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Optically heterodyne-detected optical Kerr effect experiments are applied to study the orientational dynamics
of the supercooled ionic organic liquidsN-propyl-3-methylpyridinium bis(trifluoromethylsulfonyl)imide
(PMPIm) and 1-ethyl-3-methylimidazolium tosylate (EMImTOS). The orientational dynamics are complex
with relaxation involving several power law decays followed by a final exponential decay. A mode coupling
theory (MCT) schematic model, the Sjo¨gren model, was able to reproduce the PMPIm data very successfully
over a wide range of times from 1 ps to hundreds of ns for all temperatures studied. Over the temperature
range from room temperature down to the critical temperatureTc of 231 K, the OHD-OKE signal of PMPIm
is characterized by the intermediate power lawt-1.00(0.04 at short times, a von Schweidler power lawt-0.51(0.03

at intermediate times, and a highly temperature-dependent exponential (R relaxation) at long times. This
form of the decay is identical to the form observed previously for a large number of organic van der Waals
liquids. MCT analysis indicates that the theory can explain the experimental data very well for a range of
temperatures aboveTc, but as might be expected, there are some deviations from the theoretical modeling at
temperatures close toTc. For EMImTOS, the orientational dynamics were studied on the ps time scale in the
deeply supercooled region near its glass transition temperature. The orientational relaxation of EMImTOS
clearly displays the feature associated with the boson peak at∼2 ps, which is the first time domain evidence
of the boson peak in ionic organic liquids. Overall, all the dynamical features observed earlier for organic
van der Waals liquids using the same experimental technique are also observed for organic ionic liquids.

I. Introduction

Room temperature ionic liquids (RTILs) have attracted
considerable attention due to their potential applications in a
broad range of fields. They have good solvating properties and
extremely low vapor pressures, which can make them useful
solvents for reducing pollution in chemical synthesis.1 In
electrochemical devices such as fuel and solar cells2, the
advantages of RTILs arise from their thermal stability, relatively
large liquid range, and the possibility of being used as both the
electrolyte and the redox couple. RTILs are also being used in
biocatalysis3 and synthesis of nanostructured materials.4 The
exploration of RTILs is relatively new. A systematic study of
the physical and chemical properties of this new class of liquids
is therefore important for understanding and optimizing their
functionality and further broadening their potential applications.
Furthermore, they present a useful counter point to the properties
of nonionic organic liquids for comparison.

A number of studies have recently been performed to provide
information on the structure and dynamics of RTILs. Neutron5

and X-ray6 diffraction techniques have probed the structures of
ionic liquids. Ionic conductivity and viscosity data were reported
for a variety of ionic liquids with a wide range of liquid
fragilities.7 NMR spectroscopy studies have examined the
molecular reorientational dynamics of an imidazolium-based
ionic liquid.8 The structures and dynamics of an ionic organic
liquid have also been compared to its isoelectronic neutral binary
solution at room temperature using femtosecond optical Kerr

effect spectroscopy and density functional theory calculations.9

Temperature-dependent experiments using dielectric spectros-
copy10 and neutron scattering11,12 have been conducted to
investigate the dynamics of ionic liquids in both the supercooled
liquid and glassy amorphous states. Several single-particle time
correlation functions were calculated using molecular dynamics
simulation to characterize distinct dynamical processes in ionic
liquids.13 Despite the exponential growth of the research
activities carried out on RTILs, further studies on the dynamics
of these substances are required to obtain a fundamental
understanding of their chemical reactivity and transport proper-
ties on a molecular level.

In this work, we study the orientational dynamics of
supercooled organic ionic liquids over a broad range of times
and temperatures using optically heterodyne-detected optical
Kerr effect (OHD-OKE) spectroscopy.14-16 The glassy dynamics
of organic molecular liquids have been studied extensively using
time domain OHD-OKE experiments15,17-22 and frequency
domain light scattering experiments.23-25 The experimental
results have been discussed in the framework of mode coupling
theory (MCT), usually through the application of schematic
mode coupling theory models.18,25-27 Compared to molecular
liquids, ionic liquids are distinct because they have long-range
Coulomb interactions between ions. It is interesting to inves-
tigate whether the nature of the intermolecular interactions
affects the structural relaxation of RTILs in the supercooled
state as the glass transition temperature is approached.

