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Optical heterodyne-detected optical Kerr effé@tHD-OKE) experiments are used to study the
orientational dynamics of the ionic organic liquid 1-ethyl-3-methylimidazolium nitrate
(EMIMTNO;3) over time scales from- 1 ps to~2 ns, and the temperatures range from 410 to 295

K. The temperatures cover the normal liquid state and the weakly supercooled state. The
orientational dynamics exhibit characteristics typical of normal organic glass-forming liquids. The
longest time scale portion of the data decays as a single exponential and obeys the Debye—Stokes—
Einstein relation. The decay of the OHD-OKE signal beginsl(ps) with a temperature
independent power law, %, z=1.02+0.05, the “intermediate power law.” The power law decay is
followed by a crossover region, modeled as a second power law, the von Schweidler power law. The
longest time scale decay is the exponentiatlaxation. The intermediate power law decay has been
observed in van der Waals supercooled liquids previously. These are the first such observations on
an ionic organic liquid. The observation of the dynamical signatures observed in other liquids
demonstrates that the orientational dynamics of ionic organic liquids are fundamentally the same as
van der Waals liquids and supports the universality of the intermediate power law decay in the
dynamics of complex liquids. Within the mode-coupling the@CT) framework, the MCT critical
temperaturel ¢ is estimated to b& =255 K. © 2003 American Institute of Physics.
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I. INTRODUCTION been observetf It is an interesting question as to how the
dynamics of ionic organic liquids compare to those of van
lonic organic liquids have attracted wide interestder Waals organic liquids.
recently'~® They have potential important applications as en-  In this paper, we report the dynamics of an ionic organic
vironmentally friendly replacements for conventional or-liquid over a wide temperature range in the normal liquid
ganic solvents. lonic organic liquids are also being used irstate and in the mildly supercooled state. The experiments
the development of nanothrusters for space applicafiéss. are conducted using optical heterodyne-detected optical Kerr
more ionic organic liquids become available, the range okffect(OHD-OKE) experiments, which permit a broad range
potential applications will broaden. An understanding of bothof time scales to be investigated. The OHD-OKE experiment
the dynamic and static properties of ionic organic liquids ismeasures the time derivative of the polarizability—
needed. The study of the dynamical properties has just bgsolarizability correlation function, which is closely related to
gun. Solvation dynamics in ionic liquids using steady statethe orientational relaxation of a liquid:’
and time-resolved fluorescence experiments have been lonic organic liquids are very different from non-ionic
performed-”81° Room temperature optical Kerr effect ex- organic liquids. The long-range Coulomb interactions in
periments on a number of ionic organic liquids have beerionic organic liquids can lead to longer-range spatial corre-
conducted!*? Giraudet al. identified low-frequency modes lations than those in comparable van der Waals organic
associated with the imidazolium rifgHyun et al. studied a  liquids® Here we report OHD-OKE experimental results for
series samples of 1l-alkyl-3-methylimidazolium [Gisfluo-  the ionic organic liquid 1-ethyl-3-methylimidazolium nitrate
romethy)sulfonyllimides with alkyl chain lengths of 2, 4, 5, (EMIM*NO;3) over times from~2 ps to~2 ns, and tem-
6, 8, and 10 carbori€.They found connections between high peratures ranging from 410 to 295 K. The melting point of
frequency librational motions and the local ordering of theEMIM "NO; is ~313 K. Therefore, the study covers a tem-
liquids by comparing the spectral densities of various liquidsperature range from the normal liquid state to the weakly
These two studies focus on the short tiffess than a few s supercooled liquid state. It was found that EMIMO;
oscillatory dynamicglibrations and internal low frequency crystallizes at-290 K, which prevents study further into the
mode$ of the liquids. In addition, the nature of supercooledsupercooled state.
liquids and the glass transition of nonionic organic liquids  Because the signal depends on the polarizability—
and ionic inorganic molten salts have been studiedoolarizability correlation function, both the EMIN cation and
intensively**>!4 Such studies generally involve longer time the nitrate anion will contribute to the signal. Preliminary
scales &1 ps). Studies have begun on ionic organic liquidsstudies suggest that the EMINoroduces the majority of the
as supercooled liquids, and a wide range of fragilities havesignal but that the contribution from the NOis non-
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negligible. This is not surprising. The signal depends on powere lengthened to 1 ps. For times from 100 ps to 5 ns, 100
larizability anisotropy and the magnitude of the polarizabil-ps pulses were used. The longer pulses produce an increase
ity. EMIN™ is an aromatic ring cation, and like other in signal amplitude for the longer time portions of the data.
aromatics is both highly polarizable and highly anisotropic.The scans taken over various time ranges always overlapped
However, N@ also has significantr character and anisot- substantially, permitting the data sets to be merged by adjust-
ropy. ing only their relative amplitudes.

