
Stokes Shift Dynamics in Ionic Liquids: Temperature Dependence

Hemant K. Kashyap and Ranjit Biswas*
Department of Chemical, Biological & Macromolecular Sciences, S. N. Bose National Centre for Basic
Sciences, JD Block, Sector III, Salt Lake, Kolkata 700 098, India

ReceiVed: July 7, 2010; ReVised Manuscript ReceiVed: NoVember 4, 2010

A recently developed molecular theory is used to investigate the temperature dependence of the dynamic
fluorescence Stokes shift of a dipolar solute in seven imidazolium ionic liquids. The temperature range
considered is 278.15-338.15 K, for which experimental dielectric relaxation data (frequency range of 0.2 e
ν/GHz e 89) are available. The theory used here explores and substantiates the relation between fluorescence
spectral dynamics and dielectric relaxation in ionic liquids. The slope of the temperature-dependent change
in the calculated total dynamic Stokes shift is predicted to follow an inverse-linear correlation with that (slope)
of the experimentally measured temperature dependence of the static dielectric constant of these liquids. This
explains the experimentally observed decrease of polarity parameter, ET(30), with temperature for several
different ionic liquids. A significant part of the stabilization energy of a dissolved excited dipolar solute is
found to arise from the reorientational dynamics of the dipolar ions (mainly imidazolium cations) of these
liquids. The separated solute-solvent dipole-ion interaction contribution to the shift exhibits a stronger
temperature dependence than the dipole-dipole interaction component. Calculations predict bimodal Stokes
shift dynamics for all of these liquids with a fast initial component arising from rapid angular adjustment of
the dipolar ions. The slow, stretched-exponential component shows a systematic temperature dependence
and is linked to an environment rearrangement through the center-of-mass motion of the ions. Subsequently,
calculated solvation activation energies are found to be closely related to those observed in the corresponding
conductivity and viscosity measurements for these ionic liquids.

I. Introduction

Recent years have witnessed intense activity in investigating
solute-solvent interactions and solvent dynamics in room-
temperature ionic liquids.1-10 Both fluorescence spectroscopic
measurements and computer simulation studies have been
employed to generate a molecular-level understanding of the
interactions and dynamics in this new class of solvents. Apart
from technological relevance and possible industrial applica-
tions,11-13 the very basic scientific aspects of how dynamically
different these liquids are from the well-studied conventional
polar solvents, as well as implications of these differences for
simple chemical events in the solution phase, have provided
much of the motivation to the researchers in this field. Because
ion-ion Coulomb interactions largely govern both the structure
and dynamics of ionic liquids, the medium response to an
external perturbation is expected to be different for these liquids
than for those where dipolar interactions dominate the relaxation
processes.14 In fact, dynamic fluorescence Stokes shift measure-
ments have revealed a qualitative difference between room-
temperature ionic liquids and ambient polar solvents and
signaled a breakdown of dielectric-relaxation-based theories that
were otherwise successful in explaining the experimental Stokes
shift dynamics in conventional polar solvents.3 Despite the
presence of a good body of experimental results on Stokes shift
dynamics in room-temperature ionic liquids and fused inorganic
salts, developing a molecular theory at the level of existing
theories for dipolar solvents has remained a challenge. The
presence of longer-ranged charge-charge interactions, micro-
scopic heterogeneity (spatial and temporal),15-21 and the pos-

sibility of the presence of multiple species in a given ionic liquid
have made the task quite nontrivial.

A survey of the existing Stokes shift data reveals that, even
though measurements have been carried out to characterize the
solvation response in many ionic liquids with a large combina-
tion of anions and alkylated cations, systematic temperature-
dependent measurements are not as plentiful. The few mea-
surements that exist, nonetheless, provide useful information
about solute-solvent coupling by probing the viscosity depen-
dence of either average solvation or rotation times.22-28 Very
recently, temperature-dependent dielectric relaxation measure-
ments for a few imidazolium ionic liquids have been carried
out that find the relaxation process at low frequency to derive
contributions from both single-particle rotation and cooperative
motions.28 These data, therefore, indicate important roles for
the dipolar rotation and collective motions of the solvent
particles in dictating the Stokes shift dynamics in these ionic
liquids, provided that a relationship exists between the frequency-
dependent dielectric function and the solvation response in these
liquids. The recently developed semimolecular theory,29-31

which connects the solvation response in ionic liquids to the
measured dielectric relaxation data much the same way as in
neat polar solvents,32-36 is employed here to predict the
temperature dependence of the Stokes shift and its dynamics in
several imidazolium ionic liquids.

We have chosen the well-known solvation probe coumarin
153 (C153)37 as a dipolar solute and studied Stokes shift
dynamics in the following ionic liquids: 1-N-butyl-3-N-meth-
ylimidazolium hexafluorophosphate ([bmim][PF6]) and the cor-
responding tetrafluoroborate ([bmim][BF4]) and dicynamide
([bmim][DCA]), 1-N-ethyl-3-N-methylimidazolium tetrafluorobo-
rate ([emim][BF4]) and its dicynamide ([emim][DCA]), and 1-N-
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hexyl-3-N-methylimidazolium tetrafluoroborate ([hmim][BF4]) and
its [bis(trifluoromethylsulfonyl)imide] analogue ([hmim][NTf2]). As
already discussed, these liquids are chosen because of the existence
of experimental dielectric relaxation data for these liquids. Because
the present theory separates the total dynamic Stokes shift into
solute-solvent dipole-dipole and dipole-ion contributions,30 it
would be interesting to investigate which of these two responds
more strongly to the temperature variation. Theoretical results
obtained here can be used to predict which of the ionic
liquidssdipolar or nondipolarsis likely to exhibit a stronger
temperature dependence. The predicted results can then be re-
examined by performing conventional dynamic Stokes shift
experiments.

The rest of this article is organized as follows: The molecular
theory used here is briefly described in the next section, where
the computational details are also summarized. Numerical results
are presented in section III. A comparison between the theoreti-
cal predictions and the existing experimental results are also
provided in this section. The article then ends with a discussion
in section IV.

II. Theoretical Formulation and Calculation Details

A. Derivation of Necessary Expressions. Because the
microscopic theory used here has already been described in
detail elsewhere,29-31 we briefly discuss here the theory, the
assumptions required to derive the semianalytical expressions,
and the method of calculations of the relevant quantities from
those microscopic equations.

For a dipolar solute dissolved in an imidazolium ionic liquid,
the theory used here considers the presence of the following
interactions: (i) dipole-dipole interactions between dipolar
solvent ions, (ii) ion-ion interactions between solvent ions, (iii)
dipole-dipole interactions between the dissolved dipolar solute
and dipolar solvent ion, and (iv) dipole-ion interactions between
the solute and solvent ions. Solute-solute interactions are
ignored because, in experiments, often very dilute solutions
(e10-5 mol/L) of probe molecules are used.37,38 In addition,
interactions due to the presence of ion-pair and higher ion
aggregates39,40 are completely neglected in this theory. This is
an approximation required to preserve the analytical simplicity
of the present formalism, but it can affect the predictability
because each of these interactions could contribute to the
experimental measurements. In conventional Stokes shift experi-
ments of dipolar (such as imidazolium) ionic liquids, however,
the solute-solvent dipole-dipole and dipole-ion interactions
are the principal contributors to the total solvent stabilization
of the laser-excited dipolar probe, whereas the solvent stabiliza-
tion time scale is mainly governed by the dynamics of
solvent-solvent dipolar and ion-ion interactions. The ion-dipole
interactions between solvent molecules in dipolar ionic liquids
represent another component that can also contribute to the
experimentally measured time scale of solvent rearrangement,
but the present theory does not include the cross-interactions,
arguing that the density fluctuation time scales for the dipolar
and ionic species are very different from each other and thus
uncorrelated. Although such a separation might not exist in real
solutions because the motions of the dipolar and ionic species
are adiabatically coupled,41-44 dynamic Stokes shift measure-
ments indicate that the effects of ion motion appear at longer
times in the dynamic response of electrolyte solutions.38

Therefore, the present theory is an approximate general frame-
work for studying Stokes shift dynamics in both ionic liquids
and electrolyte solutions where the above four interactions are
expected to dominate.

