
www.elsevier.com/locate/cplett

Chemical Physics Letters 395 (2004) 127–132
Solvation dynamics of room-temperature ionic liquids: evidence
for collective solvent motion on sub-picosecond timescales

Mark N. Kobrak *, Vasiliy Znamenskiy 1

Department of Chemistry, Brooklyn College and the Graduate Center of the City University of New York,

2900 Bedford Ave., Brooklyn, NY 11210, USA

Received 3 May 2004; in final form 3 June 2004

Available online 10 August 2004
Abstract

Little is known about the microscopic mechanism of solvation dynamics in room-temperature ionic liquids, but experimental

studies have found that the solvent response has both sub-picosecond and nanosecond timescale components. We present the results

of molecular dynamics calculations of the time-resolved fluorescence response of a chromophore in an ionic liquid, and analyze the

solute–solvent interactions responsible for the observed signal. We find evidence for collective cation–anion motion on sub-picosec-

ond timescales, contradicting earlier work suggesting the sub-picosecond response is purely anionic. We present an alternative

hypothesis to explain our results and the widely disparate timescales for solvation response.

� 2004 Elsevier B.V. All rights reserved.
1. Introduction

Recent years have seen a growing experimental focus

on a novel class of materials known as room-tempera-

ture ionic liquids (ILs). These materials represent salts

that are molten at or near room-temperature, and they
have been found capable of solvating a wide range of

organic compounds. However, the nature of the sol-

ute–solvent interactions responsible for their solvation

properties remains unknown. One approach to studying

such interactions is examination of the time-resolved flu-

orescence behavior of a chromophore solvated in the

medium of interest, and such photophysical studies of

ILs have found the timescale for solvation response to
be strongly dependent on the solvent cation [1–8]. Stud-

ies of ILs based on imidazolium cation [1,4–8] indicate
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significant picosecond or sub-picosecond response, fol-

lowed by a response on nanosecond timescales. Shim

and co-workers [9] have recently used molecular dynam-

ics simulation to study the solvent response of ionic liq-

uids based on the 1-ethyl-3-methylimidazolium cation

to the photoexcitation of a model chromophore. The
authors decompose the solvation response of the system

into cation and anion components, and their results

indicate that the sub-picosecond response is due entirely

to anionic motion. This idea had been proposed for

other classes of ILs [2], though no simulations of these

systems have been reported.

In this work, we present the results of molecular

dynamics simulations on the solvation response of an
IL to photoexcitation of a chromophore. Our study

makes use of the betaine-30 chromophore in

BMIM[PF6] (see Fig. 1), which we have previously stud-

ied in simulation [10]. While the betaine-30 system does

not have emission properties conducive to experimental

time-resolved fluorescence studies, its aromatic structure

is similar to many dyes used in such a context and so

may be viewed as a physically-motivated model system.
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Fig. 1. (a) 1-Butyl-3-methylimidazolium hexafluorophosphate

(BMIM[PF6]). (b) Betaine-30. Ph denotes a phenyl group.
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Our results indicate the existence of collective cation–an-

ion motions on sub-picosecond timescales, and that
both species contribute to the initial solvation response

to photoexcitation of the chromophore.
2. Methodology

2.1. Simulations

The model is identical to that used in previous work

[10], and consists of a single betaine-30 chromophore

interacting with 200 solvent ion pairs. The PF�
6 ion is

represented by a single atomic site, and the BMIM ion

is treated as a rigid ring bound to a flexible butyl-group.

The betaine-30 chromophore is treated as a rigid body,

and held fixed to eliminate all rotational and transla-

tional motion. Our analysis consists of a set of eight tra-
jectories, each initially equilibrated in an NPT ensemble

at 300 K and 1 atm for at least 1 ns. Data were collected

by integration of each of these trajectories over 600 ps in

an NVE ensemble.

In classical simulations of the type reported here, the

energy of radiative emission or absorption associated

with a given solvent configuration is taken to be the dif-

ference in energy between the ground and excited elec-
tronic states of the chromophore. For our rigid model

chromophore, the time-dependence of this energy gap

arises solely from the change in solute–solvent energies

due to solvent motion. The process of electronic excita-

tion is treated as the redistribution of electric charge

among chromophore atomic sites without any corre-

sponding change in their dispersive interactions, and

the energy gap DE(t) is simply the difference in solute–
solvent Coulomb interactions between ground and ex-

cited states (see Eq. (4) of [10]). Note that this definition

sets the excitation energy of the isolated chromophore to

be 0, eliminating intramolecular contributions to DE(t).
For the present study we decompose the the energy gap

into cation and anion components, such that,

DEðtÞ ¼ DEcatðtÞ þ DEanðtÞ; ð1Þ
where DEcat(t) is the difference in chromophore–cation
interaction energies on excitation, and DEan(t) is defined

analogously for anions.

