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Recent solvation dynamics experiments with common dipolar solvation probes in imidazolium room temperature
ionic liquids (RTIL) have revealed large dynamic Stokes’ shifts and biphasic solvation energy relaxations.
Because of the dipolar nature of the imidazolium cations, the solute-cation (dipole-dipole) interaction may,
in addition to the ion-solute (ion-dipole) interaction, contribute significantly to the observed Stokes’ shift
and its dynamics. Conventional time-resolved measurements, however, cannot separate out these contributions.
A simple semimolecular theory is described here which, upon separation of the dipolar part of the solvation
energy from the ion-dipole part, allows estimation of these two components in the measured shifts. While
the sum-total of these separated out components agree well with experiments, the ion-dipole interaction is
found to contribute ∼60% of the measured shift in each of these dipolar RTILs. In addition, the calculated
solvation response functions, as observed in experiments, are characterized by a fast exponential component
(∼15-20%) with a time constant in the subpicosecond regime and a slow nonexponential component with
a time constant in the subnanosecond regime. Interestingly, the present theory finds that the fast component
of the solvation response function in imidazolium ionic liquids originates from the rapid orientational relaxation
involving the dipolar species in these liquids, whereas the relaxation of the ion dynamic structure factor via
ion translation produces the observed slow nonexponential component. In addition, calculations presented
here explain why the continuum model based theories of solvation dynamics do not work for these liquids.
For alkylphosphonium ionic liquids, the ion-dipole interaction accounts for nearly 75% of the measured
shifts. The present theory also explains why the experimentally observed solvation response function in these
liquids does not contain any subpicosecond component and decays nonexponentially with only a single
relaxation time constant.

I. Introduction

Time-dependent fluorescence Stokes’ shift (TDFSS) experi-
ments are routinely used to measure the time scales for solvation
of a fluorescent solute molecule dissolved in a solvent.1-6 In
these experiments, the equilibrium charge distribution of a
dissolved solute is suddenly altered by irradiating it with a laser
pulse. In response, the surrounding solvent molecules start
rearranging themselves around the excited solute with time,
inducing a time-dependent shift in the solute’s fluorescence
emission spectrum. The solvent rearrangement around the solute
with time is solvation dynamics and is followed by constructing
the spectral or solvation response function,6-8 S(t) ) (ν(t) -
ν(∞))/(ν(0) - ν(∞)), where ν(t) denotes the frequency (peak or
some measure) of the fluorescence emission spectrum at time
t. ν(0) represents the frequency immediately after the solute
excitation when the solvent rearrangement has not started yet
and ν(∞) is its equilibrium value after the rearrangement is
complete. Therefore, ν(0) - ν(∞), also known as dynamic
Stokes’ shift (∆νt), represents the total spectral shift induced
by the solvent rearrangement, magnitude of which is determined
by the difference between the interactions of the excited solute
with the initial (t ) 0) and the final (t ) ∞) solvent
configurations. The solvation response function describes how
the normalized ∆νt decays from unity to zero as ν(t) approaches

ν(∞) with time. It is then expected that, while the nature of the
solute-solvent interaction determines the magnitude of ∆νt, the
coupling of solute-solvent interaction with the inherent solvent
dynamics dictates the time evolution of the Stokes’ shift. In
many room temperature ionic liquids (RTIL) where at least one
of the constituent ions possesses permanent dipole moment, the
solute-solvent interactions will have two major components.
For a dipolar solute, these are dipolar solute-dipolar ion
(dipole-dipole) and dipolar solute-ion (ion-dipole) interac-
tions. Solute-solute interactions are usually ignored because
in experiments solutes are used as “probes” at very low
concentrations (∼10-5-10-7 mol/lit).6-8 In this article a mi-
croscopic theory is presented that allows the calculation of these
separate interaction contributions to ∆νt. The different roles
played by these interaction contributions in determining the
solvation time scales in these liquids are also investigated in
detail.

Complete measurements of solvation dynamics in several
imidazolium cation based room temperature ionic liquids were
recently carried out by following the Stokes’ shift dynamics of
a dipolar solvation probe, trans-4-dimethylamino-4′-cyanostil-
bene (DCS).7 This experimental study reported dynamic Stokes’
shift of ∼4000 cm-1 and biphasic solvation energy relaxation
in these dipolar RTILs. The biphasic solvation response was
found to be composed of a small (∼10-20%) subpicosecond
exponential component and a more dominant and much slower
nonexponential component with a relaxation time constant
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spread over a few picoseconds to nanoseconds. Also, the
nonexponential component accompanied a stretching exponent
(�) whose value ranged between 0.3-0.5.7 Note, these � values
are much smaller than what was found in solvation dynamic
studies of fused inorganic salts at elevated temperatures.9,10 The
emergence of the stretching exponent was attributed to the
microscopic heterogeneity in RTILs due to domain formation
via the interactions among the alkyl groups attached to the
cations.11-17 However, separate TDFSS measurements of the
same liquids using other dipolar solvation probes such as
coumarin 153 (C153) and 4-aminophthalimide (4-AP)18 reported
dynamic Stokes’ shift in the range of 2000 cm-1, which is almost
half of what was measured with DCS. Nevertheless, such a large
value of dynamic Stokes’ shift, which resembles that in strongly
polar solvents,6 is unexpected, as the average dielectric constant
of these liquids is in the range of ∼8-10.19 In addition, the
observed Stokes’ shift dynamics was found to be at least an
order of magnitude slower than that in many strongly polar
solvents at room temperature.6,7 As a result, continuum model
based dynamical theories failed completely to describe the
observed dynamics in these liquids.7

The present study is therefore motivated as much by the
unexpectedly large magnitude of the dynamic Stokes’ shift in
these dipolar RTILs as by the quest whether the failure of the
dynamic continuum model is closely linked to the large value
of the observed Stokes’ shift. Interestingly, Stokes’ shift
measurements of several other relatively low viscous ionic
liquids containing phosphonium cations reported a much smaller
shift (∼1500 cm-1)8 and larger average solvation times than
those in dipolar RTILs. These measurements, performed at a
temperature ∼50 K above the room temperature, reported no
fast component, and the observed solvation response function
was found to fit to stretched exponential with a single relaxation
time constant. The relatively smaller Stokes shifts, larger average
solvation times, and the absence of a subpicosecond component
in these nondipolar ionic liquids seem to suggest that the
relatively faster orientational relaxation of the dipolar species
is probably responsible for the initial fast response in imida-
zolium ionic liquids. The slow relaxation of the ion dynamic
structure factor via the translational motion of the ions then
produces the subnanosecond decay component at long time.
Because the solvent structure becomes important only at the
later part of the solvation energy relaxation in common dipolar
solvents,4,5 the effects of structural heterogeneity are reflected
through the emergence of � in the nanosecond component of
the solvation energy relaxation in dipolar RTILs.7 It is the
relaxation of the same translational ion dynamic structure factor
that possibly controls the whole of the dynamics in nondipolar
phosphonium ionic liquids and, as a result, the solvation energy
relaxation becomes nonexponential with a single relaxation time
constant.8,20

Recently, solvation dynamics in 1-N-butyl-3-N-methylimi-
dazolium tetrafluoroborate, [bmim][BF4], and its hexafluoro-
phosphate, [bmim][PF6], and dicyanamide, [bmim][DCA], and
1-N-hexyl-3-N-methylimidazolium tetrafluoroborate, [hmim]-
[BF4], were studied by using a molecular hydrodynamic theory
where these dipolar RTILs were modeled as effective dipolar
media.21 In that work, only the dipolar part of the solvation
energy relaxation was described in terms of the solute-solvent
dipolar interaction, the solute-modified solvent structure around
the solute, orientational static correlations among the dipolar
species constituting the RTIL, and the natural dynamics of the
dipolar RTIL, as revealed by the most recent dielectric relaxation
measurements.19 The dipolar solute probes used were DCS,

C153, and 4-AP. Subsequent analyses indicated that collective
solvent librational modes22,23 couple to the solvation energy
relaxation in dipolar RTILs in much the same way as found
earlier in associating dipolar solvents24-26 and contributes to
the subpicosecond component in the calculated biphasic solvent
response in these ionic liquids. In addition, results described in
ref 21 showed that the collective (kσf0) solvent response was
itself biphasic. All these indicated that a considerable fraction
of the total solvation energy relaxation in these dipolar RTILs
is guided by the orientational response and this brings some
similarities to what is already known for polar solvation
dynamics in common dipolar solvents. However, the predicted
dynamics were found to be faster than those observed in
experiments7 because the ion-solute (ion-dipole) interaction
was completely neglected in the previous study.21