In the full MCT, the interaction potential enters the equations
through the static structure factor.27 However, schematic MCT,
which makes the calculations of observables tractable, does not
explicitly contain the form of the intermolecular potential. The
schematic MCT equations (see below) calculate an orientational
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correlation function coupled to a density correlation function.18,26

These correlation functions are for damped oscillators with
memory functions. The memory function describes the caging
of the position and orientation degrees of freedom of molecules
by the surrounding molecules. Full randomization of the system
requires relaxation of the cage. Cage relaxation slows as the
temperature is lowered. The general structure of the schematic
MCT equations predicts certain time dependent forms for the
observables18,26as well as temperature-dependent scaling rela-
tions.28 Examining temperature-dependent experimental data
with schematic MCT tests the applicability of the schematic
model and yields a set of parameters that can be compared from
one system to another.

Analyzing experimental data taken on RTILs with schematic
MCT and comparing the results to van der Waals liquids will
bring out unique aspects of the dynamics of supercooled RTILs
if any exist. Extensive OHD-OKE experiments have been
conducted on a large number of organic molecular liquids.15,17-22

The experiments and data analysis have demonstrated certain
features of the time evolution of these systems that are universal.
Examples include a temperature independent, nearly logarithmic
decay of the orientational correlation function at intermediate
time scales19,26,29and a ps time scale boson peak which develops
as the glass transition is approached from above.18,20,22 The
question arises as to whether such features are also found in
RTILs.

A previous temperature-dependent OHD-OKE was applied
to an imidazolium-based ionic liquid.30 However, the experi-
ments could only be conducted into the weakly supercooled
region, ∼40 K above the MCT critical temperatureTc.27

Experiments at lower temperatures were prevented by crystal-
lization of the sample. In this paper, we report OHD-OKE data
on a typical ionic organic liquid,N-propyl-3-methylpyridinium
bis(trifluoromethylsulfonyl)imide (PMPIm), over a wide range
of temperatures from room temperature to MCT critical tem-
peratureTc. The data will be compared to the results from
molecular liquids and analyzed in the framework of MCT.26,27

We will also present OHD-OKE data on a different ionic liquid,
1-ethyl-3-methylimidazolium tosylate (EMImTOS) near its glass
transition temperatureTg (201 K). In a deeply supercooled state,
this material clearly exhibits the feature of the boson peak at
temperatures of 3-27 K aboveTg. Overall, all the dynamical
features observed earlier for organic molecular liquids using
the identical experimental technique are also observed for
organic ionic liquids.

II. Experimental Procedures

OHD-OKE spectroscopy14-16 was used to study the orien-
tational dynamics of two organic ionic liquids, PMPIm and
EMImTOS. The OHD-OKE experiment measures the time
derivative of the polarizability-polarizability correlation func-
tion, which is directly related to the data obtained from
depolarized light scattering experiments by Fourier transform.31-34

The polarizability-polarizability correlation function is es-
sentially the second Legendre polynomial orientational correla-
tion function except at short time (less than a few ps) where
collision induced effects (density fluctuations) can also con-
tribute to the decay.32-35 In the experiments, a pump pulse
creates an optical anisotropy and a probe pulse is used to
heterodyne detect its decay at variable time delays. To observe
the full range of liquid dynamics, at each temperature several
sets of experiments were performed with different pulse lengths
and delays. For timest < 30 ns, a 5 kHz mode-locked
Ti:Sapphire laser/regenerative amplifier system was used (λ )

800 nm) for both pump and probe. The pulse length was varied
by from 75 fs to 100 ps as the time scale of the measurement
increased to improve the signal-to-noise ratio. For longer times,
a CW diode laser was used as the probe, and a fast digitizer (1
ns per point) recorded the data. The scans taken over various
time ranges overlapped substantially, permitting the data sets
to be merged by adjusting only their relative amplitudes. The
details of the experimental setup can be found in previously
published work.21,36

PMPIm was purchased from Strem Chemicals, Inc., and
EMImTOS was purchased from Aldrich. Both samples were
used without further purification other than filtration through
0.1 mm disk filters to remove dust and reduce light scattering.
The samples were sealed under vacuum into glass cuvettes of
optical path length) 1 cm. The cuvettes were held in a liquid
nitrogen constant flow cryostat where the temperature was
controlled to(0.1 K. The glass transition temperatures of both
samples were measured using Q100 differential scanning
calorimeter from TA Instruments, Inc. PMPIm shows a glass
transition at 186 K and EMImTOS shows a glass transition at
201 K in their heating curves with heating rate) 15 K/min.