Nonetheless, the results presented below demonstrate To obtain the temperature scaling relations of the ampli-
that the orientational dynamics of EMIMNO; on a long tudes of the two power laws, it is necessary to normalize the
time scale behave in a very conventional manner, obeyingata to correct for the effects of laser intensity drift and
the Debye—Stokes—Einstein equation as if EMIN under-  sample density change when the temperature is changed. At
going orientational relaxation in a manner similar to a neutrat= 0, the OHD-OKE signal is overwhelmingly dominated by
aromatic ring compound. On all time scales the dynamics aréhe instantaneous electronic response of sample. Because
very similar to five aromatic organic liquids that have beenboth the density changes caused by temperature variation
studied previously using the identical experimental methodsind any laser intensity drift have essentially the same effect
and described in the context of mode-coupling theoryon the nuclear part and the electronic part of OHD-OKE
(MCT).2® signals, the OHD-OKE orientational relaxation data were

normalized to the instantaneous electronic response at

Il. EXPERIMENTAL PROCEDURES

i o . ) [ll. RESULTS AND DISCUSSION
The ionic organic liquid 1-ethyl-3-methylimidazolium

nitrate was purchased from Aldrich and used without further ~ The time dependence of the OHD-OKE signal was ex-
chemical purification. The samples were filtered through éamined at 21 temperatures from 410 to 295 K. The melting
0.1 um disk filter to remove dust and reduce scattered lightpoint is ~313 K. The signal decays have a complex time
To make filtration possible, the filter syringe and the liquid dependence when examined from very short times to the
were heated to reduce the viscosity. The samples were seallihg times. The functional form of the total decay will be
under vacuum in 1 cm glass cuvettes. The cuvettes were heffiscussed below. However, on the longest time scale, the
in a constant flow cryostat where the temperature was corflecays at all temperatures studied are single exponentials. In
trolled to = 0.1 K. the language of MCT, this is the final complete structural
Optical heterodyne-detected optical Kerr effectrelaxation ora relaxation”>~2° The OHD-OKE experiment
spec’[roscop%Q'Zl used in the experimer‘]{slg is a type of measures the time derivative of the polarizability—
pump—probe spectroscopy. The pump pulse creates a timeolarizability correlation function® To a first approximation
dependent optical anisotropy that is monitored via athe polarizability—polarizability correlation function may be
heterodyne-detected probe pulse with a variable time delagonsidered to be the same as the orientational correlation
The OHD-OKE experiment measures the system’s impu|séunction.17 Because the derivative of an exponential is the
response function, which is the time derivative of thesame exponential aside from a constant factor, the exponen-
polarizability—polarizability correlation function, which is tial decay gives the decay of the orientational correlation
closely related to the orientational relaxation of thefunction directly.
moleculest®” In the experiments presented here, there are A simple description of the orientational relaxation time
two species that give contributions to the signal, the EMIN in terms of the temperature and viscosity of a liquid is the
and the N@ . Therefore, any collective motions of the spe- Debye—Stokes—EinsteiDSE) equatior’,®
cies will influence the decay of the signal. Furthermore, in
contrast to molecules studied previously, such as r
o-terphenyl, which is non-ionic and nonpolar, the strong
Coulomb interactions in the sample could produce collectivavhere Vo is the effective molecular volumd, is a factor
motions. The methods for the analysis of OHD-OKE datathat depends on the hydrodynamic boundary condititick
have been described in detdl?* The Fourier transform of or slip).2’*°Light scattering experimenfs; %6 and transient
the OHD-OKE signal is directly related to data obtainedgrating optical Kerr effect experiments’ have shown that
from depolarized light scatterirg, but the time domain the single molecular orientation relaxation time can fre-
OHD-OKE experiment can provide better signal-to-noise ra-quently be described very well by the DSE on the longest
tios over a broader range of times for experiments conductetime scale of the relaxation.
on very fast to moderate time scales. Figure 1 displays a plot of the exponential decay time
To observe the full range of liquid dynamics, at eachconstants;, versusz/kT. The temperature-dependent vis-
temperature three sets of experiments were performed witbosity was obtained from the literatuteThe inset shows
different pulse lengths and delays. A mode-locked 5 kHzone of the decay$§10 K) on a semilogarithmic plot begin-
Ti:sapphire laser/regenerative amplifier system was used (ning at 30 ps, which is after the short-time-scale nonexpo-
=800 nm) for both pump and probe. The pulse length wasiential dynamics have ended. The decay constant is 30 ps,
adjusted from<100 fs to 100 ps to improve the signal-to- and the decay is linear over more than four factorseof
noise ratio. The shortest pulses were used for times 100 fs taccording to Eq.(1), if the DSE equation is obeyed, the
~12 ps. For longer times, a few ps to 600 ps, the pulsepoints in the main body of the figure should fall on a line.