In this article, we describe a molecular theory that includes
both dipole-dipole and ion-dipole interactions which provides
a more general framework for studying solvation dynamics in
imidazolium and phosphonium ionic liquids. The above dipolar
RTILs are again considered in this work in order to study the
effects of ion-dipole interaction. The phosphonium ionic liquids
we study here are trihexyl(tetradecyl)phosphonium chloride,
[P(C6)3C14][Cl], bromide, [P(C6)3C14][Br], and tetrafluoroborate
[P(C6)3C14][BF4]. We treat these phosphonium ionic liquids as
“non-dipolar” ones because none of the ions constituting these
liquids possesses permanent dipole moment. This distinguishes
these liquids from the “dipolar” imidazolium RTILs considered
in this study in which at least one of the ions contains permanent
dipole moment. This distinction may not be strictly correct as
the alkylphosphonium cations can possess nonzero dipole
moment due to the asymmetry in its structure.8 Unfortunately,
nothing is known at this moment about the magnitude of the
dipole moment characterizing these asymmetric ions as there
is no study on this aspect of these phosphonium ionic liquids.
It may, however, be logical to consider that asymmetry-induced
dipole moment of the alkylphosphonium cation would be small
compared to those in imidazolium ions, and, as a result, these
phosphonium ionic liquids might be much less polar than the
imidazolium ones. Treating the phosphonium liquids as “non-
dipolar” ones is based purely on this consideration and therefore
the present study rather loosely classifies the imidazolium and
phosphonium liquids into dipolar and nondipolar categories.
Suitable quantum chemical calculations and other relevant
studies should be carried out for phosphonium liquids to make
a rigorous comparison of the polarity aspects with those of
imidazolium ones so that the justifiability of categorizing these
liquids into two different groups can be checked more rigor-
ously. It may, however, be justifiable to say that dynamically
this means while the orientational relaxation would govern the
dynamics of one class of liquids (imidazolium ones), it would
play a much less important role for the other ones (phosphonium
liquids). In addition to the classification (polar and nondipolar
ones) in such a manner, another advantage of studying these
liquids emanates from the possibility of checking the predictive
power of the present theoretical formulation by comparing the
calculations directly with the experiments as dynamic Stokes’
shift have been measured for most of these liquids.7,8 Moreover,
because the dielectric relaxation data over a broad frequency
range for the imidazolium RTILs are now available, the
dipole-dipole interaction part of the total solvation energy
relaxation can be calculated rather accurately. This would help
test the validity of the dynamic continuum model theories27,28

more rigorously.
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The rest of the paper is organized as follows. We describe
the molecular theory in the next section, where computational
details are also discussed briefly. The relevant part of the
derivation is given in the Supporting Information. Numerical
results are presented in section III, where comparisons with
relevant experimental data are also made. We then conclude
the paper with a brief discussion in section IV.

II. Molecular Theory

The microscopic theory presented here is a generalization of
the molecular hydrodynamic theory developed earlier4,5 for
studying solvation dynamics in conventional polar solvents and
is based on the following simple model. The dipolar RTILs are
assumed to be electrolyte solutions of polar solvents where the
dipolar interactions among the ions possessing permanent dipole
moments produce the effective average dielectric constants (ε0).
The nondipolar RTILs are then the ε0 ) nD

2(nD being the
refractive index) limit of this model. Note that such a limit
ensures very large inverse Debye screening length (κ) and makes
the interaction length scale much shorter than that expected on
the basis of a longer-ranged charge-charge interaction.29 As
we shall see later, this has an important consequence on the
solvation times scales in nondipolar ionic liquids. For both types
of liquids, electrolytes are characterized by effective ionic
concentrations that could be determined from the ratios of the
experimentally measured ionic conductivities and diffusivities.30,31

These ionic liquids therefore contain cations, anions, and ion
pairs (IPs) that are all dispersed in an effective medium. A solute
dissolved in such a medium then interacts with all the species
present, and both the Stokes’ shift and the solvation energy (of
the solute) derive contributions from each of these different types
of interactions.

With this model we now briefly discuss the derivation of the
expression for the time-dependent solvation energy of a dipolar
solute dissolved in a dipolar RTIL. For such a solute-RTIL
combination, the main contributors are the dipole-dipole
interaction between the solute and dipolar ionic species and the
dipole-ion interaction between the solute and the constituent
ions. The interaction contribution between the solute and the
IP is not treated separately because the concentration of IPs is
much smaller than the dipolar and ionic species constituting
the ionic liquid.30,31 However, the effects of solute-IP interaction
are indirectly incorporated for dipolar RTILs via experimental
dielectric relaxation data as inputs to the subsequent calculations.
As done earlier,4,5,32 for mobile dipolar solute, the position (r),
orientation (Ω), and time (t)-dependent fluctuating total solvation
energy is obtained by using the density functional theory (see
Supporting Information)

where Fs(r,Ω;t) is the position (r), orientation (Ω), and time
(t)-dependent number density of the dissolved solute. In the
above equation, while csd(r,Ω;r′,Ω′) denotes the direct correla-
tion function (DCF) between a dipolar solute at position r with
orientation Ω and a dipolar ion at r′ with Ω′, csR(r,Ω;r′)

represents that between a dipolar solute placed at r with
orientation Ω and a charged species (ion) located at r′. The R
denotes the type of ions (cation and anion) that are interacting
with the solute. The fluctuations in dipolar density (δFd) and
ion density (δnR) from the respective equilibrium bulk values
are then defined as follows: δFd(r,Ω) ) Fd(r,Ω) - Fd

0/4π and
δnR(r) ) nR(r) - nR

0. Note that the time dependence in the
fluctuating total solvation energy, ∆Etotal(r,Ω,t), is introduced
through the temporal modulation of the dipolar and ion density
fluctuations,4 δFd(r,Ω,t) and δnR(r,t). Because the linear response
approximation allows one to consider the fluctuation in densities
either from the initial (t ) 0) or final (t ) ∞) state, the time-
dependent fluctuating total solvation energy ∆Etotal(r,Ω,t) may
be expressed as eq 1. It is to be mentioned here that the
solute-solvent and solvent-solvent direct correlation functions
are assumed to remain unchanged with time even though
δFd(r,Ω,t) and δnR(r,t) evolves with time.4 This is equivalent
to the approximation that the presence of the solute and its
excitation induces a very weak perturbation to the liquid
structure and, hence, both the statics and dynamics of the
solution can be assumed to be that of the pure solvent (linear
response). Therefore, within the mean field approximation, eq
1 is exact to the first order of the density fluctuation.4 Note in
eq 1 that the fluctuating solvation energy, ∆Etotal(r,Ω,t) consists
of two separate fluctuating contributions: one due to the
dipole-dipole interaction, ∆Esd(r,Ω;t) and the other due to the
dipole-ion interaction, ∆Esi(r,Ω;t). This decomposition of total
solvation energy is a direct consequence of the assumption that
the total solvation energy can be expressed as a sum of
dipole-dipole and ion-dipole interaction contributions. An
evidence of sort in favor of such a simple summation can be
found in dynamic Stokes’ shift measurements of electrolyte
solutions where the “ionic” part was found to add to the “pure”
dipolar solvent component.33

The expression for the fluctuating total solvation energy
(fluctuation from the equilibrium value) autocorrelation function
can then be written as follows:

where the position and orientation dependencies of the variables
are not shown explicitly to avoid crowding. The second equality
in eq 2 follows from the approximation that the fluctuation of
dipole density (δFd) is much faster than that of ion density (δnR),
and hence, the fluctuating dipole-dipole and ion-dipole
contributions get uncorrelated from each other in the follo-
wing manner: 〈∆Esd(t)∆Esi(t′)〉 ) 〈∆Esd(t)〉〈∆Esi(t′)〉 and
〈∆Esi(t)∆Esd(t′)〉 ) 〈∆Esi(t)〉〈∆Esd(t′)〉. Now each of the 〈∆Esx〉
(x being d or i) terms become zero as it represents averaging of
a randomly fluctuating (from equilibrium value) quantity. As a
result, both the cross-correlation terms, 〈∆Esd(t)∆Esi(t′)〉 and
〈∆Esi(t)∆Esd(t′)〉, vanish and the total solvation energy autocor-
relation function simply becomes a sum of dipole-dipole and
dipole-ion contributions. However, a note of caution here is
that such a clear separation between the dipole-dipole and
ion-dipole contributions may not exist in real systems and they
may, in fact, be even strongly correlated. Fortunately, dynamic
Stokes’ shift measurements in electrolyte solutions33 of several
“fast” polar solvents have indicated a considerable degree of
decoupling between the ion dynamics and the dipolar solvent

∆Etotal(r, Ω;t) )

-kBTFs(r, Ω;t)[∫ dr'dΩ'csd(r, Ω;r', Ω')δFd(r', Ω';t) +

∑
R)1

2 ∫ dr'csR(r, Ω;r')δnR(r';t)] (1)

〈∆Etotal(t)∆Etotal(t')〉 ) 〈∆Esd(t)∆Esd(t')〉 + 〈∆Esd(t)∆Esi(t')〉
+ 〈∆Esi(t)∆Esd(t')〉 + 〈∆Esi(t)∆Esi(t')〉
) 〈∆Esd(t)∆Esd(t')〉 + 〈∆Esi(t)∆Esi(t')〉

(2)
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dynamics where the observed separation is explained in terms
of adiabatic adjustment of the faster dipolar solvent molecules
to the fluctuations due to ion locations. Such a mechanism of
decoupling between the dipole-dipole and the ion-dipole
contributions can be equally applicable here as the ionic liquids
are modeled as electrolyte solutions in the present work.

The time dependence of the solvation energy relaxation is
then followed in terms of the normalized solvation energy
autocorrelation function (see Supporting Information),

where Ssx(t) terms denote the normalized solvation energy
autocorrelation functions due to solute-medium dipolar interac-
tion (Ssd(t)) and solute-ion (dipole-ion) interaction (Ssi(t)). Note
that in eq 3 the individual normalized solvation energy auto-
correlation functions contribute with a certain weight (as
indicated by the prefactors) to the total normalized solvation
energy autocorrelation function,SE(t). This means that SE(t) can
decay via two separate channels where, even though the channel
that is inherently fast would dominate the total decay, the
average rate of the decay would be determined by the slowest
of these two. In the limit of linear solvent response,SE(t) becomes
equivalent to the experimentally measured spectral or solvation
response function, S(t). Hereafter, both these quantities (SE(t)
and S(t)) will be described as solvation response function to
keep the subsequent discussion simple.