III. Results and Discussion

Using OHD-OKE experiments, the orientation dynamics of
PMPIm were studied over a broad temperature range from the
mode coupling theory critical temperatureTc to ∼60 K above
it. Figure 1 is an example of the data taken atT ) 233 K. The
shape of the decay curve is very similar to those that have been
observed earlier for supercooled molecular liquids.19 A phe-
nomenological fitting function was found to describe the OHD-
OKE data of molecular liquids very well.19 This function is used
to perform global fits to the data and extract parameters. In this
work the PMPIm data is analyzed using a very similar fitting
function and an MCT analysis is given below. The fitting
function is

If the at-s term is excluded, the rest of the function is identical
to the phenomenological fitting function that has been used
previously for van der Waals liquids.19,37The termat-s is added
to account for the decay at the shortest time scale from sub ps
to a few ps. In MCT descriptions of supercooled liquids, the
very short time portion of the decay is a power law called the
fast â process.20,27 Following the shortest time scale decay is
the intermediate power lawpt-z.19,29,37 The decay after the

Figure 1. OHD-OKE data for PMPIm atT ) 233 K on logarithmic
scale. The dashed line through the data is the fit using eq 1. The two
straight lines are aids to the eyes indicating the intermediate power
law and von Schweidler power law. (Inset) Exponential decay (theR
relaxation) at long times on a semilogarithmic scale.

F(t) ) [at-s + pt-z + dtb-1] exp(-t/τR) (1)
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intermediate power law is another power lawdtb-1 called von
Schweidler power law, which then crosses over to the final
exponential decay, theR relaxation.20,27,37For supercooled van
der Waals liquids, the exponentsz and b are found to be
temperature independent.19,29,37The exponentialR relaxation,
however, is highly temperature dependent, with the time constant
τR increasing dramatically as the glass transition is approached
from above.19

Equation 1 is an empirical function that provides a convenient
and simple method to analyze and compare data for different
liquids.19,37 The power laws are chosen because they provide
high-quality fits with minimum number of parameters and have
some connection to MCT, although not a formal connection.
The existence of the power laws has been established in the
framework of MCT and confirmed in other experiments. The
critical power law (shortest time scale power law) and the von
Schweidler power law (longest time scale power law) are the
leading order terms in the MCT asymptotic solutions.38,39Prior
to the identification of the intermediate power law, a superposi-
tion of the critical decay and the von Schweilder power law
was used as a simple interpolation formula to fit susceptibility
spectra around the minimum.25,40-42 The intermediate power
law is the time-domain equivalent of the near constant loss
observed in susceptibility spectrum.43 The two-correlator sche-
matic MCT model with the orientation coupled to density
fluctuations is able to reproduce the decay in general including
the intermediate power law.26 Although the additivity of the
three power law decays in the empirical equation is not specified
in MCT, eq 1 is a useful MCT-like expression that contains
the features found in both the data and the MCT calculations
and facilitates a global fit to the data, permitting comparison of
parameters among samples.

The data shown in Figure 1 have the components of eq 1.
The calculated curve using eq 1 is displayed as the dashed curve.
Over the full time window from 0.8 ps to∼300 ns, the
calculated curve follows the experimental data very well. The
fitting results for the data at 233 K ares ) 3.83,z ) 1.03,b )
0.50, andτR ) 115 ns. A global fit is used to account for one
type of decay giving way to the next as time is increased. In
the double-logarithmic representation of Figure 1, two straight
lines are drawn as aides to eye indicating the two power laws
t-1.0 andt-0.5. The intermediate power lawt-1.0 spans a limited
time interval due to the onset of the von Schweidler power law
t-0.5. The von Schweidler power law spans more than two
decades of time from 100 ps to∼20 ns. The inset of Figure 1
is a semilog plot showing the exponential decay (theR
relaxation) at long times. The exponential decay appears as a
straight line after∼60 ns.