7tV
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FIG. 1. The exponential decay constant for the slowest component of the IR BRI B AR T B
decay plotted vs the viscosity)) divided by the temperatureT§. The fact 101 102 103
that the points fall on a line shows that the data obey the Debye—Stokes— t (ps)
Einstein equation. The inset shows that the long-time portion of one of the
decays is a single exponential. FIG. 2. Temperature dependent decays of the OHD-OKE data at 11 of the

temperatures studied on a logarithmic plot. In addition, fits to the data using
Eq. (3) are shown. The curves have been offset for clarity of presentation.

The line through the data is a fit to the points. It is clear that' "¢ Mo temperature dependence is the slowing of the long-time-scale
exponential relaxation a§ is decreased. Starting with the topmost curve,

the DSE equation is obeyed over the full range of temperage temperatures are: 295, 301, 307, 315, 325, 335, 345, 355, 370, 390, and
tures studied. 410 K.

Because the OHD-OKE experiment measures the collec-
tive orientational relaxation rather than the relaxation of a
single solute molecule, the measured relaxation time may-70 A3. For slip boundary conditions, the correction coef-
need to be corrected prior to comparison with the DSE equdicient\ is 0.54 for ellipsoids wittp=0.6° Then, the effec-
tion. Keyes and Kivelsali have shown that the measured tive volume under slip boundary conditions is 38.AAl-

time 7, is related tor as though the slip boundary condition results in better
. agreement, considering the simplicity of the model used
Ta=(G2/12)7, 2 here, both the stick and slip calculatégys's are reasonably
whereg, andj, are the static and dynamics orientation cor-close to the experimentally measurégy=36 A3,
relation parameters, and it is usually assumed fhatl. The point of this exercise using the DSE equation is not
Transient grating OKE experimenfsfound thatg,~1 for  that the proposed model of the rotating species is precisely
biphenyl. correct. Detailed calculations on the structure of ionic or-

For the qualitative comparison of interest here, we willganic liquids have begun to be perfornfédhe model used
assume thag,~1 andj,~1 for EMIN*NO; . Then the here must be considered to be very approximate. The point is
slope of the line in Fig. 1 yield&V. It was determined that that EMIM™NO; is behaving like a conventional van der
fVes=36 A%. The effective volume of a solute molecule de- Waals liquid. Many liquids composed of van der Waals mol-
pends on the hydrodynamic boundary condition and thescules have been found to obey the DSE equation with mea-
shape of the molecule. For symmetric ellipsoid moleculesured effective volumes close to the calculated
with stick boundary conditions, Perrin showed Hothe ef-  ones!’?":31-333536he OHD-OKE decays will reflect collec-
fective volume is related to the molecular volume and thetive orientational relaxation dynamics that might arise from
aspect ratio. Usually/ s calculated by Perrin’s formula is strong interactions among the constituents of a liquid. For
close to the molecular volum¥,,,, and for stick boundary example, in the isotropic phase of liquid crystals, the long-
conditions,f= 1. It is found that when solute molecules have time exponential decay of the OHD-OKE signal reflects the
a size similar to the solvent molecules, slip boundary condicollective orientational relaxation of pseudonematic domains
tions are more appropriate than the stick boundanthat exist in the liquid crystd?=**EMIM *NO; appears to
condition®® Youngren and Acrivos extended the DSE equa-behave on the longest time scale as a conventional organic
tion for ellipsoids with slip boundary conditiorf8. liquid.

A simple model was used to calculatg,, the molecular Figure 2 displays data for 11 of the 21 temperatures stud-
volume. The EMIM cation only was treated as an ellipsoid ofied from 295 K(top) to 410 K (bottom) on a log plot. The
revolution. Using CACHE software, the major and minor curves have been offset for clarity of presentation. The tem-
semiaxes were determined to be=3.7 A andb=2.2 A, peratures are given in the figure caption. The curves at all
respectively. The aspect ratiogs=0.6. Using the Perrin for- temperatures have the same general shape. The longest time
mula for stick boundary conditions the effective volume isportion of each curve is a single exponential decay. On a
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logarithmic plot, an exponential decay appears as a knee and
then a sharp drop. The decay constamt, for all 21 tem-
peratures are given in Fig. 1. On shorter time scales, the
curves are nonexponential and are apparently temperature
independent. At times shorter than the exponential decays,
the curves are parallel.