II.A. Calculation of the Solvation Energy Autocorrelation
Function (Ssd(t)) Due to Solute-Solvent Dipolar Interaction.
Because the normalized solvation energy autocorrelation func-
tion due to the dipole-dipole interaction (Ssd(t)) has already
been calculated and discussed in detail elsewhere,21 we write
down only the relevant expression here

where P denotes the prefactor, 2Fd
0((kBT)/(2π))2. In the above

equation csd
lm(k) represents the Fourier transform of the (l,m)

component of the static correlation function between the solute
and dipolar ionic liquid species, and Ssolvent

lm (k,t) is the same
component of the orientational dynamic structure factor of the
dipolar ionic liquid. Ssolute

lm (k,t) denotes the (l,m) component of
solute self-dynamic structure factor. csd

lm(k) has been obtained
by using the mean spherical approximation (MSA) theory for
binary dipolar mixtures with one of the components (dipolar
solute) at limiting concentration.34a,b In addition, the dipole
moment of the excited solute is used in the calculation of csd

lm(k).

Next we describe briefly the calculation of the longitudinal (l
) 1, m ) 0) and transverse (l ) 1, m ) 1) components of the
solvent dynamic structure factor, Ssolvent

lm (k,t) from the experi-
mental dielectric relaxation data19 of these liquids.

II.B. Calculation of the Orientational Dynamic Structure
Factor, Ssolvent

lm (k,t). The expressions for the longitudinal and
transverse components of the orientational solvent dynamic
structure factor are given by the following expressions,
respectively4,24,25

and

where L-1 stands for Laplace inversion. 3Y is the polarity
parameter of the effective single-component solvent, which is
related to the dipole moment µ and density Fd

0 of the effective
single-component dipolar solvent by the relation, 3Y ) (4π/
3kBT)µ2Fd

0. εL(k) and εT(k) are the longitudinal and transverse
components of the wavenumber dependent dielectric function,
respectively. ∑lm(k,z) denotes the (l,m)th component of the
generalized rate of orientational solvent polarization density
relaxation of the effective single-component solvent. The
calculation of ∑lm(k,z) is rather complex. It is determined by
the static orientational structure, the frequency dependent
dielectric function ε(z), and the translational diffusion coefficient
of the solvent molecule. The expression for the generalized rate
of orientational polarization density relaxation is given by4,24,25

where σ, M, and I are the diameter, mass, and average moment
of inertia of the solvent molecule, respectively. ΓT(k,z) and
ΓR(k,z) are the wavenumber and frequency dependent transla-
tional and rotational memory kernels, respectively. f(llm,k) )
1 - (Fd

0/4π)(-1)mc(llm,k) describes the (1, 1, 0), (1, 1, 1), and
(1, 1, -1) components of the orientational static structure of
the dipolar solvent. εL(k) and εT(k) are connected to the f(llm,k)
by the following relations,34 [1 - (1)/(εL(k))] ) (3Y)/(f(110,k))
and [εT(k) - 1] ) (3Y)/(f(111,k)). Subsequently, the mean
spherical approximation (MSA) has been used to compute
f(llm,k) from the wavenumber dependent orientational direct
correlation function, c(llm,k) with proper corrections4 both at
kσ f 0 and kσ f ∞ limits.

Of these two frictional memory kernels, the calculation of
ΓT(k,z) is somewhat easier and has been obtained from the
isotropic liquid dynamic structure factor, S(k,z), using the
relation,4 (kBT)/(Mσ2[z + ΓT(k,z)]) ) (S(k)[S(k) - zS(k,z)])/
(k2S(k,z)) with S(k,z) ) (S(k))/(z + DTk2/S(k)). In the present
calculation the translational diffusion coefficient (DT) of an ionic
liquid molecule (diameter of which is determined from its
effective volume21) has been estimated from the liquid viscosity
using the slip hydrodynamic boundary condition.

SE(t) )
〈|∆Esd(0)|2〉Ssd(t)

〈|∆Esd(0)|2〉 + 〈|∆Esi(0)|2〉
+

〈|∆Esi(0)|2〉Ssi(t)

〈|∆Esd(0)|2〉 + 〈|∆Esi(0)|2〉
(3)

Ssd(t) )
〈∆Esd(t)∆Esd(0)〉

〈|∆Esd(0)|2〉

)

P∫0

∞
dkk2Ssolute

10 (k;t)|csd
10(k)|2Ssolvent

10 (k;t) +

2P∫0

∞
dkk2Ssolute

11 (k;t)|csd
11(k)|2Ssolvent

11 (k;t)

P∫0

∞
dkk2Ssolute

10 (k)|csd
10(k)|2Ssolvent

10 (k) +

2P∫0

∞
dkk2Ssolute

11 (k)|csd
11(k)|2Ssolvent

11 (k)

(4)

Ssolvent
10 (k, t) ) 1

4π3Y[1 - 1
εL(k)]L-1{z + ∑

10

(k, z)}-1

(5)

Ssolvent
11 (k, t) ) 1

4π3Y
[εT(k) - 1]L-1{z + ∑

11

(k, z)}-1

(6)

∑
lm

(k, z) )
kBTk2f(llm, k)

Mσ2[z + ΓT(k, z)]
+

kBTl(l + 1)f(llm, k)

I[z + ΓR(k, z)]
(7)
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The rotational memory kernel ΓR(k,z) has been obtained by
using the scheme developed earlier for underdamped liquids.4,24,25

In this scheme the k-dependence of ΓR(k,z) have been neglected
and therefore the kernel ΓR(k,z) is replaced by ΓR(k ) 0,z). The
function ΓR(k ) 0,z) is then directly connected to the frequency
dependent dielectric function ε(z) as follows

where ε0 the static dielectric constant of the medium and ε∞ is
ε(z) in high frequency limit. A recent dielectric relaxation study19

reports that ε(z) for the imidazolium ionic liquids considered
here consists of four distinct dispersion steps. These dielectric
relaxation data have been used in the present calculations.
∑11(k,z) can be obtained in similar manner from the experimental
dielectric relaxation data by using eq 8 and multiplying it with
f(111,k).

II.C. Calculation of the Solute Dynamic Structure Factor,
Ssolute

lm (k,t). The (l,m)th component of the solute dynamic structure
factor is assumed to be given by5 Ssolute

lm (k,t) ) (1)/(4π)exp [-(l(l
+ 1)DR

s + k2DT
s )t]. The rotational (DR

s ) and translational (DT
s )

diffusion coefficients of the solute (assumed spherical) are
obtained from liquid viscosity using the stick and slip boundary
conditions, respectively. Interestingly, earlier studies of the
effects of solute motion revealed that solute motions can
significantly accelerate the rate of their solvation in viscous polar
liquids.32 In ionic liquids, where the viscosity is even larger
and slow structural relaxation plays a more important role, the
motions of the solute, particularly the rotational one, can have
significant effects.

Note that the denominator of eq 4 is the square of the excess
solvation energy due to solute-solvent dipolar interactions
evaluated at time zero (∆Esd(t ) 0)) when the dipolar species
have not started rearranging yet in response to an instantaneously
changed dipolar field. This excess solvation energy decays with
time to zero at t ) ∞ when the dipolar rearrangement becomes
complete. Therefore, in the present theory, the square root of
the denominator of eq 4 provides an estimate for the magnitude
of the solvent induced dynamic Stokes shift that originates only
from the dipolar interaction between the solute and dipolar ionic
species. The dipole-dipole contribution to the total dynamical

fluorescence Stokes shift is then identified as √〈∆Esd(0)|2〉.
II.D. Calculation of the Solvation Energy Autocorrelation

Function (Ssi(t)) Due to Solute-Ion Interaction. Following
eq 1, the expression for the normalized dipole-ion solvation
energy autocorrelation function can be written as

Note that the derivation of eq 9 is discussed in the Supporting
Information.SR�

ion(k,t) is the partial isotropic ion dynamic structure
factor and is assumed to be given by35

where τR(k) ) SRR(k)/DRk2 denotes the wavenumber dependent
relaxation time constant for the ion dynamic structure factor
which controls the relaxation behavior at a given wavenumber
k. DR is the diffusion coefficient of an ion of type R, which has
been taken from experiments.36,37 For liquids where experimental
data are not available, Stokes-Einstein relation with slip
boundary condition is used to obtain DR. SRR(k) has been
approximated by the Percus-Yevick (P-Y) solution of binary
hard-sphere mixture.34c We have assumed each of the ions as
singly charged hard spheres with equal radii and used the
expressions derived elsewhere38,39 for the calculation of partial
ion static structure factor, SR�

ion(k). The longitudinal component
of the wavenumber dependent direct correlation function
between the dipolar solute and ions, csR

10(k), is again calculated

in the homogeneous limit and is taken as 4,5 csR
10(k) ) -√(4π/3)

((4πiµ1qR)/(kBTε0k))(sin (krc))/(krc), where µ1 is the excited state
dipole moment of the dipolar solute, qR is the charge of Rth

type ion, rc the distance of the closest approach between the
solute dipole and the ionic species.