Figure 2 displays the OKE data and calculations using eq 1
for the range of temperatures studied. From the top to the
bottom, the curves are arranged in the order of increasing
temperatures. The curves have been off-set along the vertical
axis for clarity of presentation. The lowest temperature data span
the longest time window because the final completeR structural
relaxation slows down as the temperature is decreased. The
functional form of OHD-OKE decay curves does not change
when the temperature is varied, but the numerical values of some
of the fitting parameters change with temperature. The temper-
ature dependence of the three power law exponents are displayed
in Figure 3a,b. The short time power law exponents (Figure
3a) increases as the temperature decreases. Because the short
time power lawt-s decays fast and is observable over a limited
time range, it is difficult to determine its exact functional form.

MCT predicts a power law in this time range. What is clear is
that the short time dynamics are temperature dependent.

The intermediate power law exponentz and the von Sch-
weidler power law exponentb do not depend on temperature
within experimental errors (Figure 3b). The value forz is 1.00
( 0.04. Previously OHD-OKE experiments on five nonionic
aromatic liquids observedT-independent intermediate power law
decays with the exponents in the range of 0.79-1.0.19 Earlier
studies on an imidazolium-based ionic liquid in weakly super-
cooled state revealed an intermediate power lawt-1.02(0.05.30

OHD-OKE experiment measures the time derivative of orien-
tational correlation function and is directly related to frequency
domain experiments by Fourier transform. An intermediate

Figure 2. Temperature-dependent OHD-OKE PMPIm data on a log
plot. The data sets have been off-set along the vertical axis for clarity
of presentation. Fits to the data using eq 1 are shown (red lines).

Figure 3. Results of the fits to the PMPIm data in Figure 2 using eq
1. (a) Temperature dependence of the short time power law (fastâ
process) exponents. (b) Temperature dependence of the intermediate
power law exponentz and von Schweidler power law exponentb. z
andb are found to be independent ofT. The lines through the points
show the average values.

10386 J. Phys. Chem. A, Vol. 110, No. 35, 2006 Li et al.



power lawt-z with z ≈ 1 corresponds to a logarithmic decay
or very close to a logarithmic decay in the correlation function,
which is the exact equivalent of a near constant loss in the
susceptibility spectrum.37,43-46 With the results from five
aromatic van der Waals liquids and two organic ionic liquids,
the nearly logarithmic decay of the intermediate time scale has
been demonstrated to be a universal feature of fragile glass-
forming liquids. The von Schweidler power law exponentb is
0.49 ( 0.03 for PMPIm as shown in Figure 3b. Theb value
for the imidazolium-based ionic liquid was 0.87( 0.06.30 The
b values from the ionic liquid studied here falls outside the range
0.73-0.85 reported37 previously for nonionic aromatic liquids
and for the imidazolium ionic liquid. On the basis of current
information from OHD-OKE studies on organic molecular and
ionic liquids, the presence of the intermediate power law and
von Schweidler power law and their temperature dependence
do not change with the nature of the liquid. The Coulomb
interactions present in the RTILs do not appear to influence
the fundamental nature of the dynamics. With the exception of
the von Schweidler power law exponent for PMPIm studied
here, the numerical values of the two power law exponents have
no systematic difference between these two types of liquids as
well. The b ) 0.5 found for PMPIm may also all fall within
the “normal” range if the study of more compounds expands
the range.

MCT provides a framework to quantify the dynamics of
supercooled liquids. It predicts certain scaling relations28 for
the supercooled liquids as they approach the MCT critical
temperatureTc. Tc is called the “ideal” glass transition temper-
ature because in standard MCT, theR-relaxation is predicted
to diverge atTc, becoming infinitely slow. The cessation of
complete structural relaxation predicted by MCT to occur at
Tc, that is, the liquid becomes nonergodic, was thought to signal
the glass transition. However, experimentally theR-relaxation
time does not become infinitely slow atTc and continues to
increase belowTc. The experimental glass transition temperature
Tg is usually 15-20% belowTc. Previously reported OHD-OKE
data on several supercooled organic molecular liquids obey the
MCT scaling relations at temperatures aboveTc.19 As an initial
test of MCT in ionic liquid systems, the standard MCT scaling
law analysis was performed on PMPIm. The MCT scaling
relation for the R-relaxation time constant,τR, scales with
temperature as28

with

and a and b are MCT parameters, which are related to each
other via

whereΓ is the gamma function andb is the von Schweidler
power law exponent, which is obtained experimentally (see
Figure 3b). The von Schweidler power law amplituded(eq 1)
scales with temperature as,28

with

Using the value 0.49 forb determined from the fits,a is found
to be 0.28 from eq 4. Thenγ and δ are 2.79 and 1.36,
respectively, using eqs 3 and 6.

