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Ultrafast solvent dynamics of room-temperature ionic liquids have been investigated by optical
heterodyne-detected Raman-induced Kerr-effect spectros@OpiD-RIKES) by studying the
effects of cation and anion substitution on the low frequency librational modes. The spectra of two
series of imidazolium salts are presented. The first series is based on the
1-butyl-3-methylimidazolium salfgomim] ™ containing the anions trifluoromethanesulfgféO]
bis(trifluoromethanesulfonyimide [ Tf,N]~, and hexafluorophosphaf®F;]~. The second series

is based on[Tf,N]~ salts containing the three cations 1-butyl-2,3-dimethylimidazolium
[bmmim]*, 1-methyl-3-octylimidazoliunjomim]™, and[bmim]*. It is found in all five samples

that the signal is due to libration of the imidazolium ring at three frequencies around 30, 65, and 100
cm™ ! corresponding to three local configurations of the anion with respect to the catio800®
American Institute of Physics[DOI: 10.1063/1.1578056

I. INTRODUCTION motions occurring on a similar timescaleorresponding to
o . . the frequency range 0—200 ¢ will influence the reaction.

~ Room-temperature ionic liquids consist of organic cat-op a longer time scale, the relaxation of the product state to

ions combined with a wide range of inorganic or organiCeqyilibrium causes energy exchange with the medium that

anions. This particular structure makes them nonvoIauIemay also involve higher frequency modes.

nonflammable, and polar. These properties have prompted a The low-frequency dielectric response of ionic liquids

flurry of resgarch on the_ possibility of using ionic quu_ids for can be accessed directly via far-infrared or terahéFtdz)
gleaq chemical synthesis gnd catal}?sisowgver, relatlvgly absorption spectroscopyHowever, the study of ionic liquids
little is known about the microscopic physical properties ofby THz spectroscopy is currently limited by the phonon-band

ionic liquids and how to predict the influence of these sol- : .
. : ; sorption of the semiconductors used to generate THz ra-
vents on chemical reactions rates. Such understanding would ™" . . .

lation, which make them opaque at frequencies between

improve the design and enhance the tunability of ionic qu-100 and 200 cmL* A possible alternative to THz spectros-

uids. . . .
In very general terms, the role of the solvent in promot_copy is optical heterodyne-detected Raman-induced Kerr-
9.%% This technique has

ing a chemical reaction is to alter the energies of the reactarfifect SPectroscopyOHD-RIKE
and product states in order to optimize the probability ofP"OVen to be far superior to Raman spectroscopy at low fre-

jumping from one electronic state to anothdn a purely ~ duencies(<400 cm), and its high signal to noise ratio
static view, this implies a rearrangement of charges in th@!lows a detailed analysis of the spectra of liqditiand
solvent described by the dielectric constant in response to g@ven solutions of organic molecufeand peptides” This
altered charge distribution on the solute. From a dynamidolarization-spectroscopy technique provides a signal linear
point of view, states with different charge distributions arein the third-order nonlinear optical response of the sample.
solvated on a femtosecond to picosecond timescale by solaformation is obtained regarding ultrafast solvent dynamics
vent modes. Solvent modes range from diffusive reorientaby measuring the time response of a transient birefringence
tional motion(on a 1 t0200-ps time scalethrough intermo-  that is induced in the sample by a polarized femtosecond
lecular librational motiongon a 100-fs to 1-ps time scajéo  optical pulse. On a long time scalseveral picoseconds or
intramolecular vibrational motiongon a sub-100-fs time more), the polarization-anisotropy decay is caused by the
scale. However, a typical chemical reaction takes place on aotational diffusion of individual moleculésor ion-pairs?
timescale of about a picosecond and therefore only solverdnd reflects the general diffusive nature of relaxation on this
time scale. On a shorter time scéseveral hundreds of fem-