Note that the above calculation schemes for the ion-dipole
and ion-ion static correlations do not consider at all the static
heterogeneity that characterizes these systems. As a result, the
signature of the medium heterogeneity is expected to be
completely missing in the subsequent calculation of the
ion-dipole interaction contribution to the total solvation energy
relaxation. It should, however, be kept in mind that, because
τR(k) depends on SRR(k)/k2, each contributing wavenumber to
Ssi(t) would be associated with a different relaxation time. One
therefore expects a distribution of time constant in the ion-dipole
part of the solvation energy relaxation even if one does not
consider explicitly the medium heterogeneity. However, de-
scription of SRR(k) via P-Y approximation weakens the
distribution (due to the missing of the heterogeneity-induced
broadening of the static structure factor) and divides τR(k)
“roughly” into two groups: one large at collective wavelengths
(kσf 0 limit) and the other small at nearest neighbor distances
(kσ f 2π limit). This leads to the relaxation of Ssi(t) with
effectiVely two different time constants. This will be discussed
further when we present numerical results in section III. We
now just note that solvation energy due to solute-ion interaction
(eq 9) decays with time constants mainly due to the relaxation
of ion dynamic structure factor where translational motion of
the ions induces the spectral shift. Therefore, the ion-solute
contribution to the dynamical Stokes’ shift is given by
�〈|∆Esi(0)|2〉, which can be calculated easily from the denomi-
nator of eq 9.

We would like to mention here that the above scheme for
calculation of dynamic Stokes’ shift is an approximate method
and the following discussion should be borne in mind while
comparing the calculated shifts directly with those from time-
resolved measurements. Since only the excited state dipole
moment (µ1) of the dissolved solute is required (via csd

lm(k) and
csR

10(k)) in the calculations of both �〈|∆Esd(0)|2〉 and �〈|∆Esi(0)|2〉,
it may appear that dynamic Stokes’ shift is determined solely
by the interactions of the solvent with the solute in its excited
state. In experiments, however, the same (dynamic Stokes’ shift)
is a measure of solvent rearrangement in response to the
instantaneously altered dipole moment (∆µ ) |µ1 - µ0|) of the
solute from its ground state value (µ0) through photoexcitation.
A more realistic description of experimental situation in a proper

2kBT

I[z + ΓR(k, z)]
)

zε0[ε(z) - ε∞]

f(110;k ) 0)ε∞[ε0 - ε(z)]
(8)

Ssi(t) )
〈∆Esi(t)∆Esi(0)〉

〈|∆Esi(0)|2〉

)

2(kBT

2π )2

∑
R,�

√nR
0n�

0 ∫0

∞
dkk2Ssolute

10 (k;t)csR
10(k)cs�

10(-k)SR�
ion(k;t)

2(kBT

2π )2

∑
R,�

√nR
0n�

0 ∫0

∞
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10 (k)csR
10(k)cs�

10(-k)SR�
ion(k)
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SR�
ion(k;t) ) SR�

ion(k)exp[-DRk2t/SRR(k)]

) SR�
ion(k, t)exp[-t/τR(k)] (10)
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theory therefore requires accurate information not only regarding
the solute-solvent and solvent-solvent static (two-body and
beyond) correlations with solute in its ground and excited states
but also the time evolution of all of them. In such a scenario,
calculation of dynamic Stokes’ shift would be a highly nontrivial
exercise where analytical simplicity of the present scheme has
to make way for the numerically intensive calculations of triplet
and higher order correlation terms and their time dependencies.
Because the theory presented here considers the density fluctua-
tions only up to the first order and thus neglects nonlinearity
due to higher order terms, the present description should be
considered only as semiaccurate.4 Another reason for the present
theory being semiaccurate is its inability to incorporate the
medium heterogeneity in the calculations of static correlations.
It can therefore be only considered that while the present theory
visualizes the solvent rearrangement as an environment response
to a sudden switching off of an excited solute, experimental
measurements corresponds to the solvent response toward the
instantaneous alteration of the solute dipole moment. Within
the linear response regime, these two are assumed to be
equivalent to each other.

III. Results and Discussion

A. Imidazolium Ionic Liquids: Stokes’ Shift and Dynam-
ics. Let us first present the theoretical estimates of the total
dynamical fluorescence Stokes’ shift (∆νt) for dipolar solute
probes, DCS, C153, and 4-AP in [bmim][BF4], [bmim][PF6],
[bmim][DCA], and [hmim][BF4]. Table 1 summarizes the
estimated total dynamical Stokes shifts, the separated out
dipole-dipole and ion-dipole interaction contributions and the
measured dynamic Stokes’ shifts in these dipolar RTILs. A
comparison with experimental shifts7 (last column, Table 1)
immediately reveals that calculated shifts for C153 and 4-AP
in [bmim][PF6] are in quantitative agreement with the measured
data, whereas the calculated shifts for DCS are almost half of
what have been measured in experiments. Besides this general
observation, one also notices the following. For these solute +
imidazolium ionic liquid combinations, the predicted ∆νt with
solute’s excited state dipole moment (µ1) from the AM1/CI
calculations (∼14 D)6 varies in a small range of ∼2000-2300
cm-1. Interestingly, the experimental shifts for C153 and 4-AP
also show the similar variation.18 This small variation in dynamic
Stokes’ shift for these solutes (DCS, C153, and 4-AP) in a given

solvent is a reflection of some differences in their sizes and
dipole moments. For example, a shift (∆νt) of ∼2100 cm-1 for
DCS and C153 in [bmim][PF6] can be attributed to their equal
diameters (σDCS ) σC153 ) 7.8A0), whereas a relative decrease
of ∼25% in diameter (σ4AP ) 6.2A0) for 4-AP increases ∆νt in
the same solvent by another ∼200 cm-1. Note that, for all these
solutes, the difference in dipole moments remains within
∼3-7% only (see Table 1). The solute size and dipole-moment
dependencies of ∆νt enters into the present calculation through
the solute-dipole and solute-ion static correlations (csd

lm(k) and
csR

10(k)). Only a 10% increase in shift for 4-AP relative to that
for DCS and C153 therefore indicates a weak solute dependence
of the spectral shift in these liquids and is a signature of solvent
reorganization being dominated by the relatively longer-ranged
dipole-dipole and ion-dipole interactions.4

The simple representation of a solute by its dipole moment
and volume suffices for C153 or 4-AP in these complex liquids
because the short-ranged solute-solvent nonpolar type interac-
tion effects are masked by the overwhelming contributions from
the longer-ranged interaction. Also, for these solutes the
underlying vibronic structure of the emission spectrum remains
largely insensitive to the solvent polarity.6 For DCS, however,
more extended representation of the solute seems to be necessary
as the minimalist description of the solute cannot explain the
reasons for the factor of 2 difference between the shifts measured
with it, and with C153 and 4-AP. Note that, for all the solutes
considered here, the dipole-dipole contribution to the shift
ranges roughly between 700-1000 cm-1, which is, on an
average, ∼40% of the total shifts calculated for these liquids.
Interestingly, this magnitude of the dipole-dipole contribution
is approximately in the same range of shift measured with C153
in a few moderately polar solvents (dichloromethane, 1-chlo-
robutane, and tetrahydrofuran) whose dielectric constants are
similar to these ionic liquids.6 The ion-dipole interaction, on
the other hand, constitutes almost 60% to the total calculated
shifts in these dipolar RTILs. This is an important finding of
this work as we shall see later that the presence of the
ion-dipole contribution in the measured shift leads to the
apparent breakdown of the existing theories of polar solvation
dynamics for these ionic liquids.

The disagreement between the predicted and measured
Stokes’ shift for DCS in these liquids deserve more attention
as an accurate prediction of solvent-induced Stokes’ shift is

TABLE 1: Dynamic Stokes’ Shift (∆νt) for Several Dipolar Solutes in Imidazolium Ionic Liquids at 298 K: Comparison
between Theory and Experiments

system µ1
a (Debye)

dipole-dipole
contribution,∆νsd

t (cm-1)
ion-dipole

contribution,∆ν si
t (cm-1) total (∆νt ) ∆νsd

t + ∆νsi
t ; cm-1) experiment (cm-1)

DCS in [bmim][PF6] 14.5 896 1262 2158 4240
DCS in [bmim][BF4] 14.5 760 1281 2041 4080
C153 in [bmim][PF6] 14.0 861 1219 2080 2000b

4AP in [bmim][PF6] 13.6 1024 1305 2329 2300b

DCS in [bmim][DCA] 14.5 855 1372 2227
DCS in [hmim][ BF4] 14.5 784 1436 2220
DCS in [bmim][PF6] 20c 1242 1740 2982 4240
DCS in [bmim][BF4] 20 915 1767 2682 4080
DCS in [bmim][DCA] 20 1047 1892 2939
DCS in [hmim][ BF4] 20 1034 1980 3014
DCS in [bmim][PF6] 28 1736 2438 4174 4240
DCS in [bmim][BF4] 28 1629 2473 4102 4080
DCS in [bmim][DCA] 28 1658 2649 4307
DCS in [hmim][ BF4] 28 1527 2771 4298

a Excited state dipole moment of solute used in the calculation. b Obtained in experiments via the “time-zero” estimate (Maroncelli and
co-workers, Chem. Phys. Lett. 2004, 396, 83-91). c Estimated from the emission spectra using the Lippert-Mataga relation (Maroncelli and
co-workers, J. Phys. Chem. A 2006, 110, 3454).
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critical for a proper understanding of the solvent control of
electron transfer reactions in these media.40 We further find that
the present theory cannot reproduce the experimentally measured
shifts for DCS in these liquids even if the calculations consider
20 D as µ1, a value estimated from the solution phase
fluorescence emission spectra of DCS.41 A nearly 40% increase
in µ1 over the AM1/CI value does increase the shift further by
∼600-800 cm-1 but the calculated total shifts are still less by
∼1000 cm-1 than the measured values (∼4000 cm-1). A more
recent study, however, suggests that µ1of DCS is ∼22 D,42 which
is significantly larger than the AM1/CI predictions. Such a large
value for µ1of DCS therefore partially explains the greater
Stokes’ shift for DCS than the other two solutes. Curiously, a
quantitative agreement between the calculated and measured
shifts for DCS in these liquids can be obtained if one uses 28
D as µ1 (see the last four rows of Table 1). Relevant quantum
chemical calculations indeed predicted such a large value for
µ1 (and even larger ones43-45) where fluorescence emission in
DCS was thought to occur from a twisted intramolcular charge
transfer (TICT) state. Recent analyses of solvatochromic data
of DCS via the independent state (IS) model did produce µ1 ≈
29 D but simultaneously predicted an unrealistically low ground
state dipole moment (µ0 ≈ 2 D).41 Subsequent line-shape
analyses suggested a strong solvent polarity dependence of the
vibronic structure of DCS which, in turn, makes the interpreta-
tion of the measured dynamic Stokes’ shift more complex. The
above agreement between theory and experiment with µ1 ) 28
D probably suggests that if the solvent-induced modifications
in vibronic structure of DCS in these complex liquids is
effectively accounted for via a suitable value of µ1, then the
present theory can successfully predict the observed shift for
this solute also. Such an agreement, however, does not imply
that the excited state dipole moment of DCS is indeed as large
as ∼28 D but suggests that the dynamic Stokes’ shift measured
with DCS in these liquids and also in common polar solvents41