For a solute-solvent system with the interactions described
above, it is now possible to use the classical density functional
theory to write an expression for the free energy functional
(∆�Fint, with � ) 1/kBT) in terms of position- (r-) and
orientation- (Ω-) dependent densities of dipolar cation, dipolar
solute, and position-dependent anion in the solution.45,46 Then,
equating the functional derivative of ∆�Fint with respect to the
solute density to zero (equilibrium property) provides the
expression for the average interaction experienced by a dipolar
solute molecule immersed in such a solution. Subsequent
extension into the time domain allows one to derive the
following expression for the time- (t-), position-, and orientation-
dependent solvation energy for a mobile dipolar solute29-31

where Fs(r,Ω;t) is the solute density at position r with orientation
Ω at any time t. csd(r,Ω;r′,Ω′) and csR(r,Ω;r′) are the position-
and orientation-dependent dipolar solute-dipolar ion and dipolar
solute-ion direct correlation functions, respectively, and R
denotes the type of ions (cation and anion). The fluctuations in
dipolar density (δFd) and ion density (δnR) from the corre-
sponding bulk values are defined as follows: δFd(r,Ω) ) Fd(r,Ω)
- Fd

0/4π and δnR(r) ) nR(r) - nR
0. Equation 1 expresses the

total solvation energy ∆Etotal(r,Ω;t) as a sum of two distinct
contributions: one due to the dipole-dipole interaction,
∆Esd(r,Ω;t), and the other due to the dipole-ion interac-
tion, ∆Esi(r,Ω;t). Such a summation of two independent
interaction contributions arises from the linearization of ∆�Fint

in terms of dipolar and ionic density fluctuations (δFd and δnR).
This linearization also suggests that the pure dipolar solvent
structure and dynamics are not perturbed by the presence of
either the solute or the dispersed ions. However, these ap-
proximations have been found not to affect the qualitative
description of the experimental Stokes shift dynamics in polar
media and dipolar ionic liquids mainly because of the dominance
of the collective solvent modes.29,30

The time-dependent fluctuating total solvation energy (fluc-
tuation from the equilibrium value) autocorrelation function is
then approximated as30

where the cross-correlations between the fluctuating dipole-dipole
and ion-dipole interaction contributions have been neglected,
assuming that the fluctuating time scales of these quantities are
widely different from each other. Within such an approximation,
eq 2 expresses the total solvation energy time autocorrelation
function as a sum of individual autocorrelation functions:
dipole-dipole and dipole-ion interaction energy time autocor-
relations. Note that such a separation might not exist in real
electrolyte solutions, as equilibrium ion-density fluctuation is
expected to be coupled to dipolar density fluctuation. Because
orientational polarization density relaxation is much faster for

∆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)]
) ∆Esd(r, Ω;t) + ∆Esi(r, Ω;t)

(1)

〈∆Etotal(t) ∆Etotal(t′)〉 ) 〈∆Esd(t) ∆Esd(t′)〉 +
〈∆Esi(t) ∆Esi(t′)〉 (2)
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common polar solvents, the time scales associated with the
fluctuations in the dipolar and ion densities are different from
each other. However, this separation is only semiquantitative,
as ion motion would always involve solvent motion and vice
versa.38,41-44

The normalized solvation energy time autocorrelation function
then describes the time dependence of the solvation energy
relaxation30

with Ssd(t) denoting the normalized solvation energy time
autocorrelation functions due to solute-solvent dipolar interac-
tions and Ssi(t) denoting that due to solute-ion (dipole-ion)
interactions. According to this formalism, therefore, the total
solvation energy relaxes through two separate channels. Al-
though the faster channel dominates the total decay, the average
rate of the decay is governed by the slower channel. It is well-
known that, in the linear response regime, SE(t) is assumed to
be equivalent to the solvation response function, S(t), measured
in dynamic Stokes shift experiments. Consequently, comparison
of the predicted results with experimental data is done within
the purview of this approximation.

B. Calculation of the Solute-Solvent Dipolar Interaction
Contribution, Ssd(t). The relevant expression for the normalized
solvation energy autocorrelation function due to the dipole-dipole
interaction has been shown to be given by30

where the prefactor is P ) 2Fd
0(kBT/2π)2, csd

lm(k) denotes 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 wavevector- (k-) dependent orien-
tational dynamic structure factor of the dipolar ionic liquid. The
calculation of Ssolvent

lm (k,t) requires as inputs (i) the orientational static
structure factor, (ii) the experimental dielectric relaxation data of
these ionic liquids, and (iii) the isotropic liquid dynamic structure
factor.29-36 These are necessary to calculate the wavevector- and
frequency- (z-) dependent rotational and translational memory
kernels, namely, ΓR(k,z) and ΓT(k,z), that constitute Ssolvent

lm (k,t). The
orientational static structure factor for these ionic liquids is obtained
from the mean spherical approximation (MSA) model47 with proper
corrections at both kf 0 and kf∞ limits, using the experimental
static dielectric constant after approximating the dipolar species
as dipolar hard spheres. The dipole moment of the ionic liquid at
each temperature was estimated according to the experimental static
dielectric constant, and the room-temperature value was found to
be very close to those obtained through more sophisticated

calculations.28,48,49 The orientational dynamics is then incorporated
through ΓR(k,z), which is, in turn, connected to the experimentally
measured frequency dependent dielectric function, ε(z), by32-36

where ε∞ is the dielectric constant in the high-frequency limit and
I is the moment of inertia. f(110,k) is related to the orientational
direct correlation function, c(110,k), through the relation45,46 f(110,k)
) 1 -(Fd

0/4π)c(110,k).
The temperature-dependent dielectric relaxation data used in

the present calculation are those obtained in measurements28

spanning a wide range of frequencies (0.2 e ν/GHz e 89) and
a temperature range of 278.15 e T/K e 338.15. In the study
from which these data were obtained, ε(z) was found to fit the
following form at all temperatures

where τj denotes the relaxation time associated with the Sj

dispersion. The parameters R1 and �1 determine the shape of a
relaxation spectrum. For the sake of completeness, the experi-
mental dielectric relaxation data, which are also required for
interpreting the calculated results, are provided in Table 1.

The isotropic liquid dynamic structure factor is related to the
translational frictional kernel [ΓT(k,z)] as32

with S(k,z) ) S(k)/[z + DTk2/S(k)], where the translational
diffusion coefficient DT was obtained from the experimental
viscosity and slip boundary condition using the effective volume
of an ionic liquid molecule. The static isotropic structure factor
was approximated by that for Percus-Yevick hard spheres.50

Subsequently, Laplace inversion (L-1) transformed the frequency-
dependent quantity into a time-dependent one: Ssolvent

lm (k,t) )
L-1[Ssolvent

lm (k,z)].
Note that, in eq 4, the denominator represents the square

of the excess energy due to the interaction between the
environment and the excited solute immediately after pho-
toexcitation (that is, at t ) 0). This then relaxes with time
through the reorganization of the environment. The reorga-
nization is supposed to be complete within the lifetime of
the probe in its excited state. This is akin to a situation where
the laser excitation induces a dipole moment in a nonpolar
solute dissolved in a polar solvent and, subsequently, the
created dipole drives the solvent molecules to rearrange
around the excited solute until a minimum in the free energy
of the (excited solute + solvent) system is attained. This
energy can be identified as the dipole-dipole (solute-solvent)
interaction contribution to the total dynamic Stokes shift. However,
the Stokes shift in experiments is determined by the difference in
interaction of the environment with the solute in its ground and
excited states.37 Therefore, [〈|∆Esd(0)|2〉]1/2 represents the dipole-
dipole interaction contribution to the shift for a solute that becomes
dipolar upon excitation. However, within the weak solute-solvent
coupling limit, where solvent structural modification due to either
the presence of the solute or the sudden creation of a dipole moment

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

∞
dk k2Ssolute

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

10 (k;t) +

2P∫0

∞
dk k2Ssolute

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

11 (k;t)

P∫0

∞
dk k2Ssolute

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

10 (k) +

2P∫0

∞
dk k2Ssolute

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

11 (k)

(4)

2kBT

I[z + ΓR(k, z)]
)

zε0[ε(z) - ε∞]

f(110;k ) 0)ε∞[ε0 - ε(z)]
(5)

ε(z) ) ε∞+
S1

[1 + (zτ1)
1-R1]�1

+
S2

(1 + zτ2)
(6)

kBT

Mσ2[z + ΓT(k, z)]
) S(k)[S(k) - zS(k, z)]

k2S(k, z)
(7)
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in it can be assumed to be negligible, [〈|∆Esd(0)|2〉]1/2 should provide
a reasonably good description for the dipolar contribution to the
observed shift.

C. Calculation of the Solute-Solvent Ion-Dipole Interac-
tion Contribution, Ssi(t). The expression for the normalized
dipole-ion solvation energy autocorrelation function can be
written as30

Note that a detailed derivation of eq 8 has already been provided
in ref 30 and thus is not elaborated here. SR�

ion(k,t) is the isotropic
ion dynamic structure factor and can be obtained through the
Laplace inversion, SR�

ion(k,t) ) L-1[SR�
ion(k,z)].