2.2. Linear response theory treatment of solvation

dynamics

We use linear response theory to calculate the time-de-

pendent Stokes shift from equilibrium data. A normal-
ized form for the time-resolved Stokes shift following

excitation at t = 0 may be written as [11]

SðtÞ ¼ DEðtÞ � DEð1Þ
DEð0Þ � DEð1Þ

; ð2Þ

where the overbar indicates an average over non-equi-

librium trajectories. This can be approximated by linear

response theory as [11]

CðtÞ ¼ hdDEð0ÞdDEðtÞi
hðdDEÞ2i

; ð3Þ

where angular brackets denote the equilibrium average

and dDE = DE�ÆDEæ. In our simulations, the equilib-

rium average is taken in the chromophore ground elec-

tronic state, an acceptable practice [11].

A key question in understanding solvation dynamics
in IL systems is the role of the cation and anion in deter-

mining the time and energy profiles for the process.

Consider the time correlation functions (TCFs) for cat-

ion and anion contributions to the Stokes shift, the for-

mer of which is written as

CcatðtÞ ¼
hdDEcatð0ÞdDEcatðtÞi

hðdDEcatÞ2i
; ð4Þ

with Can(t) defined analogously; we also report their

cross-correlation function [11]. It is important to recog-

nize that Ccat(t) gives the time correlation function for
the gross contribution of the cation to the spectral shift,

but does not indicate the net contribution. If cation and

anion motions are correlated, components of the time-

dependence of DEcat(t) and DEan(t) may cancel, leading

to elimination of those components from the time-de-

pendence of DE(t). We therefore construct a more direct

measurement of cation and anion contributions below.

Eqs. (1) and (3) may be combined to yield

CðtÞ ¼ hdDEð0ÞðDEcatðtÞ þ DEanðtÞ � hDEiÞi
hðdDEÞ2i

¼ hdDEð0ÞðdDEcatðtÞ þ dDEanðtÞÞi
hðdDEÞ2i

; ð5Þ

where we have used ÆDEæ = ÆDEcatæ + ÆDEanæ. This can be
rewritten as
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CðtÞ ¼ gcatðtÞ þ ganðtÞ; ð6Þ
where

gcatðtÞ ¼
hdDEð0ÞdDEcatðtÞi

hðdDEÞ2i
; ð7Þ

and gan(t) is defined analogously. These terms represent

time correlation functions between DE(t) and its respec-
tive cation and anion components, normalized to yield

the total signal on their addition. We will refer to gcat(t)

and gan(t) as component time component correlation

functions (CTCFs). Shim and co-workers [9] further

decompose Eq. (5) into pure cation, anion and cross-

terms, but we believe the present formulation is better

suited to our discussion of collective motion.

The CTCFs are distinct from the correlation func-
tions for DEcat(t) and DEan(t), defined in Eq. (4). Ccat(t)

gives the time correlation function for the cation contri-

bution to the Stokes shift. In the limit where cation and

anion motions are uncorrelated, this is equivalent to

gcat(t). However, if the solvent contains collective mo-

tion involving cations and anions, DEcat(t) and DEan(t)

may be correlated. This permits cancellation of their

respective contributions to DE(t), leading to significant
differences in CTCFs compared to pure time correlation

functions.
0 1 2 3 4 5 6 7 8 9 10
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Fig. 2. (a) The value of DE and its cation and anion components for a

sample trajectory. (b) The time-derivative of DE and its cation and

anion components, same trajectory.

Table 1

Mean and standard deviation for the time-dependence of fluctuations

in the excitation energy

Mean (kcal/mol) r (kcal/mol)

DE(t) 14.0 3.9

DEcat(t) 8.4 6.6

DEan(t) 5.5 7.5
3. Results and discussion

It is worth examining the raw data in DE(t) and its

components before calculating the time correlation func-
tions. The large difference inmagnitude between the aver-

age of DEcat(t) and DEan(t) shown in Fig. 2 indicates that

on average cation interactions increase the difference in

energy between ground and excited state energies (i.e.,

stabilize the ground state), while anion interactions con-

tribute less to the total stabilization. Thismay arise due to

the details of local solute–solvent interactions, some of

which are discussed in our previous work [10]. From
the standpoint of time-dependent behavior, however,

both DEcat(t) and DEan(t) show similar fluctuations, so

their relative importance to dynamical behavior is un-

clear from the raw data. The statistical data presented

in Table 1 indicate that the fluctuations in DE(t) are smal-

ler than those associated with DEcat(t) and DEan(t), which

is possible only ifDEcat(t) andDEan(t) are correlated. This

implies the existence of collective motion, a point we dis-
cuss further below.