might not be due to the solvent rearrangement alone.
Next we present in Figure 1 the predicted decays of the

solvation response function from eq 3 (large dashed line) for
DCS in [bmim][PF6] where the corresponding time-resolved
data7 are also shown (circles) in the same figure for comparison.
Note the agreement between the calculated Ssd(t) and experi-
mental results at short times (lower panel). It is evident from
Figure 1 that the decay of the calculated total solvent response
function is much slower than that measured in experiments. The
individual decays due to the two separate mechanisms, the
dipole-dipole (solute-dipolar ion) and ion-dipole (ion-solute)
interactions are also presented in the same figure. Interestingly,
the individual decays seem to suggest that while the dipole-dipole
interaction drives the solvation energy relaxation at the early
times, the same at the longer times are carried out by the
ion-dipole interaction. In addition, the dipole-dipole interaction
allows solvation energy to relax at a rate more than an order of
magnitude faster than that by the ion-dipole interaction alone.
Parameters obtained from numerical fits of the calculated and
measured decays to the following general form, S(t) ) a1exp[
- t/τ1] + a2exp[ -(t/τ2)�], are summarized in Table 2 to
facilitate a more detail comparison. The huge difference in the
calculated decay time scales (0.3 ns for the dipole-dipole part
vs 4 ns for the ion-dipole part) validates the assumption that
dipolar dynamics is decoupled from the ion dynamics in these
dipolar ionic liquids. In fact, these results also provide a
microscopic explanation for the separation of the “pure solvent
dynamics” from the “ion dynamics” observed earlier for
electrolyte solutions of “fast” solvents.33 Note that in the present

theory the separation of time scales originates from the
difference in relaxation rates between the orientational dynamic
structure factor and the ion dynamic structure factor of these
liquids.

The experimental average solvation time for the above system
being in the nanosecond range and approximately three times
larger than that calculated from the dipole-dipole interaction
(Ssd(t)) decay indicates that ion structural relaxation does
contribute to the solvation energy relaxation in this dipolar RTIL.
However, as the corresponding decay curves in Figure 1
indicate, the ion structural relaxation contributes only after a
large part of the solvation energy relaxes via the faster relaxation
of the orientational dynamic structure factor. The solvent
translational modes are also found to accelerate the polar
solvation energy relaxation in the dipolar RTILs but the effects
are negligible due to very high liquid viscosity.30,46-50 The slow
relaxation of the ion-dipole interaction energy takes over in
the long time after the dipolar part of the solvation response
function has decayed to almost e-1. The slowing down of the
long-time decay of the solvation response function via the ion
translation is a generic feature not only for the dipolar RTILs
but also for electrolyte solutions of polar solvents where ion-
solute interaction contributes appreciably to the total shift and
to the long time dynamics of energy relaxation. For example, a
slow component of ∼15-20% has been found at long time in
the spectral dynamics of electrolyte solutions in presence of
1.0 M salt concentration.33

In view of the above experimental observations for electrolyte
solution and its closeness to the model that has been used to
describe the dipolar RTILs in the present work, we have
performed a numerical experiment to explore how much of the

Figure 1. Upper panel: Comparison of predicted decay of solvation
response function, S(t), for DCS in [bmim][PF6] with experimental data
(open circles). The short dashed, dotted dashed, and long dashed lines
represent solvation response function, Ssd(t), Ssi(t), and SE(t), respec-
tively. The numerically synthesized response functions given by S(t)
) 0.90Ssd(t) + 0.10Ssi(t) and S(t) ) 0.85Ssd(t) + 0.15Ssi(t) are shown
by double dotted dashed and solid lines, respectively. Lower Panel:
The short-time dynamics of the solvation response functions are
displayed on a shorter time window for a clear comparison of dynamics
at early times. Parameters necessary for the calculation of the solvation
response functions are discussed in Tables 1-4.
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ion-solute (ion-dipole) interaction induced dynamics, Ssi(t),
contributes to the experimental decay of the solvation response
function measured with DCS in [bmim][PF6]. As the relevant
decays shown in Figure 1 and the corresponding fit parameters
summarized in Table 2 indicate, agreement to experimental
results becomes almost quantitative when Ssi(t) contributes
∼10-15% of the total decay. The close similarity in contribution
of the “ion dynamics” to the total decay of the solvation response
function between the dipolar RTILs and electrolyte solutions
strongly suggest that the ion-dipole contribution is linked to
the more specific ion-solvent exchange dynamics where the
formation or breakage of the solvent structure in the immediate
vicinity of the solute is involved. This is essentially the
preferential solvation of the dissolved dipolar solute by the

dispersed ions in a dipolar medium. As we shall see later, the
time scale for the solvation by the ions is indeed originating
from the nearest-neighbor interactions as the dynamics in
nondipolar ionic liquids is dominated by this interaction length
scale (kσ f 2π) only. The domination of the nearest-neighbor
length scale in the ion-dipole part of the solvation energy
relaxation also makes the solution static heterogeneity effects
more important as ion translation is coupled strongly to the detail
of the local solvent structure.51 A complete neglect of the static
heterogeneity has therefore led to the biexponential rather than
a stretched exponential decay of Ssi(t) (see Table 1).52 Moreover,
the presence of this slow component in the decay dynamics of
dipolar RTIL and its absolute dominance in nondipolar ionic

TABLE 2: Solvation Dynamics of Dipolar Solutes in Imidazolium Ionic Liquids at 298 K: Comparison between Theory and
Experimentsa,b

solvation response
function a1 τ1 (ps) a2 τ2 (ps) � 〈τs〉 (ns)

DCS in [bmim][PF6]
Ssi(t) 0.27 846 0.73 5281 1 4.08
Ssd(t) 0.24 0.21 0.76 126 0.41 0.3
SE(t) 0.14 0.46 0.86 2484 0.58 3.33
0.90Ssd(t) + 0.10Ssi(t) 0.22 0.23 0.78 219 0.38 0.66
0.85Ssd(t) + 0.15Ssi(t) 0.21 0.23 0.79 289 0.37 0.96
experiment 0.19 ( 0.03 0.33 ( 0.08 0.81 ( 0.13 140 ( 28 0.31 ( 0.05 1.0 ( 0.20

DCS in [bmim][BF4]
Ssi(t) 0.40 595 0.60 3601 1 2.40
Ssd(t) 0.15 0.10 0.85 92 0.41 0.23
SE(t) 0.08 0.24 0.92 1294 0.57 1.94
0.90Ssd(t) + 0.10Ssi(t) 0.14 0.12 0.86 147 0.40 0.42
experiment 0.19 ( 0.03 0.32 ( 0.08 0.81 ( 0.13 130 ( 26 0.41 ( 0.05 0.34 ( 0.07

C153 in [bmim][PF6]
Ssi(t) 0.27 846 0.73 5281 1 4.08
Ssd(t) 0.30 0.26 0.70 158 0.46 0.26
SE(t) 0.14 0.47 0.86 2508 0.59 3.32
0.85Ssd(t) + 0.15Ssi(t) 0.21 0.24 0.79 293 0.37 0.97
experiment 1.00 500 0.49 ( 0.1 1.0 ( 0.20

4AP in [bmim][PF6]
Ssi(t) 0.30 863 0.70 4885 1 3.68
Ssd(t) 0.30 0.29 0.70 183 0.48 0.28
SE(t) 0.15 0.46 0.85 2050 0.58 2.75
0.85Ssd(t) + 0.15Ssi(t) 0.22 0.25 0.78 329 0.40 0.85
experiment 1.00 1150 0.65 ( 0.1 1.6 ( 0.30

DCS in [bmim][DCA]
Ssi(t) 0.66 286 0.34 1880 1 0.83
Ssd(t) 0.31 0.08 0.69 11 0.32 0.05
SE(t) 0.11 0.06 0.89 405 0.54 0.63
0.85Ssd(t) + 0.15Ssi(t) 0.27 0.08 0.73 38 0.31 0.22

DCS in [hmim][BF4]
Ssi(t) 0.29 1209 0.71 7437 1 5.63
Ssd(t) 0.58 0.09 0.42 66 0.39 0.1
SE(t) 0.15 0.12 0.85 4362 0.66 4.98
0.85Ssd(t) + 0.15Ssi(t) 0.45 0.09 0.55 273 0.28 1.93

a The liquid viscosity is 3.1P for [bmim][PF6], 1.54P for [bmim][BF4], 0.33P for [bmim][DCA] and 2.4P for [hmim][ BF4]. Here“P” stands
for Poise. b The diameter of various species used in the calculations: σDCS ) 7.8 Å, σC153 ) 7.8 Å, σ4-AP ) 6.2 Å, σ[bmim

+
] ) 6.8 Å, σ[hmim

+
] )

7.2 Å, σPF6
-) 5.4 Å, σBF4

-) 4.6 Å and σDCA
- ) 5.0 Å (ref 7).