The wavevector- and frequency-dependent isotropic ion
dynamic structure factor [SR�

ion(k,z)] is related to the translational
frictional kernel [ΓT

ion(k,z)] as30,51

where M denotes the mass and σ is the hard-sphere diameter of
the translating ion. SR�

ion(k,z) is approximated by its diffusive
limit30,51

where the translational diffusion coefficient of an ion (DT
ion) was

obtained from the experimental viscosity and slip boundary
condition using the hard-sphere radius of the moving ion. The
isotropic static ion structure factor, SR�

ion(k), was calculated using
the relation52,53

where qR is the charge of the Rth type of ion and κ is the
renormalized screening constant. κ is related to the Debye
screening constant, κD, as

with

TABLE 1: Temperature-Dependent Viscosities and
Dielectric Relaxation Parameters Used in the Calculationsa,b

temp
(K)

viscosity
(P) ε0 S1 τ1 (ps) R1 �1 S2 τ2 (ps) ε∞

[bmim][PF6 ]
288.15 5.737 16.7 12.8 2625 0.61 1 1.32 0.50 2.55
298.15 2.496 16.1 12.0 1178 0.57 1 1.86 0.47 2.24
308.15 1.401 17.2 13.2 905 0.58 1 1.61 0.48 2.30
318.15 0.811 16.8 12.9 535 0.56 1 1.39 0.64 2.56
328.15 0.531 13.9 9.8 166 0.50 1 1.71 0.61 2.39
338.15 0.358 13.0 8.5 106 0.43 1 1.23 1.39 3.27

[bmim][BF4 ]
278.15 3.192 14.4 10.1 670 0.59 1 3.24 0.26 1.10
288.15 1.947 14.1 9.64 351 0.54 1 2.78 0.40 1.72
298.15 0.996 14.6 10.0 284 0.52 1 2.04 0.62 2.57
308.15 0.582 13.8 9.09 140 0.49 1 1.68 0.80 2.98
318.15 0.378 13.3 8.43 93.7 0.45 1 1.71 0.94 3.11
328.15 0.290 12.5 7.56 59.4 0.40 1 1.76 0.97 3.17
338.15 0.208 12.5 7.34 52.5 0.39 1 1.58 1.42 3.56

[bmim][DCA]
278.15 0.660 12.4 7.93 150 0.43 1 1.20 0.73 3.24
288.15 0.434 11.7 7.14 89.3 0.39 1 1.12 1.06 3.48
298.15 0.293 11.3 6.42 63.0 0.33 1 0.75 2.09 4.11
308.15 0.203 11.0 6.04 49.1 0.30 1 1.41 1.39 3.58
318.15 0.144 11.1 6.24 41.4 0.32 1 1.47 1.25 3.42
328.15 0.104 10.8 5.75 34.6 0.29 1 1.66 1.32 3.40
338.15 0.077 11.0 6.14 28.9 0.32 1 1.46 1.21 3.36

[hmim][BF4]
278.15 5.750 11.0 7.03 1048 0.60 1 1.33 0.50 2.68
288.15 3.157 12.3 8.27 893 0.58 1 1.52 0.50 2.51
298.15 1.741 12.0 7.87 451 0.54 1 1.95 0.44 2.18
308.15 1.030 12.2 8.09 283 0.53 1 1.91 0.46 2.20
318.15 0.659 12.8 8.70 240 0.52 1 1.63 0.58 2.49
328.15 0.445 12.5 8.47 151 0.50 1 2.14 0.44 1.93
338.15 0.339 12.6 8.29 121 0.48 1 1.22 0.98 3.06

[emim][BF4]
278.15 0.761 16.3 11.0 99.3 0.46 1 1.85 1.00 3.41
288.15 0.532 15.6 10.2 60.7 0.44 1 1.65 1.26 3.69
298.15 0.372 14.5 8.70 46.6 0.36 1 2.05 1.22 3.75
308.15 0.256 13.6 7.42 36.6 0.31 1 2.13 1.60 4.07
318.15 0.188 13.0 7.31 21.9 0.34 1 1.91 1.30 3.75
328.15 0.127 12.6 6.51 18.4 0.26 1 2.41 1.24 3.64
338.15 0.089 12.1 5.84 15.5 0.20 1 2.48 1.29 3.79

[emim][DCA]
278.15 0.403 11.7 5.95 46.4 0.23 1 1.49 1.88 4.30
288.15 0.288 11.3 5.28 34.5 0.18 1 1.69 2.14 4.37
298.15 0.210 11.0 4.97 30.7 0.16 1 1.90 1.84 4.18
308.15 0.156 10.5 4.25 25.2 0.13 1 1.95 2.08 4.33
318.15 0.119 10.0 3.55 18.9 0.08 1 2.11 2.11 4.31
328.15 0.091 10.1 3.74 16.7 0.10 1 2.06 2.11 4.32
338.15 0.072 10.0 3.17 16.1 0.03 1 2.38 2.49 4.42

[hmim][NTf2]
278.15 2.141 13.8 10.6 925 0.55 1 0.43 0.80 2.77
288.15 1.146 12.1 8.72 299 0.47 1 0.65 0.80 2.71
298.15 0.678 12.7 9.40 233 0.47 1 0.68 0.80 2.58
308.15 0.433 11.6 8.11 128 0.40 1 1.09 0.69 2.40
318.15 0.294 11.9 8.40 107 0.39 1 0.97 0.80 2.52
328.15 0.210 11.3 7.68 73.1 0.34 1 1.19 0.80 2.38
338.15 0.157 11.2 7.56 64.0 0.33 1 1.03 1.2 2.66

a Experimentally measured dielectric relaxation parameters were taken
from ref 28. b Viscosities were taken from references: Ref 39. Gu, Z.;
Brennecke, J. F. J. Chem. Eng. Data 2002, 47, 339. Zhou, Q.; Wang,
L. S.; Chen, H. P. J. Chem. Eng. Data 2006, 51, 905. Fredlake, C. P.;
Crosthwaite, J. M.; Hert, D. G.; Aki, S. N. V. K.; Brennecke, J. F.
J. Chem. Eng. Data 2004, 49, 954. Yoshida, Y.; Baba, O.; Saito, G. J.
Phys. Chem. B 2007, 111, 4742. Sanmamed, Y. A.; Gonzalez-Salgado, D.;
Troncoso, J.; Cerdeirina, C. A.; Romani, L. Fluid Phase Equilib. 2007,
252, 96. Navia, P.; Troncoso, J.; Romani, L. J. Chem. Eng. Data 2007,
52, 1369. Taguchi, R.; Machida, H.; Sato, Y.; Smith, R. L., Jr.
J. Chem. Eng. Data 2009, 54, 22. Zhang, S.; Li, X.; Chen, H.; Wang,
J.; Zhang, J.; Zhang, M. J. Chem. Eng. Data 2004, 49, 760. Leong,
T. I.; Sun, I. W.; Deng, M. J.; Wu, C. M.; Chen, P. Y. J. Electrochem.
Soc. 2008, 155, F55-560. Tokuda, H.; Hayamizu, K.; Ishii, K.; Susan,
Md. A. B. H.; Watanabe, M. J. Phys. Chem. B 2005, 109, 6103. Note
that some data were interpolated or extrapolated wherever necessary.

Ssi(t) )
〈∆Esi(t) ∆Esi(0)〉

〈|∆Esi(0)|2〉

)

2(kBT

2π )2

∑
R,�

√nR
0n�

0 ∫0

∞
dk k2Ssolute

10 (k;t) csR
10(k) cs�

10(-k) SR�
ion(k;t)

2(kBT

2π )2

∑
R,�

√nR
0n�

0 ∫0

∞
dk k2Ssolute

10 (k) csR
10(k) cs�

10(-k) SR�
ion(k)

(8)

kBT

Mσ2[z + ΓT
ion(k, z)]

)
SR�

ion(k)[SR�
ion(k) - zSR�

ion(k, z)]

k2SR�
ion(k, z)

(9)

SR�
ion(k, z) )

SR�
ion(k)

z + DT
ionk2/SRR

ion(k)
(10)

SR�
ion(k) ) δR� -

4π√nR
0n�

0qRq�

kBTε0(1 + kσ)
κ

2

κD
2

cos(kσ) + κ

k
sin(kσ)

(k2 + κ
2)

(11)

κ )
κD

√1 - (κDσ)2/2 + (κDσ)3/6
(12)

κD ) � 4π
kBTε0

∑
R

nR
0qR

2
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δR� signifies the Kronecker’s delta representation, which means
that δR� ) 1 if the correlation is considered between ions of
the same type (cation or anion) and δR� ) 0 otherwise. Table
2 summarizes the parameters required for the calculations of
the static structure factors. The solute dynamic structure factor,
Ssolute

lm (k,t) is assumed to be given by45 Ssolute
lm (k,t) ) (1/4π)

exp{-[l(l + 1)DR
s + k2DT

s ]t}. The rotational (DR
s ) and transla-

tional (DT
s ) diffusion coefficients of the solute were obtained

from experimental viscosity using respectively the stick-and-
slip hydrodynamic boundary conditions.50

D. Calculation of the Wavevector-Dependent Direct Cor-
relation Function between Ions and the Dipolar Solute, csr

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

10(k),
was again approximated as that in the homogeneous limit and
was taken as32,45

where µ1 is the dipole moment of the excited solute and rc is
the distance of the closest approach between the solute and a
given ionic species.