Timescales for cation and anion motion are most

obvious when considering the time derivatives in

DEcat(t) and DEan(t) shown in Fig. 2b. Both signals oscil-

late on timescales of �200 fs or longer, but the cation

also displays a much shorter timescale motion on the or-

der of 30 fs. This is likely associated with rotational

(librational) motion, which is known to be faster than
diffusion in most solvent systems [12]. The single-site

treatment of the anion precludes rotational motion for

this species.

Time correlation functions in these variables are pre-

sented in Fig. 3. The overall structure of C(t) is consist-

ent with existing data on solvation dynamics in ILs. The

sub-picosecond solvent response accounts for �30% of

the Stokes shift for betaine-30, comparable to the
�50% inferred from experimental studies of coumarin-

153 [1]. A more direct comparison to experimental data

is not possible, as we are not aware of any published

photophysical studies in imidazolium-based ILs with

sub-picosecond time resolution. Comparing the TCFs,

we observe that C(t) decays much more rapidly than

Ccat(t) and Can(t), and that Ccrs(t) decays more slowly



0 1 2 3 4 5
Time (ps)

0.5

0.6

0.7

0.8

0.9

1

C
(t

)

C(t)
Ccat(t)

Can(t)

Ccrs(t)

0 0.5 1 1.5
Time (ps)

0.5

0.6

0.7

0.8

0.9

1

C
(t

)

C(t)
Ccat(t)

Can(t)

Ccrs(t)

(a)

(b)

Fig. 3. (a) Time correlation functions vs. time, as described in the text.

(b) As above, with axes rescaled.
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still. These observations are quantified by fitting the first
2.5 ps of each TCF to a Gaussian function

F ðtÞ ¼ A exp � t2

s2

� �
þ B; ð8Þ

and the results of this fit are reported in Table 2. Using

s as the characteristic timescale, we observe that the

initial response for the time-dependent Stokes shift is
�200 fs, consistent with experimental results on other

chromophores [1]. The decay times for DEcat(t) and
Table 2

Characterization of time correlation functions and time component

correlation functions, as described in the text

s (ps) A B R2

C(t) 0.192 0.309 0.681 0.994

Ccat(t) 0.320 0.101 0.891 0.983

Can(t) 0.318 0.102 0.898 0.988

Ccrs(t) 0.390 0.0713 0.936 0.968

gcat(t) 0.157 0.137 �0.229 0.953

gan(t) 0.220 0.185 0.894 0.994

R2 indicates the �goodness-of-fit� correlation coefficient.
DEan(t), however, are both �320 fs, and the decay time

for their cross-correlation function is on the order of

400 fs.

These time-dependent behaviors are possible only if

the solvent exhibits long-lived collective modes incorpo-

rating both cation and anion motion, as suggested by
examination of the standard deviation in DE(t) and its

components. For at least some of these collective mo-

tions, cation and anion contributions to the time-

resolved Stokes shift must cancel in displacement along

the coordinate describing the mode. If they did not can-

cel, these longer-lived modes would increase the initial

decay time for C(t).

The fact that the lifetime of Ccrs(t) is longer than that
of Ccat(t) or Can(t) is an indicator of more complex

behavior. It suggests that the character of the collective

motion may change on 320 fs timescales (leading to de-

cay in Ccat(t) and Can(t)), but cation and anion motions

remain correlated even after the destruction of the

mode. An equally valid interpretation might be that

the collective motion can survive small perturbations,

and so the mode remains stable even after motion along
it has been partially randomized by interaction with the

bath. This would represent Brownian motion in a

metastable mode. The existence of long-lived cation–an-

ion correlations is further supported by examination of

the region beyond the initial (sub-picosecond) decay in

Fig. 3, where it is clear that Ccat(t), Can(t) and Ccrs(t)

show oscillations on the order of 2 ps, and these oscilla-

tions are absent in C(t).
The CTCFs are shown in Fig. 4, with the total C(t)

shown for reference. The negative value of gcat(t) indi-

cates that, based on the form of Eq. (3), the values of

dDE(t) and dDEcat(t) are anticorrelated, such that

DE(t) < ÆDEæ when DEcat(t) > ÆDEcatæ, and vice versa.