“Tel: +44 (141) 548 3381; Fax:+44 (141 552-2891; Electronic mai: t0Seconds the liquid dynamics is nondiffusive and instead
klaas.wynne@phys.strath.ac.uk inertial 1 The inertial motions are governed by intermolecu-
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FIG. 1. Structure of anions and cations constituting the room-temp- 0 30 100 150 200
erature ionic liquids studied here(a) [bmim]* (CgHisNy); (b) em’
[bmmim] " (CgH17Ny); (c) Lomim]* (CpoHgN,); (d) . . .
[Tf,N]™ ([(CF5S0,),N]7); () [TfO]™ [(CF:SOy)T; () [PRs]™. FIG. 2. Imaginary part of the Fourier transform of the ultrafast optical

heterodyne-detected Raman-induced Kerr-effect spectrosc@yD-
RIKES) signal normalized with the Fourier transform of the laser-pulse
autocorrelation fofa) cyclohexane(b) DMSO, and(c) [ bmim][ Tf,N]. The

lar librational, translational, and collision-induced dynamics.spectra have been fitted with a Brownian oscillator model as described in the

On the shortest timescales, a sharp instantaneous peak is ¢&x. The dashed curve at very low frequer(ey50 cm*) accounts for a
served characteristic of the off-resonance electronic hyperpdgsi_dual rotational diﬁusion_ component, the solid lines rep_ri-:‘sent librational
. - . . . motions, and the dashed lines at higher frequef$00 cni*) represent
larizability. Infrared-absorption spectroscopy is proportionaliyyamolecular modes.
to the first derivative of the dipole moment with respect to
the relevant molecular coordin&té and is directly propor-
tional to the dielectric function. The OHD-RIKES signal is ior may be tuned to particular applications depending on
proportional to the polarizability derivatieTherefore, in  their structure:'®
principle, the amplitudes in the OHD-RIKES spectrum can-  The analysis of the OHD-RIKES data was carried out in
not be related in a simple way to those in the infrared specthe frequency domain using fast Fourier-transformation and
trum. However, it has been shofvthat in practice the Ra- nonlinear least-squares fitting techniques. The OHD-RIKES
man spectrum can be related to the infrared spectrum witpectra were fitted with a number of Brownian oscillatbrs
reasonable accuracy. to reproduce the broad intermolecular low frequency band.
Below we will present measurements of the ultrafastAlthough the Brownian-oscillator model gives slightly worse
OHD-RIKES transients and spectra of a series of five protofits>'’ than the more common modéfs*€ it also provides
typical room-temperature ionic liquith (see Fig. 1L more insight into the underlying physics driving the low fre-
[bmmim][ Tf,N], [bmim][ PKs], [bmim][ Tf,N], guency dynamic in the liquid. The curves presented in Fig. 2
[bmim][TfO], and[ omim][ Tf,N]. This particular set of five show the OHD-RIKES spectra for three simple liquids: cy-
liquids allows the study of the effect of both subtle modifi- clohexane, dimethylsulfoxideDMSO), and[bmim][ Tf,N].
cation (cation-type and gross modificatiofanion-type on  The spectra have been ordered from top to bottom by in-
the low frequency spectra of those liquids. Increasing thereasing viscosity and increasing polarity of the respective
length ofN-alkyl substituents at the imidazolium ring of the liquids. These three OHD-RIKES spectra are representative
cation results in an increase in the viscosity of the liquid atin that they display a common trend. It can be seen that an
any particular temperature, as well as generally increasingcrease of the strength of the intermolecular interaction is
the hydrophobic nature of the salt. The introduction of aaccompanied by an increase in complexity of the low-
methyl group at the 2-position on the ring results in a con-frequency spectrum. Cyclohexane is nonpolar and displays a
siderable decrease in the polarity of the ionic liquid. Differ- “single” broad shoulder. DMSO has a permanent dipole mo-
ent anions can also give room-temperature ionic liquids ofnent implying stronger interaction between solvent mol-
distinctly different character with regard to properties such agcules. Hence, the DMSO low frequency band is broader and
viscosity and miscibility with other solvents. For example, more structured than the corresponding band in the cyclo-
considering the[bmim]* salts under investigation here, hexane spectrum. lonic liquids consist of dissociated ions in
[bmim][TfO] is completely miscible with water, while the solution and hence experience strong coulombic interactions
equivalent{ Tf,N]~ and[PFR;]~ salts are water immiscible. in addition to hydrogen bonds. This is reflected by very lo-
The order of viscosity of the salts in this serieq Bnim] calized peaks in the low-frequency spectrum [&fimim]
X[ TfO]<[bmim][ Tf,N]<<[ bmim][ PFK;]. Thus, these mate- X[Tf,N] reflecting the strength of those interactions. Below,
rials may be regarded as “designer solvents,” whose behavthe specifics of those interactions will be discussed by con-
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a 50-nm resolution stepper motor. Polarizers were placed in
both arms to achieve a 45° angle between pump and probe-
beam polarization. A 6-cm focal-length lens was used to fo-

