left panels) andg-Cm(r) (right panels) for ground (dashed lines) and excited-state
(full lines) solutes in acetonitrile-benzene mixtures atxac ) 1.00, 0.75, 0.50, and 0.20 (top to bottom panels).
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be noted that the overall change inn+Cb is actually quite small
at low benzene concentrations, as exemplified by thexac ) 0.75
data. In this case, the relatively modest increase in the local
acetonitrile concentration occurs without displacing benzene
from the solute vicinity.

The results for the benzene-rich mixture that shows the most
pronounced effects of solvent redistribution on SD are further
analyzed in Figure 13. The figure depicts the solvent component
population relaxation in the form ofP+N(t) andP+Cb(t) (see eq
11) in the top panel and the normalized component solvation
responses,Sac(t)/Sac(0) andSbe(t)/Sbe(0) in the bottom panel. Both
sets of results are over the 0-14 ps time interval, which is
considerably longer than the solvation times in the pure
components. However, as can be seen from the bottom panel
data, neitherSac(t) norSbe(t) are close to having decayed to zero.
Their decay rate is rapid within about the first 2 ps, but it then
slows down considerably. At times greater than about 2 ps, the
solvent redistribution mechanism appears to predominate, as can
be seen by comparing SD and solvent population relaxation.
The slow monotonic decay ofSac(t) is also seen forP+N(t). In
the case of benzene, the fast drop ofSbe(t) to a minimum value
of about-0.2 that occurs on the electrostriction time scale is

reflected in the rise inSbe(t) to a maximum value of about 2.5.
The very slow subsequent increase inSbe(t) toward zero tracks
the slow decrease inP+Cb(t) after the population maximum has
been reached.

The behavior ofSac(t) andSbe(t) and of the related component
population responsesP+N(t) and P+Cb(t) is qualitatively very
similar to what Day and Patey15 found for ion solvation in a
binary mixture of Stockmayer molecules at high concentrations
of the less polar component, despite the fact that benzene is
quadrupolar and not dipolar. This suggests that the basic
mechanistic steps of electrostriction and redistribution can be
expected to contribute to SD in all mixtures in which electro-
static interactions with both solvent components are significant,
even when the leading electric moment is higher than a dipole.

VI. Summary and Conclusion

We have presented here the results of MD simulations of
electrostatic solvation dynamics in benzene, acetonitrile and their
mixtures corresponding to acetonitrile mole fractions of 0.20,
0.50, and 0.75. Our results were for a benzene-like solute that
acquires a dipole, similar in magnitude to the enhancement in

Figure 11. Solute-benzene site-site pair correlations,g+Cb(r) (left panels) andg-Hb (right panels) for ground-state (dashed lines) and excited-state
(full lines) solutes in acetonitrile-benzene mixtures atxac ) 0.75, 0.50, 0.20, and 0.00 (top to bottom panels).
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the dipole moment of the C153 chromophore, in its electroni-
cally excited state. We have also examined the structure and
dynamics of benzene-acetonitrile mixtures to determine to what
extent our SD results might be related to preexisting structural
inhomogeneities and have investigated the changes in solvation
structure that occur upon solute electronic excitation.

We found that no preexisting structural inhomogeneities exist
in benzene-acetonitrile mixtures and that rotational and trans-
lational relaxation of both solvent components become gradually
slower as the benzene concentration increases fromxbe ) 0.0
to 1.0. The short-time solvation response follows this trend, but
on the diffusive time scale the SD response of the benzene-rich
mixture (xbe ) 0.80) becomes considerably slower than for pure
benzene, in agreement with the experimentally observed23,33

behavior ofS(t) vs xbe. We have shown that the excited-state
solute is preferentially solvated by acetonitrile and that the slow
solvation time scale is associated with solvent redistribution that
produces acetonitrile local concentration enhancement. While
solvent redistribution occurs for all the mixture compositions
we considered, this mechanistic step makes a significant
contribution to the overall SD time scale only in the benzene-
rich mixture. In the two mixtures corresponding to lower
benzene concentrations, this step makes a significant contribu-
tion to the change in the solvation structure, but affects the∆E
to a much smaller extent. This is due in part to the fact that
acetonitrile contributes to a greater extent to SD in mixtures
than one would predict in terms of ideal solvation and that∆E
can relax to a larger extent through solvent reorentation than is
possible for the local solvent population.

The basic steps in SD in the present dipolar-quadrupolar
mixtures resemble those seen earlier for ion creation in dipolar
mixtures,15,17-20 without the additional complexities arising from
solvent association seen in water-DMSO mixtures.19,20 These
basic steps, termed “electrostriction” and “redistribution” by Day
and Patey15 occur in benzene-acetonitrile mixtures, with
benzene assuming the role as the less polar solvent component.
In dipolar mixtures, the electrostriction step, which is associated
with rearrangements in the nearby solvent molecules, acts to
enhance the local concentration of both components in the
vicinity of the solute, while the redistribution increases the local
concentration of the more polar component at the expense of
the less polar one. These mechanistic steps are seen in benzene-
acetonitrile mixtures, with the short-time increase, followed by
a longer-time decrease in the local benzene concentration
especially pronounced and dynamically significant at low
acetonitrile concentration. As a result of this, a slow SD step,
dominated by translational diffusion, becomes significant in the
benzene-rich mixture, as it does for mixtures of dipolar solvents
at low concentrations of the more polar component.15,17-20 An
important consequence of this finding is that SD in dipolar-
quadrupolar mixtures is not simply related to the SD time scales
of the two solvent components but that it can be substantially
slower, especially when the time scale associated with solvent
redistribution contributes significantly to the overall solvent
response. This also strongly suggests that solvent dielectric
relaxation is not likely to be closely related to the SD response
in dipolar-quadrupolar mixtures. It should be noted that the

Figure 12. Time evolution of the numbersn+R(t) of solvent atoms in
the first solvation shell of the solute site whose charge increases by
0.5e. The top panel depicts the solute-benzene solvation numbersn+Cb

and the bottom panel the solute-acetonitrile solvation numbersn+N.
The three curves in each panel are for mixture compositionsxac ) 0.75,
0.50, 0.20. The timet ) ∞ corresponds to the equilibrated excited-
state systems.

Figure 13. Solvent atom population and solvation energy response in
the benzene-rich mixture,xac ) 0.20, over the 14 ps time scale. The
top panel depicts population relaxation of solvent atoms in the first
solvation shell of the solute site whose charge increases by 0.5e. Shown
are the solute-acetonitrileP+N(t) and solute-benzeneP+Cb(t) popula-
tion responses. The bottom panel depicts the normalized component
solvation responses,Sac(t)/Sac(0) andSbe(t)/Sbe(0).
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SD mechanism in benzene-acetonitrile mixtures differs quali-
tatively from what has been seen inn-hexane-methanol
mixtures.21 The difference comes from the fact thatn-hexane,
which can to a reasonable approximation be considered as
apolar, does not actively participate in electrostatic SD. Thus,
there is no short-time enhancement in its local concentration in
the vicinity of the solute. However, even in that system, the
solvent redistribution step leads to a slowing down of SD at
low methanol concentrations.16

On the basis of our results and those obtained in other
simulation studies15,17,19-21 of electrostatic SD in mixed solvents,
one might expect that solvent redistribution will play an
important role in the dynamics of charge transfer reactions in
mixed solvents, leading to considerably slower reaction rates
than those predicted on the basis of the reaction rates in the
pure components or on the basis of the rates of molecular
relaxation processes in the mixtures in the absence of the
reacting solutes. This aspect of reaction dynamics in multicom-
ponent systems definitely deserves further study.
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