TABLE 3: Dynamic Stokes’ Shift of C153 in Phosphonium Ionic Liquids at 343 K: Comparison between Theory and
Experimentsa

ionic liquids
ion-dipole

contribution, ∆νsi
t (cm-1)

dipole-dipole
contribution, ∆νsd

t (cm-1) total (∆νsd
t + ∆νsi

t ; cm-1) experiment (cm-1)

[P14,666][Br] 1214 371 1585 1590
[P14,666][Cl] 1231 370 1601 1500
[P14,666][BF4] 928 381 1309 1370

a These shifts are calculated with µ1 for C153, as shown in Table 1.
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liquids render the continuum model based dynamical theories27,28

insufficient for these liquids.
We next present our calculations for DCS in [bmim][BF4] in

Figure 2 where the experimental data7 are also shown for
comparison. Here again the calculated Ssd(t) agrees very well
with the experimental decay at short times (lower panel). As
evident from Figure 2 and the corresponding fit parameters in
Table 2, a separation of time scales between ion and dipolar
dynamics also exists for [bmim][BF4] where the ion dynamics,
as expected, contribute fractionally to the total decay of the
solvation response function in this liquid. In fact, a 10%
contribution from Ssi(t) to the calculated total solvent response
function for this liquid not only leads the calculated average

solvation time to compare well with the experimental value but
also brings the amplitudes, time constants, and the stretching
exponent (�) in very good agreement with those from experi-
ments. The fit parameters summarized in Table 2 also reveal
that, when C153 or 4-AP is used as solute probe in [bmim][PF6],
the predicted solvation times and stretching exponents are nearly
the same as found for DCS. Although a direct comparison with
the relevant experimental data cannot be made due to incomplete
detection18,20,53-55 of the total dynamics with C153 and 4-AP,
the calculated results do not indicate any probe dependence of
the average solvation times for a given solvent. In addition, the
present calculations predict a much larger (∼25-50%) ultrafast
component with a time constant less than 100 fs for both
[bmim][DCA] and [hmim][BF4] (see Table 2). Such a rapid
response in the calculated solvation energy relaxation of
[bmim][DCA] originates from the faster dielectric relaxation
times (see Table S1 in the Supporting Information). In fact, if
the solvent librational modes are believed to couple to solvation
energy relaxation (via the dipole-dipole part) then the present
calculations suggest a subpicosecond response is only expected
because of the presence of a libration frequency in the ∼2-4
THz range and a dielectric relaxation time of nearly a picosecond
or a quarter of it in these liquids. This is the reason that for all
the (solute + imidazolium liquid) combinations the relaxation
of the calculated Ssd(t) is characterized by a fast relaxation time
that ranges between 80 and 300 fs. Because all the dielectric
relaxation times are the fastest in [bmim][DCA] among the ionic
liquids studied here, the dipole-dipole part of the solvation
energy decays at a much faster rate producing the smallest
average solvation time in this liquid. For [hmim][BF4], although
the slowest dielectric relaxation time is in the nanosecond,
similar participation of the shortest dielectric relaxation time
and the libration mode produces the subhundred femtosecond
component in the Ssd(t). It may be further interesting to note
that the calculated average solvation time for [bmim][DCA] is
∼200 ps, which is comparable to what has been measured for
decanol with C153 at room temperature.6 Experiments on
solvation dynamics in these two dipolar RTILs are therefore
suggested so that the presence of such an ultrafast component
is verified and the contribution from the ion-dipole interaction
estimated.

TABLE 4: Solvation Dynamics of C153 in Phosphonium Ionic Liquids at 343 K: Comparison between Theory and
Experimentsa,b

solvation response
function a1 τ1(ps) a2 τ2(ps) � 〈τs〉 (ns)

C153 in [P14,666][Br]
Ssi(t) 0.38 1289 0.62 6774 1 4.69
Ssd(t) (IP) 0.25 708 0.75 5081 1 3.99
SE(t) 0.37 1275 0.63 6634 1 4.65
experiment 1 1310 ( 70 0.38 ( 0.05 5.05 ( 0.43

C153 in [P14,666][Cl]
Ssi(t) 0.37 1359 0.63 7402 1 5.17
Ssd(t) (IP) 0.24 765 0.76 5714 1 4.53
SE(t) 0.36 1344 0.64 7262 1 5.13
experiment 1 1860 ( 90 0.46 ( 0.05 4.49 ( 0.30

C153 in [P14,666][BF4]
Ssi(t) 0.46 1047 0.54 5139 1 3.26
Ssd(t) (IP) 0.26 581 0.74 3876 1 3.02
SE(t) 0.44 1023 0.56 4948 1 3.22
experiment 1 1010 ( 50 0.51 ( 0.05 1.98 ( 0.11

a The viscosities are 1.16, 1.33, and 0.87P, respectively, for phosphonium ionic liquids containing Br-, Cl-, and BF4
- as anions. b The size

of the cation is taken to be 10.68 Å with σBr- ) 4.5 Å, σCl- ) 4.18 Å, and σBF4
- ) 4.6 Å. (ref 8).

Figure 2. Upper panel: Comparison of predicted decay of solvation
response function, S(t), for DCS in [bmim][BF4] with experimental data
(open circles). The short dashed, dotted dashed, and long dashed lines
represent solvation response function,Ssd(t), Ssi(t), and SE(t), respectively.
The numerically synthesized solvation response function given by S(t)
) 0.90Ssd(t) + 0.10Ssi(t) is shown by solid line. Lower panel: The short-
time dynamics of the solvation response functions are shown in shorter
time window for clarity.
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Before we present the theoretical results on solvation dynam-
ics in phosphonium ionic liquids, let us examine (i) why the
dynamic continuum model of Rips, Klafter, and Jortner (RKJ)28

fails for these liquids and (ii) if the dipolar part of the separated
out dynamics of these dipolar immidazolium ionic liquids can
be understood by the above RKJ theory. The RKJ theory, which
does not consider the molecularity of the solvent particles,
provides the following expression for normalized solvation
response function27,28

where �(z) is calculated from the frequency dependent dielectric
function, ε(z), as follows27,28

εu in eq 12 denotes the cavity dielectric constant and is connected
to the cavity polarizability (R) and solute radius (a) by the
relation (εu - 1)/(εu + 2) ) Ra3. Note here that the same ε(z)
that has been used to calculate the dipolar part of the solvation
energy relaxation (Ssd(t)) in the present theory is also required
to compute the normalized solvation response from the RKJ
theory. However, RKJ theory, being a continuum model based
theory, considers only the collective part of the orientational
polarization density relaxation of the dipolar solvent. Also, it
does not consider the contribution of the solvent translational
modes to the solvation energy relaxation. Therefore, the
consideration of only the collective (kσf 0) solvent mode and
freezing of the solvent translation (by simply puttingDT ) 0)
in Ssd(t) of the present theory will be appropriate for comparison
with the RKJ predictions. Because the present theory suggests
that the early time dynamics in these liquids is arising from the
orientational polarization density relaxation and since the RKJ
theory provided a sound qualitative understanding of dipolar
solvation dynamics in conventional polar solvents, a direct
comparison between these two predictions should help decode
the relationship between the frequency dependent dielectric
function of these liquids and the rate of solvation energy
relaxation in them.

In Figure 3 we compare the results obtained from the RKJ
theory for DCS in [bmim][PF6] and [bmim][BF4] with the
predicted decays of Ssd(t). Because the RKJ theory considers
only the collective solvent polarization (kσ f 0) mode to
calculate the normalized solvent response, we have removed
the contributions from the solvent finite wavenumber modes in
our calculations of Ssd(t). It is clear from Figure 3 that Ssd(t) so
calculated agree well with the RKJ predictions for both the
liquids. These results also demonstrate that the RKJ theory can
provide similar level of understanding as in common polar
solvents if only the dipolar part of the total energy relaxation
in these liquids is considered. As expected, inclusion of finite
wavenumber contributions slows down the dynamics, particu-
larly at longtime due to the participation of solvent structure at
this stage. This is also shown in Figure 3. Note the slowing
down of the dynamics due to solvent structure at finite
wavenumbers in common polar solvents has already been
explained in terms of Onsager’s inverse snow-ball picture.5

Interestingly, the accessibility to a much slower ion-dipole
interaction mechanism as a separate channel not only nullifies
the accelerating effects of solvent translation on generalized rate

of orientational polarization relaxation but also restores the
Onsager’s inverse snow-ball picture via reversing the role of
ion translations through the relaxation of ion dynamic structure
factor. Therefore, the RKJ theory, being insensitive to the ion-
dipole interaction induced contributions, predicts a faster
dynamics than what is observed in experiments for these ionic
liquids. This is the reason for the apparent breakdown of the
RKJ theory and other theories of polar solvation dynamics while
explaining the Stokes’ shift dynamics in these liquids.