+—>
delay stage

_,b
S
-

precompressed caop cus the two beams into the sample. Phase-sensitive detection
fs PU‘Sej\ H RPN was achieved with a 1-kHz chopper in the pump beam and
lock-in amplification. The pulse width was measured at the
B.S sample position as 19 fs FWHM by two-photon absorption in

a GaP PIN photodiod?.
The ultrafast birefringence signal was obtained with a
T 4 Sample P, shot-noise limited balanced-detection system unlike the
i t E‘P.<i; S—— method used in a traditional OHD-RIKES sefifn a tra-
g, G.P P, ’ ditional setup, a quarter-wave retardation plate is positioned
¢ t between two crossed polarizers in the probe beam and ori-
FIG. 3. Schematic diagram of the experimental OHD-RIKES setup used t@med with its “fast” axis parallel to the polarization plane of
perform the experiments described he?g.andP, represent polarizers, BS the probe beam. The transmission of the Kerr cell is detected
a beamsplitter, Chop a 1-kHz light chopper, dnd pair of lenses\2isa  with a single photodiode/lock-in-amplifier combination. In
zero-order half-wave retardat.ion plaid4 a quarter—waye retar(_jation plate, this particular case, the signal recorded is the homodyne Sig-
GP a Glan—-Thompson polarizer, ad¢g and d, photodiodes wired up for L . .
balanced detection. nal, which is proportional to the square of the nonlinear sus-
ceptibility of the sample. By rotating the input polarizer
slightly (=1°), a small orthogonal polarization component is
structing a detailed analysis of the intermolecular motiongntroduced. This so-called local oscillator introduces a het-
occurring in the five ionic liquids studied. erodyne component to the sigriihear in the nonlinear sus-
The paper is organized as follows: In the Experimentceptibility of the sampleon top of a constant background
the method of collecting the OHD-RIKES data in the time (from the lasex. Therefore, three terms appear in the expres-
domain will be explained and in particular, the balanced desijon of the signal intensity: a constant background, a homo-
tection technique we have used. In the Data Analysis, thelyne signal, and a heterodyne signal. The constant back-
procedure for cleaning up the time-domain data, the decorground is electronically subtracted. To eliminate the
volution, and Fourier-transformation procedure, and the nonhomodyne “contamination” of the signal, two sets of data
linear least-squares fitting procedures will be described irmust be collected with positively and negatively sensed local
detail. The General Theory presents a simple classical modekscillators. However, heterodyne OHD-RIKES data collec-
for predicting the strength of low-frequency librational Ra- tion can be both simplified and enhanced using balanced
man bands. This simple theory is of great value in underdetection. In our setup, the probe beam is fully circularly
standing the experimental OHD-RIKES spectra obtained fopolarized with a quarter-wave retardation plate after the
the room-temperature ionic liquids. The section on Experi-sample. Parallel and perpendicular components are separated
mental Results and Discussion presents the experimentalith a Glan—Thompson polarizer and sent to a pair of pho-
data and an analysis in terms of the structure of the liquid. todiodes wired up for balanced detectfdrBecause the sig-
nal is obtained byelectronically subtracting the horizontal
Il. EXPERIMENT from the vertical component, both homodyne and back-
The synthesis and purification of the ionic liquids stud-grOl.Jnd components c_ancel. In turn, thg pure heterodyne sig
nal is recorded in a single shot. In addition, balanced detec-

