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In this study, we address the following question about room-temperature ionic liquids (RTILs). Are the
properties of a RTIL more dependent on the charges of the molecular ions or on the fact that the liquid is a
complex mixture of two species, one or both of which are asymmetric? To address this question and to better
understand the interactions and dynamics in RTILs, we have prepared the organic ionic liquid 1-methoxy-
ethylpyridinium dicyanoamide (MOEPy+/DCA-) and compared this RTIL with the analogous isoelectronic
binary solution, comprised of equal parts of 1-methoxyethylbenzene (MOEBz) and dicyanomethane (DCM).
In essence, we have created a RTIL and a nearly identical neutral pair in which we have effectively turned
off the charges. To understand the intermolecular interactions in both of these liquids, we have characterized
the bulk density and shear viscosity. Using femtosecond optical Kerr effect spectroscopy, we have also
characterized the intermolecular vibrational dynamics and diffusive reorientation. To verify that the shape,
polarizability, and electronic structure of the RTIL ions and the components of the neutral pair are truly quite
similar, we have carried out density functional theory calculations on the individual molecular ion and neutral
species.

Introduction

Room-temperature ionic liquids (RTILs) are of great interest
for a variety of immediate and future applications.1-5 Substantial
effort has been devoted to developing new RTILs for specialized
applications, but much less attention has been given to obtaining
a detailed understanding of their physical chemistry.

The fundamental question we attempt to address in this letter
is to understand what fraction of ionic liquid properties are
accounted for by the dynamical properties of a binary solution
of asymmetric, polar, and polarizable species of different sizes
and what fraction of these properties arise from the charge
interactions between the molecular ions. In this study, we
compare the physical properties and intermolecular vibrational
and orientational dynamics of the RTIL 1-methoxyethylpyri-
dinium dicyanoamide (MOEPy+/DCA-) with the properties and
dynamics of the analogous isoelectronic (and nearly isostruc-
tural) neutral pair 1-methoxyethylbenzene/dicyanomethane (MOE-
Bz/DCM), shown in Chart 1. Details of the orientational
relaxation and of the strength of the intermolecular interactions
are obtained from analysis of femtosecond optical heterodyne-
detected Raman-induced Kerr effect spectroscopy (OHD-
RIKES) experiments.6-11 The results of this analysis are
discussed within the context of an understanding of the
electronic structure obtained from density functional theory
(DFT) calculations for the RTIL cation and anion and for the
two components of the neutral pair liquid. Electrostatic proper-
ties for the molecular species that are obtained from DFT results

are considered in the context of the measured liquid densities.
We compare the measured collective reorientation lifetimes with
the shear viscosities to learn that hydrodynamic theories may
be relevant for understanding diffusive dynamics in ionic liquids.

Experimental Section

Femtosecond OHD-RIKES experiments measure the depo-
larized Raman spectrum as a free induction decay of the
birefringence introduced into the optically transparent sample
by a femtosecond pump pulse.6,12 The OHD-RIKES apparatus
used here has been described previously.13,14All OHD-RIKES
measurements were made at 296( 2 K. The instrument
temporal response, measured with a 200µm KDP crystal, was
a 40( 3 fs full width at half-maximum. Scans with high time
resolution of 4096 points at 0.5µm/step were recorded for a
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CHART 1: RTIL (MOEPy +/DCA-) and Isoelectronic
Molecules of the Neutral Binary Solution (MOEBz/DCM)
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time window of 13.66 ps. The slower orientational dynamics
were captured in 110 ps scans with 5.0µm/step and in 743 ps
scans with 50µm/step. The Kerr transients measured in the time-
domain data are converted to the low-frequency depolarized
Raman spectrum by direct Fourier transform deconvolution over
the range from 0.02 to>700 cm-1.6,15,16For the longer 743 ps
scans recorded for MOEPy+/DCA-, the 5.0µm/step data from
-2 to 102 ps were patched with the data from 102 to 743 ps
recorded at 50µm/step.17

The synthesis of MOEPy+/DCA- is based on standard
procedures,18-20 summarized in the Supporting Information.
MOEBz (liquid, TCI) and DCM (solid, Sigma-Aldrich) were
used as received and were mixed to obtain a mole fraction of
0.5 for each component. Viscosity measurements were made
using a temperature-controlled viscometer (Cambridge Applied
Systems, ViscoLab 4100).17 The MOEPy+/DCA- ionic liquid
was dried for 12 h in a vacuum oven prior to viscosity and
OHD-RIKES experiments.