Equation 8 indicates that the center-of-mass motion of the
ions is responsible for the relaxation of the solute-ion
(dipole-ion) interaction contribution. This involves structural
relaxation of the ion dynamic structure factor and induces a
red shift in the fluorescence spectrum on the translational
diffusion time scale. Because the diffusion time scale is

associated with molecular-length-scale processes (involving
nearest neighbors),45 the effects on the spectrum arise after the
orientational polarization relaxation is complete. The details of
the solvent structure around the solute become more relevant
at this time scale, as breakage and formation of the solvation
shell occur through translational motion of the solvating
species.54 Consequently, static heterogeneity, if present, assumes
more importance after the initial phase of solvation energy
relaxation. Because the heterogeneity of any type (spatial or
temporal) is completely neglected in the present theory, the
calculated results are expected to describe only the qualitative
features of the experimental dynamics. However, the dominance
of the collective (kσ f 0) solvent modes in the Stokes shift
dynamics of dipolar ionic liquids29 has considerably reduced
the importance of the detailed solvent structure, leading to a
much better agreement than expected. According to the present
theory, it is this center-of-mass motion of ions that produces
the slow long-time tail of the observed dynamics in ionic liquids
and electrolyte solutions.

The above discussion suggests that the ion-solute contribu-
tion to the dynamical Stokes shift can be approximated as
[〈|∆Esi(0)|2〉]1/2, which can be calculated easily from the de-
nominator of eq 8. The calculated total dynamic Stokes shift is
then expressed as30

The calculated shifts reported here were obtained using eq 14.
Densities, viscosities, and diffusion coefficients required in the

TABLE 2: Parameters Used to Calculate Static Structure Factors

molecular weight (g/mol) ionic radiusa (Å)

ionic liquid dipole momentb (D) cation anion cation anion densityc (g/cm3)

[bmim][PF6 ] 4.4 139.2 145.0 3.39 2.72 1.377 (288.15), 1.368 (298.15),
1.360 (308.15), 1.349 (318.15),
1.339 (328.15), 1.329 (338.15)

[bmim][BF4 ] 3.7 139.2 86.8 3.39 2.29 1.217 (278.15), 1.209 (288.15),
1.202 (298.15), 1.195 (308.15),
1.189 (318.15), 1.183 (328.15),
1.177 (338.15)

[bmim][DCA] 3.8 139.2 66.0 3.39 2.50 1.062 (278.15), 1.059 (288.15),
1.057 (298.15), 1.055 (308.15),
1.050 (318.15), 1.044 (328.15),
1.038 (338.15)

[hmim][BF4] 3.9 167.3 86.8 3.57 2.29 1.159 (278.15), 1.152 (288.15),
1.145 (298.15), 1.138 (308.15),
1.131 (318.15), 1.124 (328.15),
1.117 (338.15)

[emim][BF4] 3.7 113.2 86.8 3.03 2.29 1.295 (278.15), 1.288 (288.15),
1.279 (298.15), 1.272 (308.15),
1.265 (318.15), 1.258 (328.15),
1.250 (338.15)

[emim][DCA] 3.4 113.2 66.0 3.03 2.50 1.098 (278.15), 1.082 (288.15),
1.066 (298.15), 1.050 (308.15),
1.034 (318.15), 1.018 (328.15),
1.002 (338.15)

[hmim][NTf2] 5.0 167.3 280.1 3.57 3.39 1.386 (278.15), 1.376 (288.15),
1.366 (298.15), 1.356 (308.15),
1.345 (318.15), 1.335 (328.15),
1.325 (338.15)

a From references: Tokuda, H.; Hayamizu, K.; Ishii, K.; Susan, Md. A. B. H.; Watanabe, M. J. Phys. Chem. B 2005, 109, 6103. Tokuda, H.;
Ishii, K.; Susan, Md. A. B. H.; Tsuzuki, S.; Hayamizu, K.; Watanabe, M. J. Phys. Chem. B 2006, 110, 2833. Ref 14. Ref 48. b Dipole moments
of the effective dipolar liquids calculated from the MSA using the experimental dielectric constant at 298.15 K, assumed to be the same for all
temperatures. c From references: Ref 39. Gu, Z.; Brennecke, J. F. J. Chem. Eng. Data 2002, 47, 339. Zhou, Q.; Wang, L. S.; Chen, H. P.
J. Chem. Eng. Data 2006, 51, 905. Fredlake, C. P.; Crosthwaite, J. M.; Hert, D. G.; Aki, S. N. V. K.; Brennecke, J. F. J. Chem. Eng. Data
2004, 49, 954. Yoshida, Y.; Baba, O.; Saito, G. J. Phys. Chem. B 2007, 111, 4742. Sanmamed, Y. A.; Gonzalez-Salgado, D.; Troncoso, J.;
Cerdeirina, C. A.; Romani, L. Fluid Phase Equilib. 2007, 252, 96. Navia, P.; Troncoso, J.; Romani, L. J. Chem. Eng. Data 2007, 52, 1369.
Taguchi, R.; Machida, H.; Sato, Y.; Smith, R. L., Jr. J. Chem. Eng. Data 2009, 54, 22. Zhang, S.; Li, X.; Chen, H.; Wang, J.; Zhang, J.;
Zhang, M. J. Chem. Eng. Data 2004, 49, 760. Leong, T. I.; Sun, I. W.; Deng, M. J.; Wu, C. M.; Chen, P. Y. J. Electrochem. Soc. 2008, 155,
F55-560. Tokuda, H.; Hayamizu, K.; Ishii, K.; Susan, Md. A. B. H.; Watanabe, M. J. Phys. Chem. B 2005, 109, 6103. Note that some data
were obtained from interpolation or extrapolation wherever necessary.

csR
10(k) ) -�4π

3 (4πiµ1qR

kBTε0k )sin(krc)

krc
(13)

∆νt ) ∆νsd
t + ∆νsi

t ) √〈|∆Esd(0)|2〉 + √〈|∆Esi(0)|2〉
(14)
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calculation were taken from the literature and interpolated and
extrapolated wherever necessary. The excited-state dipole mo-
ment of C153 was taken to be 14 D at all temperatures.37,55

The temperature dependence enters into the present calculation
through the (i) prefactors, (ii) the solute-solvent dipole-dipole
and dipole-ion direct correlation functions, (iii) the orientational
and isotropic (translational) dynamic structure factors of the
dipolar ionic species, (iv) the translational dynamic structure
factor of the ions, and (v) the solute dynamic structure factor.
The present theory therefore not only enables the prediction of
the overall temperature dependence of the Stokes shift and its
dynamics in these ionic liquids but also reveals the microscopic
origin of the observed dependence, as each of the contributing
components can be separately analyzed.

III. Numerical Results

A. Calculated Dynamic Stokes Shift: Temperature De-
pendence. We now present the calculated temperature-depend-
ent dynamic Stokes shift for C153 in seven different imidazo-
lium ionic liquids: [bmim][PF6], [bmim][BF4], [bmim][DCA],
[emim][BF4], [emim][DCA], [hmim][BF4], and [hmim][NTf2].
The calculated total dynamic Stokes shifts (∆νt), along with
the solute-solvent dipole-dipole (∆νsd

t ) and dipole-ion (∆νsi
t )

interaction contributions, for the temperature range of 278.15
e T/K e 338.15 are summarized in Table 3 where the slope of
the calculated dependence, d∆νt/dT, is also shown in the last
column. The following general observations can be made
immediately from this table: (i) the calculated total shift ranges
roughly between ∼1600 and ∼2500 cm-1 for these ionic liquids
in the above temperature range; (ii) the dipole-ion (solute-ion)
interaction (∆νsi

t ) constitutes approximately 50-60% of the total
calculated shift (∆νt); (iii) the total change in calculated ∆νt

values is rather small (only 10-20% in a given liquid) and in
the range of ∼200-400 cm-1; (iv) the increase in solution
temperature increases ∆νt, except for [hmim][BF4], for which
the calculated total shift decreases with increase in temperature;
(v) the increase in dipole-dipole interaction contribution (∆νsd

t )
with temperature for all of these ionic liquids is ∼2% (between
∼20-50 cm-1); and (vi) the enhancement of the dipole-ion
contribution is ∼25% and thus much larger (130 e ∆νsi

t /cm-1

e 335), except for [hmim][BF4], for which ∆νsi
t decreases with

temperature. Note that, whereas the first two observations are
in agreement with the existing experimental data56 and our
earlier theoretical study for a few imidazolium ionic liquids at
room temperature,30 the rest of the predictions are completely
new and thus require comparison with experimental data to test
the validity of the present theory.