Figure 4a displays the rectification diagram forτR. The
experimental data points (O) over a significant temperature range
fall on a line, indicating the validity of MCT scaling relationship.
The solid line is a linear fit to eq 2 usingTc and a proportionality
factor as adjustable parameters. The extrapolation of the
calculated line to its intersection with the abscissa yieldsTc )
231 K. The data points close to the critical temperatureTc,
however, show deviations from the line. Simple MCT predicts
that the long time scaleR-exponential decay becomes infinitely
slow atTc, which disagrees with experimental observations. This
discrepancy is well-known and may be corrected by adding an
activated hopping mechanism below the ideal glass transition
temperatureTc.47 In this context, the data points at the lowest
five temperatures are simply excluded from the fit.

To compare the von Schweidler power law amplitudes at
different temperatures, a normalization is used to correct for
laser intensity drift and the temperature dependence of the
sample density. Att ) 0, the OHD-OKE signal is overwhelm-
ingly dominated by the instantaneous electronic response of
sample. Because both the density changes caused by temperature
variation and any laser intensity drift have essentially the same
effect on the nuclear part and the electronic part of OHD-OKE
signals, the OHD-OKE orientational relaxation data were
normalized to the instantaneous electronic response att ) 0.
After applying the normalization, the temperature dependence
of the von Schweidler power law amplituded (plotted asd1/δ)
is shown in Figure 4b. A linear fit using eq 5 is shown as the
solid line. Again, the data points at the lowest five temperatures
are not considered when performing the fit.Tc is found to be
231 K, consistent with the result determined fromτR. The ratio
Tg/Tc ) 0.81. For comparison, the ratios for 2-biphenyl phenol,
ortho-terphenyl, salol, dibutylphthalate, benzophenone, and
acetylsalicylic acid are 0.82, 0.83, 0.85, 0.79, 0.85, and 0.87,

Figure 4. Scaling plots for (a) the exponential decay time constantτR
(plotted asτR

-1/γ) and (b) the amplitude of the von Schweidler power
law, d (plotted asd1/δ). The straight lines are the fits to MCT scaling
relations (see eqs 2-6). The points close toTc are omitted from the
fits (see text). Both fits yieldTc ) 231 K.

τR ∝ (T - Tc)
-γ or τR

-1/γ ∝ T - Tc (2)

γ ) (a + b)/2ab (3)

Γ2(1 - a)/Γ(1 - 2a) ) Γ2(1 + b)/Γ(1 + 2b) (4)

d ∝ (T - Tc)
δ or d1/δ ∝ T - Tc (5)

δ ) (a + b)/2a (6)
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respectively. Therefore, the ratio of the RTIL falls within the
range of the ratios for common molecular liquids.

Recently, a MCT schematic model, the Sjo¨gren model,48 was
solved numerically and compared to OKE data of several
supercooled molecular liquids.18,26 This model was able to
accurately reproduce temperature-dependent data for organic
liquids down to Tc, and it was also able to reproduce the
appearance of the boson peak at and belowTc.18 Here, we
present a detailed schematic MCT analysis on the ionic liquid
PMPIm using the same model. The Sjo¨gren model involves two
correlation functions, one for density and one for the experi-
mental observable, in this case, the orientation (polarizability-
polarizability) correlation function. The equation for the density
correlation function has the form of a damped harmonic
oscillator with a memory term. The memory term accounts for
the caging effects. The density relaxation is complicated by
correlations in the local density that inhibits relaxation. This
caging effect becomes more pronounced as the temperature is
lowered. The memory function uses anF12 model, that is it
contains a term that is linear in the correlation function and a
term that is quadratic in the correlation function (see eq 8
below).27 The experimental observable correlation function is
coupled to the density correlator, which possesses the relevant
singular behavior as the mode coupling transition is approached.
In the following, φ1 is the density correlator andφ2 is the
orientation correlator. Coupling the orientational correlation
function to the density correlation function builds memory
effects into the orientational relaxation. The MCTF12 model
equations for the density correlator and the coupled orientation
correlator are given by