DFT geometry optimization and normal mode calculations
for MOEPy+, DCA-, MOEBz, and DCM were performed at
the B3LYP/6-311+G(d,p) level of theory using the Gaussian
03 program (revision B.03).21 The atom-centered charges were
obtained using the CHelpG algorithm.

Results and Discussion

Shear viscosities (η) and densities (d) at 295 K for both
MOEPy+/DCA- and MOEBz/DCM are summarized in Table
1, along with the formula weights and molecular volumes
(V).22,23 The volumes for the cation and anion components of
the RTIL are slightly smaller than those for the neutral pair by
about 4%. However, the density ratio of MOEPy+/DCA- to
MOEBz/DCM is nearly 1.20. We conclude that the packing
density is greater in the RTIL than in the neutral binary solution.
The viscosity of MOEPy+/DCA- is about 30 times larger than
that of MOEBz/DCM. The increased density and viscosity of
the RTIL relative to the neutral pair are both indications that
the intermolecular interactions are stronger in the ionic liquid
than in the neutral pair liquid. This is not surprising, because
the Coulombic and higher order terms to the electrostatic energy
for the MOEPy+/DCA- interactions should cause stronger
intermolecular interactions than those for the neutral MOEBz/
DCM interaction.

Figure 1 shows the charge distributions for MOEPy+, DCA-,
MOEBz, and DCM. The coordinates and charges are sum-
marized in the Supporting Information. The atom-centered
charge distribution of MOEPy+ is quite similar to that of
MOEBz, but the charge distribution of DCA- relative to DCM
is somewhat different. The cyano group bond dipoles for DCA-

are about twice the value of those for DCM. The physical
properties of RTILs such as viscosity, melting point, and density
are dramatically affected by anion substitution.24,25Likely, this
results from a combination of anion sizes, electronic properties,
and symmetries relative to the cation.

Figure 2a shows the Kerr transients of MOEPy+/DCA- and
MOEBz/DCM with the short time window, and Figure 2b shows
those with the long time window. The MOEPy+/DCA- Kerr
transients are qualitatively similar to those previously reported

for imidazolium17,26-29 and pyrrolidinium ILs.30 The MOEBz/
DCM Kerr transients are in turn qualitatively similar to those
reported for neutral aromatic liquids and binary solutions.31-34

Figure 2b also shows the fit curves to the data (3-743 ps for
MOEPy+/DCA- and 3-101 ps for MOEBz/DCM). A four-

TABLE 1: Formula Weights (fw), van der Waals Volumes (V), Viscosities (η), and Densities (d) at 295 K of MOEPy+/DCA-

and MOEBz/DCM

liquid fwa (g mol-1) Va,b (Å3) ηc (cP) dd (g mL-1)

MOEPy+/DCA- 204.1 (C, 138.1; A, 66.0) 192.0 (C, 136.6; A, 55.4) 65.1 1.17
MOEBz/DCM 202.3 (C, 136.2; A, 66.1) 199.3 (C, 138.0; A, 61.3) 2.24 0.98

a C and A denote cation and anion.b Values are calculated by the sum of van der Waals increments.22,23 c (5%. d (3%.

Figure 1. Charge distributions of MOEBz, MOEPy+, DCM, and DCA-

at the optimized structure calculated by B3LYP/6-311+G(d,p). The
convergence criterion used for the geometry optimization is “tight”.
The atom-centered charges were obtained using the CHelpG algorithm
to fit the electrostatic potential.

Figure 2. OHD-RIKE transients for MOEPy+/DCA- (red) and
MOEBz/DCM (blue): (a) short time window (-0.3 to 5 ps); (b) longer
time window (-2 to 740 ps). The fit curves to the orientational
relaxation are also shown in part b by black lines.
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exponential function is used for the MOEPy+/DCA- Kerr
transient, and a three-exponential function is used for the
MOEBz/DCM Kerr transient. Cang, Li, and Fayer showed that
the orientational relaxation for the ethylmethylimidazolium
nitrate ionic liquid can be best fit to a function comprised of a
sum of two power law relaxations multiplied by a longer
exponential decay assigned to theR-relaxation.28 Our MOEPy+/
DCA- Kerr relaxation data fit nearly as well to the function
used by Cang, Li, and Fayer, but we do obtain a slightly better
fit to a four-exponential relaxation. The neutral pair liquid data
require a sum of three exponential fit functions to obtain the
best fit. For the purposes of comparing the two liquids, we have
chosen to fit the data to the sum of exponentials for both liquids.
The orientational relaxation lifetimes (and the normalized
amplitudes) are 2.30 (0.643), 12.20 (0.201), 71.21 (0.103), and
1081 ps (0.053) for MOEPy+/DCA- and 1.86 (0.495), 7.58
(0.277), and 29.3 ps (0.228) for MOEBz/DCM. The estimated
errors are(5% for each of the time constants except the longest
value of 1081 ps for MOEPy+/DCA-, which is expected to be
substantially larger because the time window extends to only
743 ps, and the amplitude is smallest for this component.

