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Experimental and Theoretical Investigations of Solvation Dynamics of lonic Fluids:
Appropriateness of Dielectric Theory and the Role of DC Conductivity
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An analysis is provided of the subnanosecond dynamic solvation of ionic liquids in particular and ionic solutions
in general. It is our hypothesis that solvation relaxation in ionic fluids, in the nonglassy and nonsupercooled
regimes, can be understood rather simply in terms of the dielectric spectra of the solvent. This idea is suggested
by the comparison of imidazolium ionic liquids with their pure organic counterpart, butylimidazdrhys.

Chem. B2004 108 10245-10255). It is borne out by a calculation of the solvation correlation time from
frequency dependent dielectric data for the ionic liquid, ethylammonium nitrate, and for the electrolyte solution
of methanol and sodium perchlorate. Very good agreement is obtained between these theoretically calculated
solvation relaxation functions and those obtained from fluorescence upconversion spectroscopy. Our
comparisons suggest that translational motion of ions may not be the predominant factor in short-time solvation
of ionic fluids and that many tools and ideas about solvation dynamics in polar solvents can be adapted to
ionic fluids.

Introduction in experimental studies, the nature of solvation relaxation is
argued to be from the translation and diffusional motion of ions.

A fundamental problem, then, in the study of ionic liquids is
assessing the relative importance of translational motion of
ions1%16.22which can roughly be identified with dc conductivity,

- . . and the dielectric relaxation of dipoles. More specifically, an
utility has stimulated studies to understand the fur]dar‘nemalsalterna'[ive view of the origin of solvation by ionic fluids, which

of their behaylor. For our current investigation, particularly we propose, is that it arises from the dielectric relaxation of
relevant experimental studies have been based upon fluorescencgipOIeS resulting from ion pairs due to local neutrality and

i 16 ini i i ; . . . .
:echnlqutla%“ V\?n_d “those obtl?;l:]lng the dle_lectrlg shpeg_tr’clirﬁ‘? . permanent dipoles carried by the ions. As a clear separation of
n particular, Weingener et ak.”have investigated the dielectric o 5. conductivity and the dielectric function is not possible

relaxation of ethylammonium nitrate (EAN) in the 3 MHz 0 o, cort ot zero-frequency (the static case), we will view the total
40 GHz range, and their data stimulated much of the work giejectric function arising from the static conductivity contribu-
discussed here. tion, which is related to the translational motion of ions, and
On the theoretical side, several simulations have been the rest of dielectric function, which is due to the polarization
performed to study solvation dynamics in RTILs. The initial relaxation?® For the polarization relaxation, the major contribu-
rapid solvation events have been the object of computer tion is from the ion pairs, ion clusters, and the dipole moments
simulations: Shim et al placing a dipolar excitation on a  carried by the cations and anions. The size of these dipole
model diatomic solute in a RTIL, observe a fast initial relaxation moments can be estimated by taking the geometric center of
and suggest that it arises from translations of the anions. Giventhe ions as the origin. For electrolyte solutions and molten salts,
the small size of the model solute and the large changes in netthis point of view has been used fruitfully to interpret the
charge, the motions of the resulting concentrated anionic Chargeaaxperimental dielectric spectf&28 Our recent work on the
may dominate the relaxation. In the experimental solvation dynamic aspects of solvation by RTILs using Stokes shift data
dynamics studies of organic dye molecules such as coumarinof the fluorescent probe, coumarin 153, from the picosecond to
153 (C153) in RTILs, the charge distribution change is scattered the nanosecond time reginisalready suggested such a
across the whole probe molecule, which is most likely well connection. In that work, we investigated four RTILs based on
solvated by the bulky organic cations given the hydrophobic the 1-butyl-3-methylimidazolium cation, BMIM A major con-
nature of C153 in the ground state. We have suggested,clusion was that the rapid initial phase of solvation arises from
therefore, that the most possible scenario is that the cationthe cations, which are the major carriers of permanent dipoles.
motions dominate the contribution of the initial fast relaxation The conclusion is reasonable because it is unlikely that sym-
upon excitatior?’ To elucidate the nature of the fast relaxations, metrical nonpolar inorganic anions such as,@&F;~, and Pk~
a realistic model of C153 in RTILs will be needed. play a significant role in the solvation of the coumarin probe.
Znamenskiy and Kobrak have recently performed molecular We are cautious, however, to extend this conclusion to the NTf
dynamics simulations of the dye betaine-30 in [BMIPFs .2 anion, which is polar, polarizable, large, and flexiBle.
They obtain radial distribution functions indicating the proximity In this report the solvation relaxation measured from fluo-
of the 1-butyl-3-methylimidazolium ring to the dye, which is rescence upconversion experiments is compared with that
consistent with our experimental observations for coumarin. As calculated from the dielectric spectra of the neat ionic liquids.
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The problem of understanding solvation by room-temperature
ionic liquids (RTILS) is a specific aspect of the more general
problem of understanding solvation in ionic fluids. RTILs are
becoming an increasingly rich area of study.Their growing
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Our results suggest that the time dependent solvation relaxation 30 . T T T
from solvation dynamics experiments is indeed directly related sl o oA ]
to the dielectric spectra(w), of the ionic liquids just as in the ——- & of MeOH-NaCIO,
case of dipolar fluids. Furthermore, at least for one solvent or == &' of MeOH-NaCIO,
studied, the agreement between theory and experiment is much ® sk -