The reverse is true for DEan(t). The persistence of this

phenomenon on 5 ps timescales indicates this cancella-

tion is associated with a low frequency mode that is
not one of the modes responsible for the short-time

behavior of the TCFs plotted in Fig. 3.

As for the TCFs, the CTCFs were fitted to a Gaus-

sian of the form of Eq. (8), and are reported in Table

2. The first point of interest is that the initial decay func-

tions for gcat(t) and gan(t) are 157 and 220 fs respectively,

indicating that they move on comparable timescales dur-

ing the initial decay. The slightly more rapid response
for the cation may arise from the inclusion of rotational

motions. Eq. (6) indicates that the magnitudes of the

CTCFs represent their contribution to the time-depend-

ent Stokes shift. The value of A in Eq. (8) may be viewed

as a measure of the magnitude of the contribution of

gcat(t) and gan(t) to C(t), and their respective values of

0.137 and 0.185 suggest both cations and anions play

a significant role in the sub-picosecond decay process.
These observations contradict the idea that cations

and anions move on disparate timescales.
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4. Conclusion

The results presented in this work are in disagree-

ment with Shim and co-workers [9] earlier simulations

of solvation dynamics in IL systems. The authors find

that the magnitude of the cation contribution to the

sub-picosecond response of C(t) is much less than that

for Can(t), and also observe a very weak sub-picosec-

ond response in Ccrs(t). Based on this, the authors as-

cribe the initial sub-picosecond decay to purely
anionic motion. While the authors use a slightly differ-

ent force field and solvent system, both studies employ

a rigid treatment of the imidazolium ring and a single-

site treatment of the anion. The treatment of the sol-

vent is therefore very similar in both studies and seems

unlikely to be responsible for the observed discrepan-

cies. The temperature difference between the two stud-

ies (400 vs. 300 K in the present study) might also be
relevant, but the strength of inter-ion Coulomb interac-

tions should still support collective motion at 400 K.

We suspect that the discrepancy lies in the treatment

of the chromophore, which in the Shim study is taken
to be a diatomic species with a 3.5 Å bondlength. The

relatively diffuse distribution charge in the cation ring

may prevent close association with a solute on this

lengthscale, leading to weak cation–chromophore inter-

actions. This leads to a situation where Æ(dDEcat)
2æ�

Æ(dDEan)
2æ, and the Stokes shift is dominated by anion

interactions. In this scenario collective motions would

still be necessary to facilitate anion motion, but the

weakness of the cation signal would make them invisi-

ble to analysis of C(t) or its components.

While the Shim model may be relevant to small-mol-

ecule dynamics, the betaine-30 chromophore employed

in the present study represents a more physically realistic

model for the aromatic chromophores typically used in
photophysical studies. That being the case, we believe

our analysis of gcat(t) and gan(t) demonstrates that both

cation and anion species contribute to the experimen-

tally observed sub-picosecond response of chromoph-

ores in IL systems. This contradicts the earlier

suggestion that cation and anion motions occur on dif-

ferent timescales [2]. We speculate that the two time-

scales observed in imidazolium species may in fact be
representative of different lengthscales for solvent re-

sponse. Our previous work [10] demonstrates that sol-

ute–solvent interactions are screened within the first

two solvation shells on thermodynamic timescales, but

thermal fluctuations lead to long-ranged Coulomb inter-

actions on timescales of hundreds of picoseconds. If the

initial solvent response represents a reorganization of

the nearest solvation shells, this reorganization may par-
tially screen the electric field of the chromophore. Subse-

quent reorganization of more distant ions would then be

contingent on the disruption of screening effects associ-

ated with thermal fluctuations of the solvent, retarding

the process. Such a mechanism is consistent with the

nanosecond timescale dynamics observed in experiment.

An equally intriguing result is the importance of col-

lective cation and anion motion on sub-picosecond
timescales. Strong Coulomb forces between ions make

this a reasonable possibility, but the fact that the

cross-correlation between cation and anion motion is

longer-lived than the autocorrelation function in either

ion is suggestive of complex dynamics. The fact that

some of these modes have no net interaction with the

chromophore makes them invisible to experimental

studies of this type, but does not preclude their visibility
to other experiments (e.g., Kerr effect spectroscopy). We

note that in our previous study of solute–solvent inter-

actions, we found that interactions with individual sol-

vent ions were very strong, and only cancelled out on

average. This creates the possibility that the collective

motion may in fact be long-lived local modes associated

with the intermolecular vibration of a single ion pair.

Understanding these motions – and their susceptibility
to various spectroscopies – will be the subject of future

work.
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