B. Phosphonium Ionic Liquids: Stokes’ Shift and Dynam-
ics. We next extend the present theory to calculate the dynamical
Stokes’ shift for C153 at 343 K in the three phosphonium ionic
liquids we have already mentioned in the Introduction. For
simpler representation, we abbreviate the singly charged tri-
hexyl(tetradecyl)phosphonium cation by [P14,666

+ ]. The calculated
ion-dipole contribution to the total shift for each of the
phosphonium ionic liquids is presented in Table 3 where
experimental results8 are also shown. A comparison between
the calculated and measured shifts reveals that the ion-dipole
interaction accounts for ∼75% of the measured Stokes’ shifts
for these ionic liquids. This is somewhat surprising because in
the absence of any dipole-dipole interactions Stokes’ shifts in
these liquids are expected to be determined only by the
ion-dipole (ion-solute) interaction. One wonders then what

Ssd
RKJ(t) ) L-1{(�(z) - �(0))/z}

�(∞) - �(0)
(11)

�(z) ) ε(z) - 1
ε(z) + (1/2)εu

(12)

Figure 3. Validity test of the dynamic continuum model for solvation
energy relaxations of DCS in imidazolium ionic liquids. Solvation
response functions calculated from the dynamic continuum model are
represented by dashed lines (red) for [bmim][PF6] (upper panel) and
[bmim][BF4] (lower panel). The experimental results are shown by
circles. Predictions from the present theory for these liquids by
considering only the kσf 0 mode of the solvent polarization relaxation
are shown by the dot-dashed (blue) lines. Solid lines in these two panels
represent the calculations of Ssd(t) after incorporating contributions from
all solvent modes. Here the short-time dynamics displayed in the inset
are for clear view. Note the close agreement between the continuum
model predictions and the present theory at the proper limiting
condition. Colors are for online presentation.
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could be the source for the remaining 25% of the observed shift
which amounts to approximately 400 cm-1 in these nondipolar
ionic liquids. What follows next is a brief discussion on the
possible mechanisms which can account for the missing shift
in these nondipolar ionic liquids.

Because a significant fraction of these liquid molecules does
not contribute to the ionic conduction,30 there is a possibility
that the undissociated fractions remain as IPs. Subsequent
quantum chemical calculations31 indicate that the formation of
IPs is energetically favored (approximately by -80 kcal/mol)
in these ionic liquids where the electrostatic attraction between
oppositely charged ions has been found to be the major
contributor. The degree of ion association is found to be larger
in ionic liquids where ions are asymmetric in shape. Moreover,
for a few nondipolar ammonium ionic liquids the effective
concentration of undissociated molecules has been estimated
to be ∼30% of their molar concentrations.31 In the absence of
similar studies for phosphonium ionic liquids and considering
the general results obtained from the conductivity measurements
and quantum chemical calculations for a variety of ionic liquids,
the IP concentration for the phosphonium ionic liquids studied
here may be expected in the same order. These IPs then interact
with the dissolved dipolar solute via dipole-dipole interactions
and contribute additionally to both the dynamical Stokes’ shift
and the solvation energy relaxation. If the average dielectric
constant of an effective environment created via the dipole-dipole
interaction among these IPs is assumed to be ∼5, then the
subsequent calculations find the solute-IP (dipole-dipole)
interaction contribution is ∼400 cm-1 (see Table 3), which is
∼25% of the experimentally observed shift with C153 in these
phosphonium ionic liquids. This brings the total calculated
Stokes’ shifts much closer to the experimental data. The present
calculation therefore indicates that in addition to the dominant
ion-solute interaction, a small but non-negligible contribution
may also arise from the dipolar interaction between the solute
and IPs that are present in these ionic liquids due to incomplete
dissociation.

Next we present the calculated results on solvation dynamics
of C153 in these phosphonium ionic liquids and compare with
the relevant experimental data. The calculated individual solvent
response functions due to the ion-dipole (ion-solute) and
dipole-dipole (solute-IP) interactions for each of the phos-
phonium ionic liquids are shown in Figure 4. In the absence of
any dielectric relaxation data for these phosphonium liquids,
we calculate the dipole-dipole term, Ssd

ip(t), in the diffusive limit
where both the rotational and the translational diffusion coef-
ficients of the constituent IPs are obtained from the liquid
viscosity37 at that temperature. Note that the difference in decay
rates between these two individual solvent response functions
is not as dramatic as found in imidazolium ionic liquids because
here the time scales for both Ssi(t) and Ssd

ip(t) are completely
determined by the liquid viscosity alone. As already stated, a
complete neglect of liquid heterogeneity in the present theory
has led to the biexponential decay of the calculated solvent
response functions in these liquids.52 Parameters required to fit
these calculated decays are summarized in Table 4 where
experimental fit parameters are also tabulated. It is interesting
to note that one of the calculated time constants (Table 4) is
∼1 ns, which is very similar to the experimental solvation time
constants (τsolv) for these alkylphosphonium liquids. This close
similarity between theory and experiments suggest that solvent
structural relaxation via ion translation is indeed the principal
mechanism for the solvation energy relaxation in these nondi-
polar ionic liquids.

To explore further the origin of the stretched exponential
decay of the experimental solvent response functions with a
single relaxation time constant approximately in the nanosecond
regime, we have calculated solvation energy relaxations in these
liquids corresponding only to the collective (kσ f 0) and the
nearest-neighbor (kσ f 2π) solvent modes. Figure 5 is a
representative of such calculations where the predicted decays
for C153 in [P14,666

+ ][Br- ] corresponding to these modes are
shown along with the relevant experimental data.8 Figure 5

Figure 4. Solvation dynamics for C153 in three phosphonium ionic
liquids at 343 K. The solid and dot-dashed lines representSsd(t) and
Ssi(t), respectively. Circles represent the experimental decays.

Figure 5. Origin of the 1 ns solvation time constant in solvation energy
relaxation in phosphonium ionic liquids at 343 K. Solvation response
functions for C153 in [P14,666][Br] are calculated after considering the
structural relaxation at collective (kσ ∼ 0) solvent mode (dashed line)
and nearest neighbor (kσ ∼ 2π) solvent modes (solid line). The
calculated decays for both the wavenumbers are found to fit to single
exponentials with time constant 18.2 and 1.2 ns, respectively, for kσ
∼ 0 and kσ ∼ 2π modes.
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clearly demonstrates that the experimental solvation time
constant of ∼1 ns in these ionic liquids originates from the
structural relaxation involving the nearest neighbor (kσ f 2π)
mode only. The quadratic wavenumber dependence of the
exponential relaxation of the ion dynamic structure factor (see
eq 10) is responsible for the extreme slow dynamics at these
collective solvent modes. The slower relaxation corresponding
to kσ f 0 mode has not been detected in Stokes’ shift
measurements because either the shift due to this mode was
undetectably small or simply the collective solvent modes are
irrelevant for the ion-dipole interaction induced solvation energy
relaxation. A simple calculation using ε0 ∼ 2 shows that the
Debye screening length for these liquids is ∼1 Å. Even though
such a small value of Debye screening length is unphysical for
these molecular liquids, it suggests that the solvation energy
relaxation in these liquids couples only to the rearrangement of
the local solvent structure, and the Stokes’ shift remains
insensitive to the events occurring beyond probably the first
couple of solvation shells. Consequently, the relaxation of the
isotropic solvent dynamic structure factor sets the solvation time
scale in these phosphonium ionic liquids where the orientational
relaxation plays a much less important role. This is counterin-
tuitive because one expects that charge fluctuations in these
liquids to be highly coupled and that correlated dynamics
extending over many solvation shells play a role in solvation.56

Due to the lack of any permanent dipole moment on the ions
and, hence, nonexistence of significant medium dielectric
constant, much larger inverse Debye screening length probably
compels the phosphonium ionic liquids to behave as if the ionic
system is governed by relatively much less longer-ranged
interactions.57 A signature of such an effect has recently been
observed while studying temperature dependence of spectral
shifts in electrolyte solutions of nonaqueous solvents of varying
polarity.58 This is therefore in sharp contrast to the solvation
mechanism of a dipolar solute in dipolar solvents where
collective solvent polarization density relaxation governs the
time scale of the polar solvent response. It is only in this sense
that solvation dynamics in these nondipolar ionic liquids may
be termed as nonpolar solvation dynamics.59

As several simulation and experimental studies11-17 reveal
domain formation via aggregation of alkyl chains in ionic liquids
that contain alkylated ions, dipolar solutes can be partitioned
into these domains and contribute to the overall Stokes’ shift
dynamics. However, the contribution due to nonpolar interac-
tions between the solute and the aggregated domains is expected
to be very small because experimental dynamical Stokes’ shift
for C153 has been found to be zero in several alkanes60 and
∼200 cm-1 in supercritical ethane61 with (100 cm-1 uncertainty
in those measurements. If the assumption that the solute’s
vibronic structure is independent of solvation environment still
holds, then these results suggest that the contribution to the
Stokes’ shift due to nonpolar interaction would be at most 200
cm-1, which is nearly half of what is not accounted for by the
ion-dipole interactions alone in these phosphonium ionic
liquids. Interestingly, experimental study of solvation dynamics
of dimethyl-s-tetrazine in a very weakly dipolar solvent,
n-butylbenzene, extending over a viscosity range of five orders
of magnitude, not only reports a total shift in the range of
∼100-200 cm-1 ((10 cm-1) but finds also that the structural
component of the shift relaxes nonexponentially with � ≈ 0.5
and a time constant proportional to medium viscosity.62 The
use of the correlation between the viscosity and the relaxation
time constructed in this work produces solvation time constants
(τsolV) for these phosphonium ionic liquids very similar to those

found in experiments. Based on the knowledge of nonpolar
solvation dynamics gained earlier, if the solvation in butyl
benzene is assumed to be mainly carried out by the relaxation
of the isotropic part of the solvent structure factor then this
striking similarity between the calculated and the measured time
constants indicates that solute-domain nonpolar interaction may
also contribute to the total dynamical Stokes’ shift.