better when dc conductivity is eliminated from the dielectric

spectra. The justification for omitting the conductivity at times 1o

probed in our experiments is that there is a time scale separation 5k s -Q{ Ny

between the dielectric relaxation processes and the conductive 0 L e e
processes in an ionic fluid. The latter can be described by a 0.0001 O(b()(lTHZ) 1 100

contribution ofofiw to the total dielectric response function,

whereo is the dc conductivity® The former is given by the Figure 1. Dielectric spectra (without conductivity contributions) used
) to obtain the solvation energies, and ultimately the solvation relaxation

dielectric relaxation via much higher frequency processels ( ¢\ ions. via eq 4
GHz for the subnanosecond processes in solvation dynamics) ’ '

as shown by a significant body of experimentally measured fynctions of its pulses have a fwhm 61300 fs. Upconversion
dielectric spectra of electrolyte solutihsnd ionic liquids® profiles were used to construct time-resolved emission spectra.
Materials and Methods They were typically collected over a range of wavelengths from
480 to 560 nm at intervals of 10 nm. Nine transients were used
to construct the time-resolved emission spectra by normalizing
to the steady-state spectra of refs 20 and 35. We have employed
the traditional approach of fitting the time-dependent spectra
to a log-normal line-shape function, from which we extract the
peak frequencyy(t). The solvation dynamics were described
by the normalized correlation function:

Preparation of EAN. Ethylammonium nitrate (EAN, Et
NH3"NO3;~) was made by adding a limiting amount of concen-
trated nitric acid dropwise to a solution of 70% ethylamine in
water at 0°C with constant stirring. The mixture was allowed
to stir for 30 min to ensure complete consumption of the acid.
Excess ethylamine and water were removed by rotary evapora-
tion. To remove small traces of water, the ethylammonium

nitrate was dried under vacuum at 323 K for 72 h, usia@sP V() — v(e)
as a drying agent. After drying, the ethylammoninum nitrate C(t) =—; - (2)
was sealed in a desiccator under argon. Before use, the salt was v(“t=0") — v(e)

passed through a microscale silica gel column to ensure dryness.
The column was constructed using a glass pipet sealed with”
cotton, and the salt was passed through the silica under pressur
from a pipet bulb. Although ionic liquids have been known to
dissolve cellulose, using cotton in such a fashion is not a concern
under our conditions. lonic liquids containing halide anions
(more notably, chloride anions) seem to be the efficient systems
for breaking up the complicated hydrogen bonding network
within cellulose® Furthermore, even for these solvents, at room
temperature (at which the purification is performed) no dis-
solution is expected. It should be noted that when Rogers andE
co-workers first described the dissolution of cellulose in 1-butyl-
3-methylimidazolium chloride, they were working at elevated
temperatures+100°C) and found that-25% w/w of cellulose
could be dissolveél The role of water on the physical properties
of ionic liquids is well-known, and an excellent study is provided
by Bright and co-workerd! This work indicates that the
solvation probe, PRODAN, is highly sensitive to water content.
On the other hand, Ito et &.have shown that coumarin 153 is
fortuitously insensitive to the presence of water, most likely
owing to its hydrophobic character.

Steady-State MeasurementsSteady-state excitation and

(“t=0") is the frequency at zero time, calculated using the
ethod described by Fee and Maronc&fi? v(w) is the
requency at “infinite time”, the maximum of the steady-state
fluorescence spectrum(t) is determined by taking the maxima
from the log-normal fits of the emission spectra. In most cases,
however, the spectra are broad, so there is some uncertainty in
the determination of the emission maxima. Thus, we took a
range of the raw data points in the neighborhood of the
maximum to estimate an error for the maximum obtained from
he log-normal fit. Depending on the width of the spectrum (i.e.,
zero-time”, steady-state, or time-resolved emission spectrum),
we determined the uncertainties as follows: “zero-time”
steady-state~¢4-100 cn1?) < time-resolved emission#200
cmY).

Calculation of the Solvation Relaxation Function. The
theoretical solvation spectral density was calculated using a
dielectric continuum theory developed by one of34i% To
model the solvation dynamics for C153, we used the geometry
and charge distribution change that we employed elsewfere.
The frequency dependent dielectric function of the ionic fluid
in question is obtained from experimental data. For EAN, the
dielectric spectrum at frequencies below 90 GHz is from

emission spectra were recorded with a SPEX Fluoromax with o PR - .
a 4 nm band-pass and were corrected for detector response. AWelngatner etal. hlgher frequenc_les are estimated b_y extend-
ing this spectrum via the CoteDavison spectral functiof?