Recently, dynamic Stokes shifts of C153 in a few ammonium
and pyrrolidinium ionic liquids with a common anion, [NTf2]-,
were measured24 in nearly the same temperature range as
considered here. The measured dynamic Stokes shifts were
found to vary between ∼1300 and 1600 cm-1 for the ammonium
ionic liquids and between ∼1000 and 1500 cm-1 for the
pyrrolidinium analogues, although a certain portion of the total
shift is believed to have been missed, particularly at high
temperature and low viscosity, because of the limited time
resolution (∼10 ps) employed in those experiments.24 The
measured shifts for the relatively more viscous ammonium ionic
liquids were found to increase with temperature. Moreover, the
measured temperature-induced total change in ∆νt for these
liquids is ∼200-400 cm-1, which is strikingly similar to the
prediction for the imidazolium ionic liquids considered here.
The similarity in the temperature-induced total changes of ∆νt

for ammonium and imidazolium ionic liquids might initially

appear surprising. However, if the prediction that the temperature
dependence of the total shift is mainly that of the dipole-ion
contribution (∆νsi

t ) is considered together with the result that
∆νsi

t constitutes more than half of the total shift for imidazolium
ionic liquids (see Table 3 and ref 30) and almost the entire shift
for nondipolar ionic liquids,30 then a very similar temperature
dependence of the dynamic Stokes shift in all of these ionic
liquids should be expected. Temperature-dependent (253 e T/K
e 333) dynamic Stokes shift measurements for the charge-
transfer (CT) band of 9,9′-bianthryl (BA) in several imidazolium
ionic liquids containing [BF4]-, [PF6]-, or trifluoromethylsul-
fonyl imide ([TFSI]-) anion, on the other hand, indicated23 a
total shift that varies approximately between ∼1300 and 2800

TABLE 3: Temperature-Dependent Dynamic Stokes Shift
(∆νt)

temperature
(K)

dipole-dipole
contribution,
∆νsd

t (cm-1)

ion-dipole
contribution,
∆νsi

t (cm-1)

total
(∆νt ) ∆νsd

t +
∆νsi

t )(cm-1)
d(∆νt)/dT
(cm-1/K)

C153 in [bmim][PF6]
288.15 864 849 1713 5.03
298.15 871 877 1748
308.15 876 812 1688
318.15 882 827 1709
328.15 889 1007 1896
338.15 896 1076 1972

C153 in [bmim][BF4]
278.15 831 1054 1885 3.36
288.15 845 1071 1916
298.15 853 1026 1879
308.15 860 1084 1944
318.15 866 1122 1988
328.15 872 1193 2065
338.15 877 1186 2063

C153 in [bmim][DCA]
278.15 826 1212 2038 2.64
288.15 833 1285 2118
298.15 839 1330 2169
308.15 845 1363 2208
318.15 850 1344 2194
328.15 855 1376 2231
338.15 859 1342 2201

C153 in [hmim][BF4]
278.15 799 1285 2084 -2.48
288.15 804 1134 1938
298.15 809 1157 1966
308.15 813 1130 1943
318.15 818 1067 1885
328.15 821 1088 1909
338.15 827 1072 1899

C153 in [emim][BF4]
278.15 910 1014 1924 6.45
288.15 918 1057 1975
298.15 926 1136 2062
308.15 933 1210 2143
318.15 939 1263 2202
328.15 945 1299 2244
338.15 951 1349 2300

C153 in [emim][DCA]
278.15 851 1409 2260 3.16
288.15 855 1446 2301
298.15 858 1473 2331
308.15 861 1531 2392
318.15 864 1595 2459
328.15 866 1561 2427
338.15 868 1560 2428

C153 in [hmim][NTf2]
278.15 763 817 1580 2.7
288.15 769 935 1704
298.15 773 882 1655
308.15 777 965 1742
318.15 781 933 1714
328.15 785 980 1765
338.15 788 983 1771
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cm-1. This is also in qualitative agreement with the results
predicted here. In addition, these measurements23 reveal a slope
of nearly 6 cm-1/K for the temperature dependence of the
asymptotic CT band peak obtained from the time-resolved
experiments [that is, νCT(t ) ∞)] with BA in [bmim][TFSI] and
[emim][TFSI]. Similar analyses using the data for C153 in
ammonium and pyrrolidinium ionic liquids24 produce a slope
of ∼1 cm-1/K. The slopes, d∆νt/dT, obtained in the present
work and summarized in Table 3 for C153 in various imida-
zolium ionic liquids ([hmim][BF4] being an exception) are
therefore well within this range, suggesting the validity of the
present calculation scheme for studying the temperature depen-
dence of Stokes shift dynamics in these ionic liquids.

Next, we explore whether the ionic liquid [hmim][BF4] is
really very different from other liquids considered here, as well
as the correlation between the slopes (dε0/dT) obtained from
temperature-dependent dielectric relaxation measurements of
these liquids28 and those (d∆νt/dT) from the calculated temper-
ature-dependent total dynamic Stokes shifts. Figure 1 depicts
such a correlation, where these slopes exhibit an inverse linear
relationship. Note that the dε0/dT values for these ionic liquids
are very low28 and range between 0.04 and -0.10. This suggests
that the rise in temperature does not significantly disturb the
long-wavelength static orientational correlations in these ionic
liquids.47,50 In addition, the temperature dependence of the
solvent dipole moment for these ionic liquids also becomes weak
as the former is calculated from measured ε0 values. Because
these static orientational correlations (both solute-solvent and
solvent-solvent) at the long-wavelength (kσf 0) limit govern
the magnitude of the Stokes shift in the present theory, the
predicted overall weak temperature dependence of the Stokes
shift for these liquids is expected. The temperature dependence
of the dipole-dipole contribution (∆νsd

t ) is insignificant (∼2%)
because of negligible changes in these static dipole-dipole
correlations and the solvent dipole moment. However, for ∆νsi

t ,
the temperature dependence is relatively stronger because the
solute-solvent ion-dipole static correlation, which is very large
in the kσ f 0 limit (see eq 13), varies inversely as ε0. In fact,
(1/ε0)2 increases by ∼25-40% in these liquids as the temper-
ature is changed in this range. As a result, ∆νsi

t changes
approximately by the same amount. The increase in ∆νsi

t with
temperature can be interpreted as arising out of the enhanced
solute-ion (dipole-ion) interaction due to the decrease in ε0

with temperature for these ionic liquids. This also explains why
dε0/dT for [hmim][BF4] is positive but d∆νt/dT is negative. It
is therefore natural that [hmim][BF4], which appeared to be

different from the other ionic liquids in both the dielectric
relaxation measurements (positive slope) and the Stokes shift
calculations (negative slope), obeys the same correlation as the
others. Interestingly, thermosolvatochromic studies with pyri-
dinium, pyrrolidinium, and imidazolium ionic liquids have also
indicated a decrease in solution polarity [more specifically, the
ET(30) values] with increasing temperature.57-60 Because the
present theory suggests enhanced solute-solvent interaction due
to a decrease in ε0 when the temperature is raised, a red shift in
the spectrum (absorption or emission) of dye molecule dissolved
in these liquids is expected. This then naturally leads to lowering
of the ET(30) value, as it is inversely proportional to λmax, where
the latter denotes the wavelength corresponding to the absorption
maximum for Reichardt’s dye61 in these ionic liquids.

Apart from the features discussed above, there still remain a
few subtle aspects of the calculated shifts that warrant further
discussion. For example, the calculated temperature-dependent
total shift is the largest among all at any given temperature for
[emim][DCA] (ranges between 2260 and 2430 cm-1) and the
smallest for [hmim][NTf2] (ranges between 1580 and 1780
cm-1). This is a reflection of the dependence of the Stokes shift
on the solute-solvent size ratio,62 the effective volume28 (Veff)
being the smallest for [emim][DCA] and the largest for
[hmim][NTf2]. This is further supported by the calculations that
both ∆νsd

t and ∆νsi
t are uniformly larger in [emim][BF4] (Veff )

0.81 Å3) than in [bmim][PF6] (Veff ) 5.3 Å3), even though the
ε0 values for these two liquids are comparable at these
temperatures.

B. Stokes Shift Dynamics: Temperature Dependence.
Next we present numerical results on the temperature-dependent
Stokes shift dynamics of C153 in these seven imidazolium ionic

Figure 2. Temperature dependence of the calculated solvation response
function for C153 in [bmim][PF6]. The four different panels describe
the temperature dependence of different predicted contributions: (a)
solute-solvent dipole-dipole interaction part, Ssd(t), using eq 4; (b)
solute-solvent dipole-ion interaction part, Ssi(t), using eq 8; (c) total,
SE(t), using eq 3; (d) constructed, Sss(t) ) 0.90Ssd(t) + 0.10Ssi(t). The
black, red, green, blue, magenta, and cyan lines represent the calculated
response functions at 288.15, 298.15, 308.15, 318.15, 328.15, and
338.15 K, respectively. Note that the subpicosecond component
originates only through the Ssd(t) component. The Laplace inversion
discussed in the text was performed by using the Stehfest algorithm
(Stehfest, H. Commun. ACM 1970, 13, 624.).