whereΩ1,2 are the characteristic frequencies andµ1,2 are the
damping constants for the density and orientation correlators,
respectively. The memory kernels are given by

where V1 and V2 are the coupling constants in the density
memory kernel andk is the translation-rotation coupling
constant. The initial conditions areφ1,2(0) ) 1 andφ̇1,2(0) ) 0.

There are a large number of parameters that go into the
calculations. For supercooled liquids, the characteristic frequen-
cies are on the order of THz.16 To reduce the complexity, we
assume thatΩ1,2 are independent of temperature. This is
reasonable sinceΩ1,2 are expected to show weak temperature
dependence and the experimental temperature range is not wide.
We choseΩ1 ) 1 THz, Ω2 ) 0.5 THz to be consistent with
the values used earlier for organic liquids.18 It was found
previously that the nature of the results is not sensitive to the
choice ofΩ1 andΩ2. Varying Ω1 andΩ2 changes the values
of some of the other parameters but does not change the
temperature-dependent trends. In the initial fits of the data, all
other parameters were allowed to vary. The theoretical curves
for comparison to the experiments were calculated as the time
derivative ofφ2(t) obtained from the solutions of eqs 7-9. A
downhill simplex algorithm was used to fit the experimental
data. In the preliminary fits, it was found that the parameters
V1 in the density memory kernel and the density damping
constantµ1 were virtually independent of temperature. There-
fore, we fixed the values ofV1 and µ1 to be 0.97 and 5.5,

respectively, which were determined by the average values from
the preliminary fits. The temperature dependence of other
parametersV2, µ2, andκ do not change whetherV1 andµ1 are
fixed or not.

Figure 5 displays the results of the fits obtained by fixing
Ω1, Ω2, V1, andµ1 to the values given above and adjustingV2,
µ2, and κ at each temperature. The curves have been off-set
along the vertical axis for clarity of presentation. The fits start
from 1 ps. Data at even shorter times are not considered because
they are obscured by the electronic response of the sample,
which is so strong that even with short pulses, it overwhelms
the nuclear contributions to the signal. The electronic polariz-
ability signal becomes negligible fort g 1 ps. Over a wide
time window, ranging from∼1 ps to hundreds of ns, and over
a wide range of temperatures aboveTc, the Sjögren model
reproduces the dynamics of ionic liquids very successfully
except for the very shortest times at the lowest temperatures.
At the lowest temperatures, fort < 2 ps, the calculations do
not reproduce the initial steep decay, the fastâ process. The
quality of the fits is as good as those demonstrated earlier for
organic van der Waals liquids.18,26In the van der Waals liquids,
data fort < 2 ps were not considered.

Figure 6 displays theF12 phase diagram27 formed byV1 and
V2, the coupling constants of the density memory kernel. The
F12 phase space is split by the liquid-ideal glass transition lines
(dashed line for type-A transition and solid line for type-B
transition) into two regions with lower left corresponding to
the ergodic liquid state and the upper right corresponding to
the nonergodic ideal glass state. The open circles are the results
of the fits in Figure 5. They form a trajectory which illustrates
the evolution of the glassy dynamics in the system as it is cooled
toward the ideal glass transition. Extrapolation of the trajectory
crosses the type-B transition line at the liquid-ideal glass
transition point (V1

c,V2
c), suggesting that an ergodic-

nonergodic type-B transition would occur if the system is cooled
further. This is consistent with the belief that a type-B transition
is associated with structural glass transitions. A type B transition
is a discontinuous phase transition at which the nonergodicity
parameter (the long time limit of the density correlation function)
jumps from zero to a nontrivial value, indicating the freez-
ing of the density fluctuations into the glassy state. The critical
point (V1

c, V2
c) is related to the von Schweidler power law

φ̈i(t) ) -Ωi
2
φi(t) - µiφ̇i(t) - Ωi

2 ∫0

t
dt′mi(t - t′)φ̇i(t′)

i ) 1,2 (7)

m1(t) ) V1φ1(t) + V2φ1(t)
2 (8)

m2(t) ) kφ2(t)φ1(t) (9)