ied here were performed as described previotfely.It is , .
known that the presence of even small quantities of watefon reduces the effects of random fluctuations of the laser
ower and achieves a significant improvement in the signal

can result in considerable changes in the physical propertie% : . . . .
of ionic liquids?® and also that even water-immiscible ionic to noise ratio. Furthermor_e, by balan_cmg W'th either a quar-
liquids can absorb considerable amounts of water. Therefor(I,‘,er ora half-wave retardation plate, _elthe_r a s!gnal purely due
all samples were dried by heating at 70 °C under vacuum ol birefringence or purely due 1o ql|chr0|sm_|s measured_ as
several hours and transferred to a 1-mm path length sealéd he shown W't.h a Jones-matrix analysis of the optical
glass cell for the spectroscopic experiments. setup(see Appendix

The L!Itrafast OHD-RIKES measuremer('see Fig. 3_ L. DATA ANALYSIS
were carried out using linearly polarized laser pulses with a
center wavelength of 800 nm, a 19-fs pulse duration (3ech Data analysis can be performed either in the time or in
and with good long-term stability. The pulses were generatethe frequency domain. Relaxation processes are more easily
in a homebuilt Kerr-lens mode-locked Ti:sapphire 1a5er visualized in the time domain but for analyzing the intermo-
pumped by a 5 WCW) intracavity-doubled diode-pumped lecular dynamics, it is easier and more meaningful to work in
Nd:YAG laser(Coherent Verdi To compensate for the posi- the frequency domain. Because experimental spectra can be
tive dispersion induced by the optics in the setup, the bearfitted to a large number of line-shape combinations, a proper
was negatively chirpedor precompensatedvith a pair of  error analysis is crucial but not typically done by others. The
prisms placed after the oscillator. The laser beam was splfirst part of this section explains how the data are sampled
into a pump beani~80%) and a probe beartr-20%) by a  and transformed to the frequency domain; the second part
beamsplitter, and the pump beam was optically delayed usingoncentrates on the actual analysis of the spectrum.
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data file is created made of the experimental points fre2n
to 6 ps and the fitted tail from 6 ps to the end of the data at
30 ps.

A valid spectrum is only obtained if the time reference
(zero delay between pump and probe bgamthe autocor-
relation and birefringence signals is identical. Because the
autocorrelation and birefringence signals have to be mea-

: sured separately, their respective zero delay position is
0 10 20 30 40 50 slightly shifted, if only by a few femtoseconds typically. It is
therefore necessary to match the reference time of the two
signals. This was done empirically by correcting the zero
delay of the signaltypically by +6 to +10 fs) in order to
Time (ps) obtain a spectrum that is positive from 0 chto the highest
FIG. 4. Unprocessed OHD-RIKES time-domain datalbinmimi[Tr,Nj.  POSSible frequency while at the same time minimizing any
The inset shows the logarithm of the same signal. The data are fitted on BaCkground. Finally, in order to characterize the spectral fea-
logarithmic scale from 6 to 30 ps to a straight line corresponding to a singldures that correspond to the inertial dynamics in the fre-
expo_nential de_cay. This _exponentia_l decay is sub_sequently subtracted froe’fuency domain, the Iong-time rotational-diffusion compo-
?:zirt:.me-domam data prior to Fourier transformation to the frequency do-nem is subtracted from the raw time-domain data.
Once the spectrum has been obtained by deconvolution,
a final point must be taken into account prior to the line-
shape analysis. The amplitude of an experimental OHD-
A. Time to frequency domain RIKES spectrum is arbitrary, notably because of power fluc-

The OHD-RIKES signal is measured in the time domaintuations of the laser or misalignment of the setup due to
and therefore any analysis has to start there. Because UfmPperature fluctuations. In order to compare the relative
trashort pulses are not instantaneous, the observed sigriilPlitudes of the different spectra, it is necessary to normal-
S(t) in the ultrafast OHD-RIKES experiment is the convo- iZ€ the signal. Because all five samples consist of a similar
lution of the second-order autocorrelation function of the la-Cation with an imidazolium ring, their electronic hyperpolar-
ser pulse G,(t) with the molecular nonlinear response izability can be assumed to be identical. The electronic re-