Figure 1. Correlation between the temperature coefficients of the
measured static dielectric constant and the calculated total dynamic
Stokes shift for the imidazolium ionic liquids considered. The circles
with error bars denote values for these ionic liquids, and the line denotes
a linear regression fit through these symbols with a correlation
coefficient (R) of 0.9.
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liquids. Whereas the calculated decays of the normalized
solvation energy correlation function for [bmim][PF6] and
[emim][DCA] are shown in Figures 2 and 3, the decays for
five other ionic liquids are provided in the Supporting Informa-
tion (Figures S1-S5). These two liquids were chosen as
representative because (i) [bmim][PF6] has the highest ε0 value
(between 17 and 13) and [emim][DCA] has the lowest (between
12 and 10) among all of the liquids at any given temperature,
(ii) the effective volumes are widely different (5.3 versus 0.73
Å3), and (iii) the viscosities span two very different ranges (5.74
g η/P g 0.36 for [bmim][PF6] and 0.41 g η/P g 0.07 for
[emim][DCA]). Because all of these solvent properties are
known to affect the rate of solvation energy relaxation, the
difference in results can largely be attributed to the dissimilarities
of these parameters.

In these Figures 2 and 3, the upper panels display the
calculated decays of the normalized solvation response function
due to solute-solvent dipole-dipole and dipole-ion interaction
contributions [Ssd(t) using eq 4 and Ssi(t) using eq 8, respec-
tively], and the lower panels display the same for the total shift
[SE(t), using eq 3] and a “numerically synthesized” response
function, Sss(t) ) 0.9Ssd(t) + 0.1Ssi(t). The motivation for such
a synthesized response function originates from our earlier
works,30 where a 10-15% contribution from Ssi(t) was found
to generate almost quantitative agreement with the available
experimental data for several imidazolium ionic liquids at room
temperature. Sss(t) was therefore expected to be closer than the
other three quantities to the experimental Stokes shift dynamics
measured with C153 in these ionic liquids at temperatures of
278.15 e T/K e 338.15. It is evident from these figures and
the related calculations shown in the Supporting Information
(Figures S1-S5) that the solvation dynamics in these liquids is
bimodal at these temperatures, which becomes increasingly
faster as the solution temperature is raised. The decay at ∼338
K for [bmim][PF6] does not obey this trend, which is probably
due to the inaccuracy involved in the proper description of the
measured dielectric relaxation spectra28 at this temperature.

Subsequently, the calculated temperature-dependent decays
for all of these liquids were fitted to a normalized function, Sfit(t)
) a1 exp(-t/τ1) + a2 exp[-(t/τ2)�], to determine the amplitudes
(ai values), time constants (τi values), and magnitudes of the
stretching exponent � associated with the calculated response
functions. Note that the above equation becomes a simple
biexponential function of time in the limit of � ) 1. Interest-
ingly, although Sfit(t) was found to adequately describe Ssi(t)
for both � ) 1 and 0.6 < � < 0.7 for all of these liquids in this
temperature range, the other calculated response functions
required stretched exponentials with � ranging between ∼0.3
and 0.8. Tables 4 and 5 summarize the parameters obtained from
such fits to the calculated response functions and also the
average solvation times, 〈τx〉 ) ∫0

∞dt Sx(t), where x ) se, sd, si,
or ss, for [bmim][PF6] and [emim][DCA], respectively. Similar
fit parameters for the other liquids are provided in the Supporting
Information (see Tables S6-S10).

The data in these tables clearly indicate that the solvation
energy relaxation due to the solute-solvent dipolar interaction
(Ssd) is characterized, depending on temperature and identity of
the ionic liquid, by an exponentially decaying fast component

Figure 3. Temperature-dependent calculated solvation response func-
tion for C153 in [emim][DCA]. The black, red, green, blue, magenta,
cyan, and dark green lines represent the calculated response functions
at 278.15, 288.15, 298.15, 308.15, 318.15, 328.15, and 338.15 K,
respectively. The other representations remain the same as in Figure
2.

TABLE 4: Temperature Dependence of Solvation Response
Function for C153 Probe in [bmim][PF6]

type of study a1 τ1 (ps) a2 τ2 (ps) � 〈τs〉 (ns)

Τ ) 288.15 K
Ssi(t) (exponential) 0.65 2616 0.35 15555 1 7.14
Ssi(t) (stretched

exponential)
0.38 3219 0.62 7220 0.64 7.45

Ssd(t) 0.24 0.34 0.76 453 0.31 2.76
Sse(t) 0.18 0.38 0.82 3061 0.52 4.68
Sss(t) 0.25 0.34 0.75 891 0.35 3.36

T ) 298.15 K
Ssi(t) (exponential) 0.68 1423 0.32 8557 1 3.70
Ssi(t) (stretched

exponential)
0.39 1742 0.61 3592 0.62 3.84

Ssd(t) 0.33 0.27 0.67 205 0.33 0.86
Sse(t) 0.21 0.29 0.79 1588 0.54 2.20
Sss(t) 0.33 0.27 0.67 428 0.37 1.20

T ) 308.15 K
Ssi(t) (exponential) 0.68 837 0.32 4919 1 2.14
Ssi(t) (stretched

exponential)
0.40 1019 0.60 2134 0.63 2.22

Ssd(t) 0.30 0.28 0.70 128 0.33 0.56
Sse(t) 0.22 0.30 0.78 866 0.52 1.26
Sss(t) 0.31 0.28 0.69 259 0.37 0.75

T ) 318.15 K
Ssi(t) (exponential) 0.67 485 0.33 2835 1 1.26
Ssi(t) (stretched

exponential)
0.40 574 0.60 1293 0.64 1.31

Ssd(t) 0.25 0.40 0.75 81 0.34 0.34
Sse(t) 0.19 0.41 0.81 493 0.51 0.77
Sss(t) 0.26 0.39 0.74 148 0.38 0.42

T ) 328.15 K
Ssi(t) (exponential) 0.66 326 0.34 1894 1 0.86
Ssi(t) (stretched

exponential)
0.39 379 0.61 902 0.66 0.89

Ssd(t) 0.30 0.37 0.70 40 0.35 0.14
Sse(t) 0.18 0.37 0.82 379 0.54 0.54
Sss(t) 0.29 0.36 0.71 74 0.37 0.22

T ) 338.15 K
Ssi(t) (exponential) 0.65 221 0.35 1279 1 0.59
Ssi(t) (stretched

exponential)
0.39 263 0.61 629 0.66 0.62

Ssd(t) 0.21 1.11 0.79 42 0.42 0.10
Sse(t) 0.10 0.90 0.90 250 0.53 0.41
Sss(t) 0.19 1.15 0.81 61 0.41 0.15
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(∼15-40%) with a time constant (τ1) of nearly a picosecond
or even less, followed by a relatively slower stretched expo-
nential decay with a time constant (τ2) spanning over ap-
proximately 10 ps to a few hundred picoseconds. It is interesting
to note that, in these calculations, the ultrafast component was
predicted by using the experimental dielectric relaxation pa-
rameters28 that accounted for contributions only from the
rotational processes (Cole-Cole and Debye) and not from any
solvent librations. This means that fast dipolar rotation might,
as observed in common polar solvents, be responsible for the
subpicosecond response in the Stokes shift dynamics of these
ionic liquids. The coupling of the solvent libration modes then
merely accelerates further the already fast initial part of the total
polar solvation energy relaxation. The decay of the solute-ion
interaction part (Ssi), on the other hand, is much slower, with

both time constants being many times larger than the corre-
sponding ones describing Ssd. These results and the observations
made above therefore strongly suggest that the solute-solvent
dipolar interaction is indeed responsible for the ultrafast
component in the Stokes shift dynamics of these imidazolium
ionic liquids. As expected, however, the average solvation time
(〈τs〉) obtained from Ssi(t) was found to track the solution
viscosity more closely, as the slow decay is linked to the
relaxation of the isotropic ion dynamic structure factor. An
overall increase of the stretching exponent (�) with the rise in
temperature was also observed in these calculations. This
indicates increased homogenization of the solvent structure at
higher temperature and originates in the theory solely from the
use of experimental dielectric relaxation data.

A comparative study of the predicted time constants sum-
marized in Tables 4 and 5 seems to reveal that, although the
average solvation times are uniformly shorter for [emim][DCA]
than for [bmim][PF6] because of the higher viscosity range of
the latter, the fast time constant (τ1) associated with the
relaxation of the dipole-dipole interaction energy (Ssd) is longer
by a factor of ∼4-6 in the former (except at ∼338 K). This is
because the faster dielectric relaxation time constant for [emim]-
[DCA] is ∼3 times larger than that measured for [bmim][PF6]
at each of the temperatures studied. In addition, the relatively
larger static dielectric constant of [bmim][PF6] might also
produce a steeper curvature for the free energy surface32 in
which the polar part of the solvation energy relaxes. The above
results are, however, predictions of a theory that used the
experimental dielectric relaxation data and, hence, was tuned
to how good the different models are in accurately describing
the experimental dielectric relaxation measurements. With such
a caveat notwithstanding, a factor of ∼4-6 difference is too
large to be suggested to arise from either the inaccurate
description of dielectric relaxation in these liquids or the
approximations involved in the present theory. This prediction
therefore should be tested against experiments.