Figure 5. Temperature-dependent PMPIm OHD-OKE data and the
MCT calculated curves (red) using the solutions to eqs 7-9 on a log
plot. The curves have been off-set along the vertical axis for clarity of
presentation. The agreement between the schematic MCT calculations
and the data are excellent except at shortest times (<2 ps) at the lowest
few temperatures.
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exponentb:26

For PMPIm, b (equation 1) is 0.49, from which (V1
c, V2

c) is
calculated to be (0.93, 1.59), which is close to the real crossing
point (0.97, 1.4) (b) on the phase diagram obtained from fitting
the data with the schematic MCT model. The inset of Figure 6
shows the variation ofV2 with changes of the temperature.V2

increases with decreasingT, showing that the memory effect
(caging) increases as the temperature is lowered.

The temperature dependences of the translation-rotation
coupling constantκ, and the orientation damping constantµ2

are shown in Figure 7. Bothκ and µ2 increase rapidly as
temperature decreases. The growth of coupling between trans-
lational and rotational degrees of freedom seems to be a

universal characteristic found in several different liquid systems.
For nematic liquid crystals, a modified MCT schematic model
was used to describe the orientational dynamics of nematogens
in the isotropic phase.49 κ was found to increase with decreasing
temperature and diverged at the nematic-isotropic phase
transition. For organic van der Waals liquids, the increase inκ

is responsible for the appearance of the boson peak as the
temperature approaches and drops belowTc.18 This strong
translation-rotation coupling is also responsible for the nearly
logarithmic decay (the intermediate power law) observed in
OHD-OKE experiments for organic van der Waals liquids26 and
the ionic liquid PMPIm studied here. Although the relevance
of κ to the liquid-glass transition is not contained in MCT, the
increase inκ is essential to reproduce the variation of the data
with decreasingT. Here,µ1 is held constant. This is in accord
with the result for molecular liquids aboveTc. In contrast,µ2 is
relatively constant at the higher temperatures and then increases
at the lowest temperatures asTc is approached. In studies of
molecular liquids, the same type of MCT fits were performed,
but it was possible to holdµ2 constant and reproduce the data,
including the boson peak (see below).18 However, in using a
modified schematic MCT model to fit equivalent data for
nematogens in the isotropic phase,µ2 is highly temperature
dependent.49 It is unclear if the temperature dependence ofµ2

shown in Figure 7 reflects a significant difference of RTIL from
molecular liquids.

To this point, we have demonstrated that PMPIm, a typical
organic ionic liquid, exhibits several dynamical features (the
intermediate power law, von Schweidler power law, and
exponentialR relaxation) that have been observed previously
on molecular glass-forming liquids. The general form of the
features, that is, the power law exponents, temperature depend-
ences, accordance with MCT scaling relations, and the ratio
Tg/Tc are essentially indistinguishable from the results found
for van der Waals organic liquids. Another feature associated
with supercooled liquids as the temperature approachesTg is
the boson peak. It has been observed in previous OHD-OKE
experiments on several supercooled molecular liquids as a highly
damped oscillatory feature appearing around 1-2 ps at tem-
peratures belowTc.18,20,22It has also been observed as a bump
at THz frequencies in Raman and neutron scattering spectra
and specific heat and thermal conductivity anomalies in many
other disordered systems including silica glasses,50 alcohol
glasses,51,52and metallic glasses.53 The boson peak is described
as an excess of low energy modes in the vibrational density of
states. In the time domain, as the caging becomes very strong
with the time of relaxation of the cage greater than the inverse
frequency for oscillation in an essentially fixed potential, an
oscillatory component appears in the dynamics.