In(Signal)

Signal OHD-RIKES

R(1),2 sponse of the sample appears as a constant background in the
t real part of the deconvoluted OHD-RIKES spectrum. There-
S(t)ocj_ d7R(t—7)Gy(7). 1) :Li,trt:r:aicsrpeesc;(r)anspéesented here were normalized using this

The impulse response function is obtained by deconvolutio
of the experimental signal yielding(w).2° It can be shown
that because of the symmetry properties of the nonlinear re- All OHD-RIKES spectra present some general features:
sponse in the time domain, the imaginary partRffw) is  a sharp peak at very low frequency corresponding to a dif-
purely related to the nuclear part of the transientfusional reorientational response, narrow bands at frequen-
birefringence?® The resulting spectrum is equal to the low- cies greater than-200 cmi ! associated with intramolecular
frequency depolarized Rayleigh spectrum multiplied by amodes, and broad low-frequency bands typically below 200
Bose thermal-occupation facttf, cm ! reflecting the intermolecular librational motions in the
liquid. Apart from the main rotational-diffusion component

IM Ropp-rikes(@) = Rprg(w)[ 1 —exp( —fw/kgT)]. (2) tr?at haspbeen subtracted in the time dom@ee abzv)s

In our experiments, data were recorded frethpsto 70  those features can be observed in Figs. 2, 7, and 10. The
ps. An example of the signal in the time domain is given inthree main spectral regions are discussed in more detail be-
Fig. 4 for[bmim][ Tf,N]. A sharp peak corresponding to the low.
electronic response of the sample arises at time zero, fol- According to previous work? ionic liquids with an or-
lowed by the librational ultrafast dynamics in the first pico- ganic chain containing two to eight carbon atoms have an
second, and a subsequent slow exponential tail attributed torientational-diffusion time greater than 200 ps. In our set of
rotational diffusion. Before transformation to the frequencyfive samples, two rotational-diffusion components have been
domain, a careful manipulation of the raw time-domain dateobserved. Because the time-domain OHD-RIKES signal de-
is required in order to maximize the signal to noise ratio asays by about two orders of magnitude in only a few pico-
well as the physical accuracy of the spectrum. Because thgeconds, the slow relaxation decay was simply subtracted
spectrum is obtained by Fourier transformation of the OHD-rom the time-domain data with no attempt to discuss their
RIKES time-domain signal, any noise present in the long+elative decay-rate values. The fast relaxation decay was fit-
time tail of the signaldue to dramatic decrease of the signalted in the frequency domain to an overdamped Lorentzian
strength at long delayss observed in the low frequency part function[Eq. (5)] as shown by the dashed curve in Fig. 5. In
of the spectrum. This can be avoided by fitting the slowour fits, the overdamped Lorentzian corresponds to relax-
rotational-diffusion component of the signal with a single ation on a time scale from 1 to 3 ps with no obvious relation
exponential decay from 6 ps to the end of the data set. A newo the particular ionic structure. Recent studies of dielectric