The picosecond reorientation lifetimes for the RTIL and for
the neutral molecular mixture are very different, as shown in
Figure 2b. MOEPy+/DCA- shows a nanosecond relaxation
component, while the MOEBz/DCM relaxation is complete in
100 ps. Our previous work on the Kerr spectroscopy of ionic
liquids with both pyrrolidinium30 and silicon-substituted imi-
dazolium17 cations has shown that the intermediate time
constants in the 2-20 ps range do not correlate with viscosity.
Because the viscosity ratio between MOEPy+/DCA- and
MOEBz/DCM is about 30 and the molecular volume ratio
between MOEPy+/DCA- and MOEBz/DCM is 1.04,22,23Stokes-
Einstein-Debye (S-E-D) hydrodynamic theory would predict
a value of 30.2 for the ratio of the reorientation lifetimes. The
ratio between the slowest observed lifetimesτ4(MOEPy+/
DCA-)/τ3(MOEBz/DCM) is 37, which considering the uncer-
tainty in τ4(MOEPy+/DCA-) is within the bounds of the
estimated errors. Because the constituents of RTILs are mo-
lecular ions, the collective reorientation lifetimes obtained from
analysis of the Kerr transients are likely to be sensitive to the
presence of any clusters, provided that the cluster lifetime
exceeds the jump diffusion lifetime. Singly charged cluster
signals are observed in the electrospray ionization mass spectrum
of MOEPy+/DCA-, in addition to each of the masses for the
constituent anion and cation.17,35Thus, we believe that diffusive
reorientation for both the MOEPy+/DCA- and MOEBz/DCM
liquids likely obeys hydrodynamic scaling laws and that the
presence of clusters in the RTIL may increase the observed Kerr
relaxation lifetime to a value greater than that predicted by
S-E-D theory.

As shown in Figure 2a, the Kerr transients of MOEPy+/DCA-

and MOEBz/DCM contain multiple periodic oscillations arising
from the depolarized intramolecular Raman modes. Parts a and
b of Figure 3 show the Kerr spectra for MOEPy+/DCA- and
MOEBz/DCM, respectively, obtained from the transients by
Fourier transform deconvolution. The spectra have the contribu-
tion from the picosecond relaxation subtracted to emphasize the
vibrational dynamics.17,30 The Kerr spectra are well resolved
to >700 cm-1. The intramolecular vibrational modes observed
in the MOEPy+/DCA- and MOEBz/DCM Kerr spectra are
assigned on the basis of the DFT calculation results and
presented in the Supporting Information. The intense bands at
183 cm-1 for DCA- and 161 cm-1 for DCM result from the
NC-N--CN and NC-CH2-CN bending modes, respectively.

The pyridyl ring deformation mode is observed at 647 cm-1

for MOEPy+, and the phenyl ring deformation mode is observed
at 621 cm-1 for MOEBz. The 364 cm-1 mode in MOEBz/DCM,
absent in MOEPy+/DCA-, is assigned to the doubly degenerate
CH2 rocking and twisting modes.

The broad low-frequency spectrum of a molecular liquid in
the 0-250 cm-1 frequency range contains contributions that
arise from both intramolecular normal modes and intermolecular
vibrational motions. The intermolecular dynamics include
interaction (dipole-dipole)-induced, collision-induced, and li-
brational motions.36-40 The inter- and intramolecular dynamics
overlap in this spectral region and cannot be distinguished
unambiguously, so we attempt to gain further insight into these
spectra via line shape analyses. The low-frequency spectra are
fit to a composite line shape comprised of the sum of an Ohmic
function and two antisymmetrized Gaussian functions, with two
Lorentzian functions added to fit the narrower bands assigned
to intramolecular normal modes.17 Figure 3 shows the low-
frequency Kerr spectra over the frequency range from 0 to 700
cm-1 and the line shape fits over the 0-300 cm-1 range, for
(a) MOEPy+/DCA- and (b) MOEBz/DCM. The fit parameters
are summarized in Table 2.