Because the boson peak appears at temperatures belowTc, it
was not possible to look for its appearance in PMPIm because
the samples crystallized. Therefore, another RTIL, EMImTOS,
was studied. EMImTOS could be cooled well below itsTc.
Figure 8 shows the EMImTOS data on the ps time scale at
several temperatures. AsT decreases, a full cycle of oscillation
starts to develop around 2 ps and the depth of modulation
continues to increase. The signal actually goes negative at the
lowest temperature, which is only 3 K above the calorimetric
glass transition temperature. This is possible because the signal
is heterodyne detected. The oscillation has a period of∼2 ps
estimated from the separation between its neighboring maximum
and minimum. This highly damped oscillatory feature corre-
sponds to the boson peak. Very recently, evidence of the boson
peak was reported on an imidazolium-based ionic liquid using

Figure 6. Trajectory of the MCT coefficientsV1 andV2 (equations 7
and 8) on the schematicF12 phase diagram. (O) Values obtained from
fits to the data shown in Figure 5. The extrapolation of the trajectory
(the dashed line) intersects with the liquid-glass transition line (the solid
curve) at the critical point (b). (Inset) Temperature dependence of the
coefficientV2.

Figure 7. Temperature dependence of the translation-rotation coupling
κ and the orientational damping constantµ2. The values are obtained
from the fits in Figure 5.

λ ) Γ2(1 + b)/Γ(1 + 2b)

V1
c ) (2λ - 1)/λ2 (10)

V2
c ) 1/λ2

Dynamics in Supercooled Ionic Organic Liquids J. Phys. Chem. A, Vol. 110, No. 35, 200610389



specific heat measurements.54 Here, we can see directly the time
domain signature of the boson peak in an RTIL.

IV. Concluding Remarks

We have presented temperature-dependent OHD-OKE data
on the supercooled organic ionic liquids PMPIm and EMImTOS.
From MCT critical temperatureTc to ∼60 K above it, the
intermediate power lawt-1.00(0.04 and von Schweidler power
law t-0.51(0.03 are observed for PMPIm at short to intermediate
times, and the long time scale decay is the exponentialR
relaxation. The temperature dependent data for PMPIm are
completely consistent with many organic van der Waals liquids
that have been studied previously using the same experimental
technique. The data obey MCT scaling relations over a wide
range of temperatures aboveTc, although some deviations from
the theory appear asT approachesTc. The MCT critical
temperatureTc is determined to be 231 K for PMPIm. The ratio
of Tg/Tc ) 0.81. The ratio falls into the range that has been
reported earlier on fragile van der Waals liquids. The PMPIm
data were also compared to a MCT schematic model, the
Sjögren model, which has been demonstrated previously to be
capable of successfully reproducing the OHD-OKE data of
several organic van der Waals liquids. In this work the Sjo¨gren
model was able to describe the PMPIm data equally well. The
OHD-OKE data for EMImTOS exhibits the boson peak at∼2
ps for temperatures close toTg. All these features observed for
these RTILs are typical of fragile van der Waals glass-forming
liquids, which is consistent with previous OKE studies on a
different organic ionic liquid.30

Recently, heat capacity measurements on an imidazolium-
based ionic liquid suggest that it is a fragile and disordered
system with thermodynamic properties that are similar to
molecular glass-forming liquids.54 Dynamics of a room-tem-
perature ionic liquid were also compared to its analogous
isoelectronic binary solution at room temperature.9 It was found
that the ionic liquid has larger density and viscosity than its
neutral pair due to the stronger interactions between ions and
the reorientational relaxation time constants of these two systems
scale with their viscosities indicating hydrodynamic theory is
relevant for the diffusive dynamics in ionic liquids.9

Temperature-dependent OHD-OKE experiments provide de-
tailed information on the coupled translation-orientational
dynamics in liquids over a broad range of times from< ps to
hundreds of ns and tens ofµs in some instances. Current
information from OHD-OKE experiments indicates that the
dynamics of RTILs and molecular liquids display universal
features over a wide range of temperatures above mode coupling
theory critical temperatureTc and behave similarly asTg is

approached. Other experiments performed on RTILs also
support the similarity of RTILs and organic molecular liquids.9,54

The interesting question is should we be surprised at these
results? RTILs are binary liquids with Coulomb interactions
between the cations and anions. This is in contrast to organic
molecular liquids that are generally relatively nonpolar and
interact mainly through van der Waals interactions. This basic
difference in the nature of the interactions does not appear to
play a role in producing distinct thermodynamic or dynamic
characteristics of the bulk liquids.
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