'S, The fitting procedure
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Gaussian and Ohmic functioh$>® The Gaussian-cage
model is based on the premise that harmonic librational fre-
guencies occur in a Gaussi@mhomogeneoysdistribution
of cages in the liquid! The dynamics in the liquid is de-
scribed by three parameters: the most probable frequency of
oscillation, the spread in frequency, and the amplitude. The
Ohmic  distribution  accounts for collision-induced
dynamics®? More recently, the short-time-scale behavior of
the liquid has been modeled by a small number of low fre-
quency harmonic modés.’ Although a sample consists of
trillions of oscillators, experimental spectra can be fitted with
only a small number of oscillators, suggesting that a few
homogeneously broadened “dominant modes” drive the low
frequency dynamics in the sample. Three parameters de-
B scribe the liquid dynamics: the frequency of the mode, its
damping rate, and its amplitude. Finally, the Kubo mdtel
FIG. 5. Close up of the first 50 cf of the experimental OHD-RIKES ~combines homogeneous and inhomogeneous contributions in
spectrum o[bmmin_w][szN] and the individual components of the nonlin- 5 stochastic approach. Each mode requires four parameters:
ear least-squares fit to the data. the modulation ratey, the magnitude of the frequency fluc-
tuation A, the center frequency, and an amplitude corre-
sponding to the light scattering cross section of the respec-
relaxation of molten salts have revealed a “main” relax- tive intermolecular degree of freedom. In the extreme case
ation component £,=2.6 ps) associated with correlated when the value of the Kubo parameter=A/y is much
bulk motion in the salt, a fast “second” relaxation compo- |arger than one, the line shape becomes Gaussian, reflecting
nent (r,=0.24 ps) assigned to hydrogen-bond dynamicsan inhomogeneous distribution of frequencies. Conversely, in
and an unresolved “ultrafast” relaxation-{<30 fs). the casék<1, the line shape becomes Lorentzian describing
The high frequency bands>~200 cnmi ') correspond to 5 fully homogeneous broadening. At intermediate values of
intramolecular vibrations. Unlike the broad low frequencyk, the broadening is neither homogeneous nor inhomoge-
bands they are represented by well separated and often ngjzqus.
row features in the spectrum. From a fitting point of view, |, hractice, it is very difficult to distinguish between the

they are characterized by single Lorentzians. _ various line-shape models by fitting the OHD-RIKES spec-
As mentioned in the Introduction, the low frequency in- w5 The jarge numbers of parameters, the lack of pronounced

termglecular I|brat|on:_s are crucial in determ|r-1|ng Ch,em'c,al'features in the spectra, and the resulting statistical correlation

reaction rates. The dipole moment involved in the l'brat'onbetween parameters make an objective comparison of the

can be either permanent or induced. In the latter case, th|%Iative quality of the fit difficult. Water, one of the most

may resu!t from gﬂeld through the molgcules polarizability widely studied solvents, has been described variogashd
or by collisional interactions. The relative strength of these . . . . ;
siuccessfully with different functional forms including

components in the signal strongly depends on the nature Vorentzian® Gaussiar?® Gaussian and Ohmicas well as
the sample. For highly polarizable and anisotropic mol- - ' : .
P gnly p P more sophisticated models including both homogeneous and

ecules, collision-induced interactions can be all but disre:nhomo eneous broadenid® The molecules makin
garded. However, in the case of spherical molecules, the md- 9 u Ing. u ing up

lecular polarizability does not depend on the molecularthe ionic liquids studied here contain an imidazolium ring,

orientation and the signal depends on interaction-induced ef'—vh'ch has a strong permanent cﬁpole moment gn_d is highly
fects polarizable in the plane of the ring. Therefore, it is reason-

The coupling between the atomic-displacement coordidble to assume that the imidazolium ring is responsible for

nates of a mode and the static and dynamic forces in thi1® vast majority of the OHD-RIKES signal and that
surrounding medium leads to the broadening of a vibrationainteraction-induced effects can be largely ignored. In addi-
band. OHD-RIKES spectroscopy cannot distinguish betweetion, the ionic liquids studied here exhibit relatively sharp
quasistatic “inhomogeneous” and fast “homogeneous” con-Peaks in the low frequency spectra suggestive of motionally
tributions to the distribution of frequencies. That distinction narrowed line shapes. Therefore, it is considered reasonable
can only be made in principle with higher order Raman techio assume in first instance that the intermolecular librational
niques such as six-wave mixifigor Raman photon echoé$. modes are homogeneously broadened. Any deviations, espe-
However, the interpretation of the experimental signal fromcially in the wings of the spectra, can then be attributed to a
such higher order Raman techniques is very complex and theertain degree of inhomogeneous broadening including col-
results to date have been inconclusi%és a result, the de- lisional broadening” In practice, it is found that the
scription of the fast intermolecular response of solvents rehomogeneous-broadening model provides a more intuitive
ported in the literature, ranges from fully homogeneous tapicture of the liquid dynamics than a “hybrid model” includ-
inhomogeneous. The most commonly used description fitthg both homogeneous and inhomogeneous broadening.
the low frequency spectrum with a sum of antisymmetrizedHowever, as in all previous OHD-RIKES studies, a good fit
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of the theory to the data does not prove a particular broadv. GENERAL THEORY
ening model. _