Next, the temperature dependence of the calculated average
solvation times, 〈τx〉 (with x ) sd, si, se, or ss) for these liquids
are presented in Figure 4, where the inverse of the calculated
times is shown on a logarithmic scale as a function of inverse
temperature (1/T). The dependence shown in Figure 4 clearly
indicates an exponential rise of average times with 1/T and an
Arrhenius type of temperature dependence. Such behavior only
indicates the dominance of solvent structural relaxation (both
orientational and isotropic) on the average rate of solvation
energy relaxation in these media. Note that these calculations
consider only the diffusive solvent structural relaxation, as the
pure solvent dynamics is incorporated through the experimental
dielectric relaxation data of these liquids and assuming a
diffusive center-of-mass motion of the solvent particles. Solvent
dynamics due to collective solvent libration modes that appear
in the terahertz (THz) domain was not included, as the frequency
range covered in these dielectric relaxation measurements28 is
limited within the range 0.2 e ν/GHz e 89. Therefore, the
intermolecular dynamics that occurs in the subpicosecond time
scale63 and was simulated to be temperature-dependent64 does
not contribute to the time scale found in these calculations. The
effects of temperature on these average solvation times enter
mainly through the temperature dependence of the diffusion
times through liquid viscosity. Therefore, a proportionality
relationship between these average solvation times and tem-
perature is expected for these liquids.26,65 The present calcula-
tions predict a decrease in 〈τss〉 by a factor of 8 for C153 in
[bmim][PF6] upon increasing the temperature from 298 to 338

TABLE 5: Temperature Dependence of Solvation Response
Function for C153 Probe in [emim][DCA]

type of study a1 τ1 (ps) a2 τ2 (ps) � 〈τs〉 (ns)

T ) 278.15 K
Ssi(t) (exponential) 0.63 306 0.37 1821 1 0.87
Ssi(t) (stretched

exponential)
0.35 363 0.65 865 0.66 0.88

Ssd(t) 0.26 1.63 0.74 33 0.58 0.039
Sse(t) 0.06 1.76 0.94 404 0.54 0.66
Sss(t) 0.27 3.59 0.73 52 0.43 0.10

T ) 288.15 K
Ssi(t) (exponential) 0.62 210 0.38 1262 1 0.61
Ssi(t) (stretched

exponential)
0.35 257 0.65 615 0.66 0.63

Ssd(t) 0.31 1.74 0.69 25 0.65 0.024
Sse(t) 0.07 2.23 0.93 294 0.55 0.46
Sss(t) 0.32 3.26 0.68 43 0.46 0.07

T ) 298.15 K
Ssi(t) (exponential) 0.60 141 0.40 870 1 0.43
Ssi(t) (stretched

exponential)
0.34 187 0.66 442 0.66 0.46

Ssd(t) 0.35 1.39 0.65 21 0.68 0.018
Sse(t) 0.07 1.74 0.93 217 0.55 0.34
Sss(t) 0.31 1.84 0.69 34 0.51 0.05

T ) 308.15 K
Ssi(t) (exponential) 0.53 84 0.47 580 1 0.32
Ssi(t) (stretched

exponential)
0.33 139 0.67 324 0.66 0.34

Ssd(t) 0.38 1.58 0.62 18 0.72 0.014
Sse(t) 0.07 2.31 0.93 167 0.56 0.26
Sss(t) 0.35 2.07 0.65 30 0.55 0.03

T ) 318.15 K
Ssi(t) (exponential) 0.43 41 0.57 377 1 0.23
Ssi(t) (stretched

exponential)
0.32 106 0.68 243 0.66 0.25

Ssd(t) 0.43 1.58 0.57 14 0.77 0.010
Sse(t) 0.07 2.44 0.93 133 0.58 0.19
Sss(t) 0.41 2.04 0.59 26 0.56 0.026

T ) 328.15 K
Ssi(t) (exponential) 0.40 27 0.60 274 1 0.17
Ssi(t) (stretched

exponential)
0.31 81 0.69 182 0.66 0.19

Ssd(t) 0.44 1.56 0.56 12 0.77 0.008
Sse(t) 0.08 2.53 0.92 102 0.58 0.15
Sss(t) 0.43 1.92 0.57 22 0.59 0.02

T ) 338.15 K
Ssi(t) (exponential) 0.40 21 0.60 215 1 0.14
Ssi(t) (stretched

exponential)
0.30 64 0.70 141 0.66 0.15

Ssd(t) 0.49 1.75 0.51 11 0.84 0.007
Sse(t) 0.10 3.24 0.90 84 0.60 0.11
Sss(t) 0.49 2.16 0.51 21 0.63 0.016
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K (see Table 4). Interestingly, this is very close to earlier
experimental results, where approximately an order of magnitude
decrease in the measured average solvation time was observed4

for the same liquid when the temperature was changed from
298 to 355 K. Moreover, the calculated values of 〈τss〉 at these
two temperatures also compare well with the corresponding
experimental data. These observations and those noted in the
discussion of the temperature dependence of the Stokes shift,
therefore, suggest that the present electrolyte solution model
for these ionic liquids probably correctly includes all of the
interactions that contribute to the fluorescence Stokes shift
dynamics measured in time-resolved experiments. The domina-
tion of collective (kσ f 0) solvent polarization modes in polar
solvation energy relaxation32 then substantially reduces the
effects of the inappropriate modeling of solvent particles as hard
spheres and the neglect of the heterogeneity of these dipolar
ionic liquids.

Figure 5 shows the dependence of the calculated average
solvation times, 〈τx〉, on the temperature-scaled viscosity, η/T,
for these ionic liquids. If the solvent motions during the
stabilization of the excited probe molecule, particularly at longer
times, obey the Debye-Stokes-Einstein (DSE) and Stokes-
Einstein (SE) predictions,62 then a simple power-law dependence
of 〈τx〉 on η/T is expected. In fact, calculated times shown in
four different panels of Figure 5 do indicate such a dependence,
where a fit to the theoretical results of the following form, 〈τx〉

) a(η/T)b, produces a value for the power (b) close to unity.
This is in very good agreement with what has been observed in
dynamic Stokes shift measurements of many ionic liquids.14,22,56,66

C. Activation Energy. After the analysis of the temperature
dependence of the average solvation times in Figure 4, activation
energies (Ea) associated with the solvation processes in these
imidazolium ionic liquids were determined. Even though a more
complex form such as the Vogel-Fulcher-Tammann (VFT)
equation might be more appropriate for analyzing the temper-
ature dependence,24 we employed the traditional Arrhenius
approach to estimate the activation energy because of neglect
of the static heterogeneity while calculating the static correlations
in these liquids. Note that, in these liquids, particularly at low
temperatures, there could be a distribution of activation energies
due to domain formation,15 and thus, the idea of a single
activation energy signifying homogeneity in the environment
might not be appropriate. However, an Arrhenius-type descrip-
tion can still be used to estimate the average activation energy,
and in the present scenario, a close correlation between Ea from
the calculated solvation times and that determined from the
viscosity measurements is expected. Table 6 summarizes the
results, where the calculated solvation times were fitted to the

Figure 4. Temperature dependence of the calculated average solvation
times for seven different imidazolium ionic liquids. Note that the
calculated times (on a logarithmic scale) are shown as a function of
the inverse temperature, 1/T. The dark circles denote the ionic liquid
[bmim][PF6]; red triangles, [bmim][BF4]; green inverted triangles,
[bmim][DCA]; blue squares, [hmim][BF4]; magenta diamonds,
[emim][BF4]; cyan hexagons, [emim][DCA]; and dark green stars,
[hmim][NTf2]. For further discussion, see the text.

Figure 5. Viscosity dependence of the average solvation times for
the imidazolium ionic liquids studied. The calculated average solvation
times for various components (〈τx〉) at different temperatures are shown
(circles) as a function of temperature-reduced viscosity, η/T. The line
in each panel represents a fit through the calculated times (circles) of
the following form: 〈τx〉 ) a(η/T)b. The fit parameters (a and b) along
with the corresponding value for the correlation coefficient (R) are also
shown in each of the panels.
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natural logarithm of the expression 〈τx〉 )Ax exp[Ea(x)/RT],
where Ax denotes the pre-exponential factor and RT is the
universal gas constant times the absolute temperature (T). For
comparison, the activation energies obtained from the temper-
ature-dependent measurements28 of electrical conductivity (κ),
viscosity (η) and the slowest dielectric relaxation time (τ1

DR)
are also listed in the same table. Note in Table 6 that activation
energies obtained from conductivity and dielectric relaxation
measurements are somewhat smaller than those obtained from
viscosity measurements. The reason for this difference probably
lies in the different degrees of coupling with the environment
for these measured quantities.