1 cm path length quartz cuvette was used for the measurements.
The steady-state spectra can be used to compute the reorganiza- e

00

tion energy,, by means 6¥ e(w) =€, + ST A3)
3 1+ iote)
S dv[ov) — o(m)]v
A=h— Q) wheree, = 4.8,¢s = 26.3,8 = 0.52,7cp = 160 ps andw is
f; dv [0 (v) + o(v)] the angular frequency. The dielectric spectrum of methanol/

NaClO, for frequencies lower than 90 GHz is from the
the o, (v) are the absorption (or excitation) and emission spectral tabulation by Barthel and Neued®rthe spectrum for higher
line-shapes, respectively. frequencies is obtained from the data for pure methanol scaled

Fluorescence Upconversion Measurementgluorescence at 90 GHz. Figure 1 gives the dielectric spectra used in our
upconversion measurements were performed using a homemadealculations. These data were used to calculate the total solvation
unamplified Ti:sapphire laser systef#334The cross-correlation  energyE(w) of C153 in an ionic fluid. A relationship between
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TABLE 1: Spectral Parameters for lonic Solvation of Coumarin 153

solvent system o (Scntd) M=o (cm™Y) A=w (CMTY) fa00r (@ ldxpt (PSY #0, (ps) @0, (ps)
EAN 0.028 1845 2710+ 20 0.33 26 17 33.2
1.05 M NaClQ/MeOH 0.0387 1955 2860t 15 0.30 9.8 7.5 27.6

a All the experiments were done at room temperature. For the steady-state data, the samples were excited at 420 nm. For the excitation spectra,
the emission monochromator was set at 600 nm. The steady-state reorganization energies are based on the average of four meffurements.

1 — C(t), whereC(t) is obtained from eq Z @0= [JC(t)i dt = fy=A exp(—t/z) dt. C(t) are fit to sums of three exponentiafs=rom ref 17 at

298.15 K.®From ref 40 at 298.15 K.

the imaginary part of the solvation energy and the solvation
correlation functionC(t), can be derived

_h e E()
cH =7 /. dw =~ cospy) (4)
whereE" (w) is the imaginary portion of the total solvation energy
andA is the reorganization energy, which is obtained from solving

the Poisson equation with a complex dielectric functian).38

Results and Discussion

Solvation data are compiled in Table 1. The experimentally
obtained solvation relaxation functions for EAN and the 1.05
M NaClO4g/methanol solution are presented on 10 and 200 ps
time scales in Figures 2 and 3, respectively, along with the
corresponding theoretical relaxation functions obtained using
eq 4, including and excluding the dc conductivity.

There are several important results. Approximately 30% of
the solvation has already been accomplished in 300 fs for both
systems. TheC(t)'s are fit to a sum of exponentials, but we
attribute no special significance to this functional form. The

agreement between the experimental and theoretical curves is
very good, especially when several points are taken into account.
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Figure 2. Comparison of the spectrally resolved solvation correlation
function for EAN and MeOH/perchlorate, 10 ps full scale obtained
from fluorescence upconversion experimer®$. (The C(t)’s obtained
from simulation are shown by solid circles (without conductance) and
open circles (with conductance).
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Figure 3. Comparison of the spectrally resolved solvation correlation
function for EAN and MeOH/perchlorate;200 ps full scale obtained
from fluorescence upconversion experimer®$. (The C(t)'s obtained
from simulation are shown by solid circles (without conductance) and
open circles (with conductance).

At early times (10 ps time scale), the theoretical curve for
MeOH/perchlorate corresponds very well with the experimental
curve—especially when the dc conductivity has been eliminated.
On the other hand, for EAN, the theoretical curves, both with
and without conductivity though very similar to each other,
deviate from the experimental curve. This divergence for EAN
should not be surprising because the high-frequency portion of
€(w) is obtained by extrapolation. When the comparison is made
on the 200 ps time scale, it is clear that for MeOH/perchlorate
exclusion of the conductivity is required to superpose theory
and experiment. On the other hand, for EAN, the two theoretical
curves, both with and without conductivity, lie within the
uncertainty of the measurement.

The good agreement between experiment and theoretical
calculation clearly indicates that the solvation relaxation in ionic
liquids comes from the dielectric relaxation of the fluid.

Conclusions

In summary, it is our hypothesis that solvation relaxation in
ionic fluids, in the nonglassy and nonsupercooled regimes, can
be understood rather simply in terms of the dielectric spectra
of the solvent. This idea was initially suggested by our
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comparison of imidazolium RTILs with their pure organic
counterpart, butylimidazol&:3"1t is supported by a calculation
of the solvation relaxation function obtained from frequency
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