An important question is whether the strong Coulomb
interactions in an ionic organic liquid fundamentally change
the nature of the dynamics when compared to normal organic
liquids. The EMIM cation is aromatic with side groups. In
previous work using the same experimental technique, a uni- 10' t (ps) 107
versal functional form was found to describe the OHD-OKE
data over a wide range of times and temperatures in five vahlG: 3. Logarithmic plot of the power law portion of the data at the lowest

Lo .. temperature, 295 K, with the contributions from the long-time-scale expo-
der Waals supercooled liquids: orthoterphenyl, salol, dibu- b g P

) nential relaxation and the crossover region removed. The data are a power
tylphthalate, benzophenone, and 2-biphenylmeth&5l.  |aw over greater that two decades.
These are also aromatic with various side groups. The fol-

lowing equation

signal (arb. units)

F(t)=[pt 2+dt° *]exp —t/7,) (3)  short time and the exponential decay at long time are well
] . ] separated, this procedure did not significantly change the val-
fits the OHD-OKE signal decay of the five van der Waalses associated with these components of the decay, but it did
liquids extremely well in both the normal and supercooledimpro\,e the consistency of the fits. The valuetofs 0.87
regimes. Equatioi3) (Refs. 19 and 4bis related to dynam- g gg.
ics predicted by mode coupling tQEO(MCT)-%'M t™*is Figure 3 shows data on a logarithmic plot taken at one of
called the intermediate power W z was found to be the temperatures, 295 K, with the exponential component
temperature independent and ranged fref@.8 to~1 for  ang the von Schweidler power law removed. The data show
the five liquids:*“°The intermediate power law spans a time tht the intermediate power law spans more than two decades
range from~1 ps to hundreds of ps or longer, depending onj, time. The line through the data is the power lawt©2
the temperatur&*® The exponential decay exp/z,) de-  The data at all temperatures studied display the intermediate
scribes the long-time-scaterelaxation, withr, highly tem- power law with temperature-independent exponent.02
perature dependeft’® The « relaxation is the final com- (o5 [see Eq(3)].
plete structural relaxation of the liquig**?>%=>° The It is clear from the data and fits presented in Figs. 2 and

b—1; i _
second power law®" " is the crossover region between the 3 that Eq.(3) fits the data extremely well over the full range
intermediate power law and therelaxation. Itis called the  of temperatures studied. As discussed above, (Bp.de-

von Schweidler power law in MCT and is the onset of thescripes the functional form of the time dependence of five
complete structural relaxatuf‘ﬁ'. o . previously studied van der Waals liquids equally véit®In

In addition to the data, Fig. 2 also shows fits to the datay)| cases, the intermediate power law exponentalls be-
using Eq.(3). As is evident in Fig. 2, Eq(3) fits the data  yeen ~0.8 and~ 1. Therefore, both the short- and long-
extremely well. Fits to data taken at all 21 temperatures stutgme-scale dynamical behavior of the ionic organic liquid
ied are equally good. In many of the curves at the very shortgN+NO; is the same as nonionic aromatic liquids.
est times, 1-2 ps, there is some remnant of the oscillatory |, aqdition to having the functional form of their decays
features that arise from excitation of low-frequency molecu-yegcribed by Eq(1), the five van der Waals liquids also obey
lar modes by.sti_mulated Raman §gattering induced by theee scaling relations predicted by ME54754 These
very short excitation pulses:***In fitting the data, a global  s¢qling relations are derived for supercooled liquids as they
fitting procedure was used. In previous studies in which thedpproach the MCT critical temperatuf&; . T is also called

liquids could be deeply supercooled, therelaxation be-  the ideal glass transition temperature because in standard
comes so slow that von Schweidler power law becomes Well T the o relaxation is predicted to diverge &t .2 How-

separated from it”“°It is therefore straightforward to deter- oyer, experiments show that &, the a relaxation is not
mine the exponentb. This is also the case at the lowest infinitely slow®~57 It is commonly accepted thakc is the