Because the above-measured quantities are coupled to the
same solvent-solvent interactions, the activation energies
determined from them are similar. For the same reason,
activation energies obtained from the calculated average sol-
vation times for these liquids correlate well with those from
the above measurements. The large values of Ea for
[bmim][PF6], [hmim][BF4], and [hmim][NTf2] clearly indicate
a stronger dependence of the solvation energy relaxation on
temperature in these liquids than in [bmim][DCA] and [emim]-
[DCA]. Noticeably, the Cole-Cole parameter (R in Table 1), a
sort of indicator of the degree of heterogeneity present in a
liquid, is smallest for [emim][DCA] and largest for [bmim][PF6]
and [hmim][BF4] at the lowest temperature studied.28 Further,
the Ea value obtained for [emim][DCA] from the calculated
average solvation times is in very good agreement with the
activation energies from the magnetic relaxation measurements
of rotational motion in neat [emim] [NTf2] (∼24 kJ mol-1) and
its dicyanimide analogue, [emim][(CN)2N] (∼22 kJ mol-1).26

Interestingly, while the calculated activation energy for [emim]-
[DCA] is very similar to that obtained from dynamic Stokes
shift measurements in propanol,67 those for [bmim][PF6] and
[hmim][BF4] match well with the values obtained from solvation
dynamics experiments involving γ-cyclodextrin aggregates68 and
aqueous micelles of Triton X-100,69 respectively. In addition,
Ea(〈τsi〉) and Ea(〈τse〉) for [hmim][NTf2] are quite close to the
values found in time-resolved fluorescence anisotropy measure-
ments involving the ionic liquid N,N,N-trimethyl-N-propyl am-
monium bis(trifluoromethanesulfonyl) imide ([N3111][NTf2]).70 This
is expected because the solute-solvent interaction that controls
the rotation of a dipolar solute in the nondipolar ionic liquid
[N3111][NTf2] is the solute-ion (dipole-ion) interaction. A closer
inspection of Table 6 reveals that the activation energies obtained
from 〈τsd〉 and 〈τss〉 are very similar to each other, and those from
〈τsi〉 and 〈τse〉 closely follow Ea(η) for these liquids. This correlation
is shown in Figure 6. This is because of the domination of the
dipole-dipole interaction contribution (Ssd) for Ea(〈τsd〉) and Ea(〈τss〉)
and ion-dipole part (Ssi) for Ea(〈τsi〉) and Ea(〈τse〉).

IV. Discussion

The present work indicates a weak dependence of the dynamic
Stokes shift on temperature for the seven imidazolium ionic

liquids investigated and reports an inverse correlation with the
temperature dependence of the measured dielectric constant of
these solvents. The decrease in static dielectric constant with
temperature is predicted to increase the solute-ion static
correlations, leading to an increase in the solute-ion interaction
contribution to the total dynamic Stokes shift. The total
temperature-induced change in the shift and the temperature
coefficient of it predicted for these ionic liquids are in good
agreement with the existing experimental results for either the
same or nearly the same systems. In addition, the present
calculations suggest that the fast component in the Stokes shift
dynamics arises from the fast rotational relaxation of the dipolar
ions of these liquids. This and the calculated magnitude of the
dipole-dipole interaction contribution to the total shift sub-
stantiate the role of dipole-dipole interaction and orientational
relaxation for the fluorescence spectral dynamics in these ionic
liquids. The calculated average solvation times show a near
proportionality to η/T which has also been observed earlier in
experiments with several ionic liquids. Moreover, the activation
energies obtained from the calculated solvation times are
comparing well with the available experimental results for these
liquids.

Although several predictions of the present work are in good
agreement with the available experimental results, there exist
several drawbacks. The first and most important is the complete

TABLE 6: Arrhenius Activation Energiesa

system
Ea(〈τsd〉)

(kJ mol-1)
Ea(〈τsi〉)

(kJ mol-1)
Ea(〈τse〉)

(kJ mol-1)
Ea(〈τss〉)

(kJ mol-1)
Ea(〈κ〉)

(kJ mol-1)
Ea(〈η〉)

(kJ mol-1)
Ea(〈τ1

DR〉)
(kJ mol-1)

[bmim][PF6] 52.3 40.4 39.3 49.3 38.5 ( 1.6 43.5 ( 0.1 38.4 ( 9.1
[bmim][BF4] 33.1 36.4 34.3 36.5 33.5 ( 1.3 34.6 ( 1.2 32.0 ( 3.1
[bmim][DCA] 29.4 31.0 30.4 33.1 25.4 ( 0.8 27.4 ( 0.4 19.0 ( 1.4
[hmim][BF4] 44.2 39.2 40.6 45.0 39.4 ( 1.1 39.2 ( 0.6 28.7 ( 1.8
[emim][BF4] 37.7 30.2 27.8 35.4 21.5 ( 0.5 27.5 ( 0.4 24.1 ( 1.3
[emim][DCA] 22.3 24.2 22.9 24.3 16.4 ( 0.3 24.1 ( 0.7 14.4 ( 0.9
[hmim][NTf2] 46.9 34.2 33.9 41.4 30.4 ( 1.4 31.6 ( 0.8 25.4 ( 2.6

a Experimental results for activation energy (Ea) for conductivity, κ; viscosity, η; and Debye relaxation time, τ1
DR, taken from ref 28.

Figure 6. Correlation between the calculated activation energy for
solvation, Ea(〈τx〉) and that for viscosity, Ea(η), determined from
experiments. The lines through the points in these panels denote linear
regression fits. Correlation coefficients (R) from these fits are also
shown.
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neglect of heterogeneity in solvent structure in these liquids.
Because this factor was not incorporated systematically, the
theory is unable to reveal why the average solvation times in
ionic liquids exhibit a near proportionality relationship to η/T,
even though in closely related systems (interaction-wise) a
fractional power dependence has been experimentally ob-
served.51 Second, the liquid particles are assumed to be hard
spheres with a point charge or point dipole at the center of those
spheres. Considerations of more realistic shapes and charge
distributions are therefore required for a better description of
the static correlations of these complex liquids. The use of the
mean spherical approximation (MSA) model for calculating
these correlations might be inappropriate, but the low polarity
of these liquids probably minimizes the nonlinearity effects. In
fact, the Kirkwood correlation factors obtained from experi-
ments26 and simulations71 involving ionic liquids do indicate
that such a linearized description of dipole distribution may be
valid for these complex liquids.

A recent theoretical study72 indicated that the use of dipole
moments as descriptors of several properties for ionic liquids
might not be quite accurate, as the dipole moment of an ion is
a coordinate-dependent quantity. Although this is a valid aspect
for proper modeling of a given ionic liquid, the focus here was
to uncover the possible role of dipolar interaction for Stokes
shift dynamics in ionic liquids. In the present theory, the dipole
moment is obtained from a statistical mechanical relation using
the experimentally measured static dielectric constants of these
liquids.47 Interestingly, dipole moments obtained in this manner
have been found to be very close to those obtained from more
sophisticated quantum-chemical calculations. Note the above
study72 does not question the relevance of the dipole-dipole
interaction in describing the Stokes shift dynamics in these
liquids but does raise an issue regarding how quantitative that
description would be. In addition, relevant research works71 have
indicated that the Madden-Kivelson relationship73 between the
collective and single-particle molecular dipole moment, which
has been found successful in conventional polar liquids,74 is
also qualitatively valid in describing the dielectric spectra of
ionic liquids. These pieces of evidence only suggest that the
present framework is probably safe to describe, at least
qualitatively, the Stokes shift dynamics in these liquids.

The calculations presented here on the temperature depen-
dence of average solvation times may also be used to understand
the role of nonrelaxational dynamics in the experimentally
monitored time evolution of the fluorescence emission spectrum
(of a dye molecule) in these ionic liquids at lower temperatures,
particularly in the high viscosity ones.67,75-79 It is known that
dye molecules partitioned into different domains can have
different decay rates, and this might produce an apparent shift
in the fluorescence spectrum that does not have origin in the
solvent relaxation. Because lowering of the temperature assists
domain formation, the contribution of the inhomogeneous decay
kinetics might not be negligible in ionic liquids at lower
temperature, particularly for those with longer alkyl chains
attached to cations. At very low temperature, where the solvent
motions are expected to be nearly frozen, the inhomogeneous
decay rate can provide a decay channel faster than that through
environmental relaxation. As a result, the average rate of
solvation measured in a conventional Stokes shift experiment
will be higher than what it should be had only the solvent
relaxation contributed. A comparison between theory and
experiments in such cases might help in assessing the nonre-
laxational contribution to the measured Stokes shift dynamics.
The present theory could also be suitably extended to study the

Stokes shift dynamics in binary mixtures of ionic liquids with
polar solvents at room temperature or of two ionic liquids.80-84

It would also be interesting to explore the relationship between
the macroscopic and microscopic relaxation times in ionic
liquids.85 In the present theory, the dielectric relaxation data
are used as inputs to the calculations of dynamics which actually
carry information on macroscopic relaxation processes. Solva-
tion processes, on the other hand, include relaxations at
molecular length scales. Therefore, a possible link between the
dielectric relaxation time and the single-particle orientational
relaxation time in pure dipolar ionic liquids should be investigated.
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