IV. Conclusion

The molecular theory presented here demonstrates that
dynamic Stokes’ shifts measured with dipolar solute probes in
several dipolar RTILs can be divided into two parts- the solute-
dipolar ion (dipole-dipole) and the ion-solute (ion-dipole)
interaction contributions. The dipolar RTILs considered in this
study are those imidazolium ionic liquids for which dielectric
relaxation data over a very broad frequency range are available.
The solutes used are C153, 4-AP, and DCS, which were used
in several experiments for dynamic Stokes’ shift measurements.
The calculated total shifts are in very good agreement with the
measured values in these dipolar RTILs and the ion-dipole
interaction contribution is found to account for ∼60% of the
measured shift. For phosphonium ionic liquids, where the
interaction between the dipolar solute and constituent ions
(nondipolar) is expected to dominate, the ion-solute interaction
contributes nearly 75% to the experimentally observed shift.
The present theory also predicts that the interactions of the solute
with the IPs and domains may together make a non-negligible
contribution to the shift measured in phosphonium ionic liquids.
The solute-domain interaction contribution is much less
important for shifts in imidazolium ionic liquids because of the
additional presence of dipole-dipole interaction. Also, the use
of experimental dielectric relaxation data in the calculation
partially accounts for the solute-IP contribution to the dynamic
Stokes’ shift in these dipolar RTILs. The unusually large shift
(∼4000 cm-1) measured with DCS in these liquids can be
reproduced in the present theory as a pure solvent-induced
dynamic Stokes’ shift by using only an excited state dipole
moment of DCS almost twice of that predicted by the AM1/CI
calculations. A strong solvent dependence of vibronic structure
is suggested to be responsible for the large Stokes’ shift
measured with DCS in these liquids.

A comparison with the calculated solvent response functions
for imidazolium ionic liquids with those measured in experi-
ments suggests that while the coupling of the collective solvent
libration and fast dipolar rotations to the solvation energy
relaxation gives rise to the initial subpicosecond dynamics
observed in these dipolar RTILs, slow relaxation of isotropic
ion dynamic structure factor via ion translation produces the
long time decay with time constant in the nanosecond range.
The present theory reveals a strong link between the rapid initial
solvent response and the fast orientational relaxation of these
low polar ionic liquids which is reminiscent of what has been
found in many theoretical studies of solvation dynamics in
conventional polar solvents. This origin of the fast solvent
response therefore appears to be different from the argument7,63-70

that the collective ion translation is responsible for the subpi-
cosecond solvent response in these liquids. The dynamics of
solvation in dipolar RTILs is found to be dominated by the
orientational polarization relaxation of the environment created
by the dipolar ions (“dipolar dynamics”) where the ion
translational motion (“ion dynamics”) accounts for ∼10-15%
of the total dynamics. The dominance of the orientational
relaxation in the dipolar dynamics and that of the structural
relaxation in the ion dynamics lead to the natural separation of
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time scales between these two and enable one to describe the
Stokes’ shift dynamics in dipolar RTILs in terms of preferential
solvation. The presence of the slow component is found to be
responsible for failure of the existing theories of polar solvation
dynamics in these ionic liquids. Further analyses, however,
reveal that dynamic continuum model theory can be used to
describe the separated out dipolar dynamics if only the collective
modes (kσ f 0) of the solvent polarization fluctuations are
considered in the calculation of the solvation response function.

In phosphonium ionic liquids, where solute-solvent dipolar
interaction is much less important due to the absence of
permanent dipole moment in the constituent ions, the ion-solute
(ion-dipole) interaction contributes ∼75% to the measured shift
and governs the solvation dynamics. The absence of “dipolar
dynamics” therefore explains both single stretched exponential
decay of the solvent response functions measured in these
nondipolar ionic liquids and the absence of subpicosecond
component in them. In addition, an absolute dominance of the
ion-dipole interaction contribution in the solvation response
is the principal reason for dramatically larger average solvation
times for phosphonium ionic liquids than those for imidazolium
counterparts of comparable viscosities.

We would like to further elaborate on the mechanism of
subpicosecond solvation response in the imidazolium ionic
liquids as the present work seems to provide an explanation
alternative to that suggested by several simulation and experi-
mental results. Note here that the present work calculates the
solvation energy relaxation due to solute-solvent dipolar
interaction in imidazolium ionic liquids by using the experi-
mentally determined frequency dependent dielectric function,
ε(z). Experimental measurements have indicated that ε(z) for
these ionic liquids are characterized by four distinct relaxations,
two of which are undoubtedly diffusive in nature (the slowest
ones). The other two relaxations in the tera-Hertz (∼0.6 and
∼3 THz) region are thought to originate from the libration
(rocking back-and-forth or up-and-down) of the cations. Further
measurements of intermolecular dynamics by using in tandem
the optical Kerr effect (OKE) and dielectric relaxation spec-
troscopic techniques have clearly revealed that these high
frequency relaxations are associated with the restricted angular
motion of the dipolar moiety as both OKE and DR spec-
troscopies are predominantly sensitive to the rotational motions
and only weakly sensitive to translations through the collision-
induced response.71 This is because the time-dependent change

in the dipole moment autocorrelation function ( d
dτ

[〈µ(τ)µ(0)〉]) is
what is relevant to the DR measurements, whereas the same
(time derivative) of the anisotropic part of the collective

polarizability tensor ( d
dτ

[〈Πxy(τ)Πxy(0)〉]) gives rise to the
OKE signal.71 Naturally, therefore, when a measured ε(z) with
all its dispersion steps is used to calculate the time-dependent
change in solvation energy, it is primarily the time scale of the
orientational polarization density relaxation of the dipolar
environment what is reflected in the calculated dynamics. As a
result, the present semimolecular theory interprets the experi-
mentally observed subpicosecond response in imidazolium ionic
liquids as originating from the collective orientational response
of the liquid. This is in general agreement with simulation
predictions that early time dynamics arises from the cooperative
motions of many particles together but differs greatly in the
identity of the collective motion (rotation rather than translation)
that renders ultrafast response in these ionic liquids.

Further support for the predicted dominance of the solvent
reorientation may be obtained from the following facts. Our

earlier study reveals that even if the high frequency contributions
(∼0.6 and ∼3 THz) in ε(z) are completely neglected and only
the slowest dispersions are retained, the calculated dipolar
dynamics in these liquids (except the [bmim][DCA]) can still
be characterized by a subpicosecond component with an
amplitude of ∼10-15%. The participation of the high frequency
modes then simply enhances the calculated rate of the solvation
energy relaxation. Attention may now be focused to Table S2
(Supporting Information), where a few characteristics from the
dynamic Stokes’ shift measurements in imidazolium and phos-
phonium ionic liquids have been compiled. Had the collective
inertial ion translations been primarily responsible for generating
the subpicoseond response, it (the subpicosecond response)
would have also been detected in phosphonium ionic liquids,
particularly in [P14,666][BF4] where the anion, [BF4

-], is also
common to [bmim][BF4]. The fact that the average solvation
times in comparatively much less viscous phosphonium ionic
liquids are at least five times larger and dynamic Stokes shift
∼30% lesser (compared to that for C153, which is ∼2000 cm-1)
than those for imidazolium ionic liquids only stresses the role
played by the solute-solvent dipolar interactions in governing
both the magnitude of the shift and its dynamics in these two
types of ionic liquids. As expected, inclusion of the inertial
translational dynamics in the calculation by using the following
expression for ion dynamic structure factor72

(ςRion is the translational friction on the Rth type ion with mass
mR) did not produce results that might have led to a conclusion
any different from what has already been drawn regarding the
origin of the observed subpicosecond solvent response. Further
computer simulations studies, particularly for phoshphonium
ionic liquids, along the line of what has been done with several
imidazolium ionic liquids,73,74 are therefore required to uncover
the reasons for the observed difference in solvation energy
relaxations in these two types of ionic liquids.

Even though the present theory successfully explained in
molecular terms the measured Stokes shift and its dynamics in
imidazolium and phosphonium ionic liquids, the theory did so
without incorporating the microscopic heterogeneity present in
these complex liquids. This is definitely a shortcoming of the
present theory that requires further improvement. Because alkyl
chains attached to the cations in these liquids are relatively long
and hence possess some degree of flexibility, the chain may
rearrange itself when the dipolar cation moiety reorients or either
of the ions translate in response to the changed dipole moment
of the solute. This would lead to a coupling of motions which
may play some role in evolving the spectral dynamics in these
liquids. The effects of coupled motion of the alkyl chain and
ion on solvation energy relaxation may therefore be investigated
in detail as coupled motion of protein side chain and water
molecules has been found to play an important role in hydration
dynamics near biologically active surfaces.75 One notices that
neglect of liquid heterogeneity did not severely affect the results
for dipolar RTILs due to the use of experimental dielectric
relaxation data. For phosphonium ionic liquids, although the
theory can correctly predict a time constant close to that found
in experiments, misrepresentation of the liquid structure by its
homogeneous analogue leads to incorrect prediction of biex-
ponential decay of solvation response functions in these liquids.

SR�
ion(k;t) ) SR�

ion(k)exp{- k2kBT

mRςR
ion[t + 1

ςR
ion

(e-tςRion
- 1)]}

(13)
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Given the complexity of these liquids, it is indeed surprising
that such a simple formalism, which relies upon the MSA model
or its suitable variants for structural inputs and dielectric
relaxation data for medium dynamics, can describe so success-
fully not only the dynamical Stokes’ shift and solvation response
in both dipolar and nondipolar ionic liquids but explains also
in molecular terms the reasons for failure of the existing theories
of polar solvation dynamics in these media.
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