temperatures studied here, but at higher temperatures, theggnperature at which the relaxation changes from diffusive
is substantial error in determinirly Therefore, at each tem- 4 activatedf® Experiments show thafc is typically 20% to
perature, the full data set was fitted to E8). The values of 300 apove the laboratory glass transition temperaflye,
b at the lower temperatures were independent of temperature  gacause EMINNO; crystallizes somewhat below the

with small random variation, which is consistent with previ- melting point, the data are predominately taken above the
ous measurements on van der Waals liqdfefSAt the high- melting point but do go somewhat into the supercooled re-
est temperatures, the valueskoi/aried randomly about the ogion (T<313K). It is interesting to see if the data near and

average value with variations of as much as a few tens ohe|ow the melting point obey the MCT scaling relations. The
percent at the highest temperatures. From the individual fits,_ e|axation time.r. . scales with temperature ‘3$*
Tas

the average value df was found, and this was fixed and the
data were fit again. Because the intermediate power law at 7,%(T—T¢g) 7, (4
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with 0.08
y=(a+b)/2ab, (5)  a
anda andb are MCT parameters, which are related to each 0.06 -
other via
I'2(1-a)/T(1-2a)=T2(1+b)/T(1+2b), (6) :,1 004l
whereT" is the gamma functionb is the von Schweidler
power law exponent. The von Schweidler power law ampli-
tuded scales with temperature ‘8$* 0.02 -
doc(T—Tc)?, (7)
i 0.00- P | PR TR N TR T TR N S THN TN NN TR T 1
with 240 260 280 300 320 340
0.08
o=(a+b)/2a. (8)
The two scaling relations given in Eq®) and(5) come
from the standard form of MCT. However, the standard form 0.06 -
of MCT (lowest-order singularity solutionsloes not predict
the intermediate power law decay that has been observed in
all five liquids that have been studied in detail previously or 0.04 -
the intermediate power law observed in this study. There is a ;'O
version of MCT, called the endpoint scenaftugher-order
singularity solutiony that does predict the observed power 002 -
law decay'’** However, the theory as it currently exists
states that the end point scenario is a special case that would
not be expected to apply to normal liquitfs!’** Nonethe- 0.00 b L L L
less, the intermediate power law and the scaling relationship 240 260 285} (K)300 320 340

associated with it have been observed in the five supercooled

. . 9 . . .
van der Waals |IQUId§. The intermediate power law ampli- FIG. 4. Test of the first two MCT scaling relation@ The exponential

tude p scales with temperature &5%7%*

per(T—To) "2 ©

decay time constant, plotted aST;]'/y vs T. The points fall on a line
showing the scaling relation is obeyed and give= ~263 K. (b) The am-
plitude of the von Schweidler power ladvplotted asd'’ vs T. The points

fall on a line showing the scaling relation is obeyed and give

Each of the scaling relations contains the MCT critical tem-_"_,,-

perature T .%*
In this study data are available down 1620 K below
the melting point. In the previous liquids studied, data were

used from~T¢ to the melting point or somewhat above it. this point it is unclear whether this is a real difference be-
Here we will use the data below the melting point and extendween ionic organic liquids and van der Waals fragile organic
the range to 20 K above the melting point as a completelyiquids or if it is a result of having too limited a range of data
arbitrary cutoff. In Fig. 48) the 7, data are plotted as.”  far from T¢. Other ionic organic liquids that are capable of

versusT. vy is determined from Eq(5); y=1.94. This is  being deeply supercooled are currently under study.
referred to as a rectification diagrdhif the scaling relation

is obeyed, the points should fall on a line and extrapolate to
Tc at 727=0. The data do fall on a line over the limited
range of data used and yield a valueTef=263 K. In Fig.
4(b) the d data are plotted ag'”® versusT. §is determined
from Eq.(8); §=1.64. Again the data fall on a line, showing

0.004

that the scaling relation is obeyed and give a valu€l gf
=247 K. From these results[ =255 K. In the previous
liquids studied, which had a much greater temperature range
of data, the variations in the values ©f given by the two
scaling relations are less. Therefore, 255 K should be con-
sidered an estimate df;. Given this value off ¢, the glass
transition temperature is very roughly estimated toToe
=200 K.

Figure 5 shows a rectification diagram for the third scal-
ing relation,p? versusT. For the limited data employed, far

(3]

0.002

0.000

o0

00 0o 0 ,

280

300

320

T(K)

340

FIG. 5. Test of the third MCT scaling relation. The amplitude of the inter-

from T, the scaling fails. The amplitude of the intermediate megiate power lawp is plotted a? vs T. A line through the points should
power law appears to show no temperature dependence. fiersect theT axis to giveTc . The scaling relation is not obeyed.
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