The gas-phase vibrational frequencies obtained from DFT
calculations for MOEPy+, DCA-, MOEBz, and DCM are

Figure 3. OHD-RIKE spectra obtained by Fourier transform decon-
volution analysis for (a) MOEPy+/DCA- and (b) MOEBz/DCM. (c)
Spectral components assigned to intermolecular vibrations, the sum of
the Ohmic function plus the two antisymmetrized Gaussian functions,
are shown for MOEBz/DCM (blue) and MOEPy+/DCA- (red).
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tabulated in the Supporting Information. The lowest frequencies
for the smaller DCA- and DCM are the bending modes at 164
and 148 cm-1, respectively. The MOEPy+ cation modes are
predicted at 36, 66, 80, and 95 cm-1, while the MOEBz modes
are predicted at 35, 81, 81, and 103 cm-1. Though depolarized,
the Raman cross sections are predicted to be rather smaller than
the DCA- and DCM bending modes. The Ph-R bending
frequencies for alkylbenzenes and halogenated benzenes de-
crease from 100 to 220 cm-1 as the mass of the alkyl or halogen
group increases.34,41 The present DFT calculation results also
predict that the bending mode frequencies of MOE-Py+ and
MOE-Bz are about 80 cm-1. However, clear intramolecular
vibrational bands are not observed in the low-frequency Kerr
spectra shown in Figure 3 for the frequency range from 0 to
150 cm-1. Figure 3c shows the low-frequency Kerr spectral
components from the sum of an Ohmic function and two
antisymmetrized Gaussian functions in order to focus on the
broadintermolecularspectral features.

As shown in Figure 3c, the low-frequency Kerr spectrum of
MOEPy+/DCA- has a much broader width and higher frequency
peak than that of MOEBz/DCM. The full width at half-
maximum values from the broad low-frequency Kerr spectra
of MOEPy+/DCA- and MOEBz/DCM (Figure 3c) are 125.0
and 109.5 cm-1, respectively, and the peaks are 82.9 cm-1 for
MOEPy+/DCA- and 62.4 cm-1 for MOEBz/DCM. Another
simple means of comparing the intermolecular vibrational
dynamics is via the first moment of the overall spectrum. The
first moment (M1) is 78.8 cm-1 for MOEPy+/DCA-, which is
substantially higher than the value 65.9 cm-1 for MOEBz/DCM.
Generally, the value of the spectral peak frequency for the low-
frequency Kerr spectra of amorphous solids and supercooled
liquids is larger than that for molecular liquids.7 Intermolecular
vibrational frequencies have been shown to increase with
decreasing temperature for both CS2 and CH3CN; the intermo-
lecular potential steepens concurrently with the density in-
crease.42 Regardless of how one characterizes the low-frequency
spectra for MOEPy+/DCA- and MOEBz/DCM, it is clear that
the center of the intermolecular spectral density is about 20%
higher for the ionic liquid compared to the isoelectronic,
isostructural neutral pair, for which the mass is reduced by 1%.
Thus, we must conclude that the aggregate intermolecular
interactions have stronger force constants for the ionic liquid
than for the neutral pair. The overall increase in force constants
for MOEPy+/DCA- relative to MOEBz/DCM is consistent with
the fact that the measured density and viscosity values are higher
for the ionic liquid than for the neutral binary solution. The
MOEPy+/DCA- RTIL has the additional Coulombic and higher
order terms in the electrostatic interaction energy that are not
present for the MOEBz/DCM neutral pair. It seems likely that
dielectric friction43 may also be contributing to the increased
viscosity in the RTIL relative to the neutral binary solution.

In conclusion, we have created a binary neutral solution to
mimic the shape, charge distribution, and mass of an analogous
isoelectronic ionic liquid, so as to have a model for the ionic
liquid with the net charges on the molecular ions effectively
turned off. The densities, viscosities, and intermolecular vibra-
tional frequencies are all higher for MOEPy+/DCA- than for
MOEBz/DCM, indicating stronger interactions for the ionic
liquid than for the neutral pair. The slowest lifetimes obtained
from analysis of the OHD-RIKES transients are 1.08 ns for
MOEPy+/DCA- and 29 ps for MOEBz/DCM. The ratio of these
reorientational lifetimes scales with the ratio of the measured
viscosity values, indicating that hydrodynamic scaling theories
may be relevant for describing orientational friction. Many
promising experimental opportunities are available to compare
the ionic liquid and the isoelectronic neutral binary solutions
to further elucidate the structural, dynamical, and thermody-
namic properties of RTILs. Continuing work on this system
includes temperature dependent OHD-RIKES, NMR, and time-
resolved fluorescence probe studies.
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