The data from the OHD-RIKES experiments were ana- _Because the OHD-RIKES experiment employs very
lyzed in terms of the Brownian-oscillator model. This model SN0t pulses, a broad range of frequendg&sveral hundred
has been described in detail in the literatdrand only the M *) will be excited. In molecular liquids, the sample po-
strategic points will be discussed here. The nuclear motion ifzability will exhibit resonances, owing to rotational and

modeled by harmonic oscillators and each satisfies a geneiPrational motion. If these resonances arise from Raman-
alized Langevin equatidf whose response function in the active modes, and they lie within the bandwidth of the laser,

frequency domain is given by they may be coherently.excited. Excitation of those modes
contributes to the OKE signal, and the frequency of the mode
Clw)=(4M)([y—2iw]?+40%) 1, ©) can be detected in the time-resolved measurement. In this

section, a classical expression of the OHD-RIKES signal will
with Q= (w3— y?/4)Y? where y denotes a damping ratd]  be derived.
the reduced mass, ang, the undamped frequency of the The potential energy of a molecule in an external field
mode under consideration. In the overdamped case, when tlean be expanded as a function of various orders of the field
damping rate is significantly larger than the frequency ofinteracting with the dipole moment, polarizability, hyperpo-
oscillation, the time-domain response function becomes  |arizability, etc., as H=—pu-E—3a-E-E— %,é' E-E-E
—---. The force exerted along the generalized coordigate
C(t)= w[e‘ wgtly _ o " (4) and defined as the first derivative of the potential energy with
My ’ respect to that coordinate has therefore an infinite number of
) o i terms. The first two are relevant to our calculation, one being
whergH(t) is the HeaV|S|dg step function. In the frequencyproportional to the permanent dipole momexg, and the
domain this corresponds with other proportional to the polarizability tenséz. If the po-
tential energy of a molecule varies with the generalized co-

Clw)= kS . w2 5— 2“’ 5. (5)  ordinateg, its dipole moment and polariz_ability can be Tay-
My | (wg/y) +o® Yy to lor expanded with respect to that coordinate as
The first term in Eq.(4) corresponds to a decay with rate w(&)=potpu E+--,
w3y, and the second term to a rise with rateTherefore, a(&)=ag+a E+ . (6)

the rate of decay of the underdamped Brownian oscillator
corresponds with the rate of rise in the overdamped Brownif it is assumed that a harmonic force drives the system back
ian oscillator. to equilibrium, the motion of the system is described by the
The experimental low-frequency specttap to 250 Langevin equation,
cm™ ) of the ionic liquids have been fitted to seven
Brownian-oscillator functions as given by E@) (three for &+ 7'§+ w§(§0+ &)= Mfl(,‘('). E+ia'-E-E+--). (7)
intermolecular librational modes, and four for intramolecular
vibration) and one overdamped Lorentzian function as de4n this equationM would correspond to the reduced mass if
scribed by Eq(5). The overdamped Lorentzian function ac- ¢ refers to a vibrational coordinate and M would corre-
counts for rotational diffusion. The “risetime frequency” in spond to the moment of inertiaif ¢ refers to a librational
Eqg. (56) was chosen to be approximately equal to the first(angulaj coordinated. The first term on the right-hand side
moment of the low-frequency spectral response of theof Eq. (7) is responsible for IR absorption and the second
sample. More specifically, this quantity was chosen to beone for Raman scattering.
equal to the damping rate of the three lowest frequency The OHD-RIKES signal is proportional to the polariz-
Brownian oscillators. This choice has been reported in preability derivative with respect to a general coordin@terre-
vious studie§and is not entirely arbitrary as it represents asponding to vibrational or rotational motipaxpressed in the
measurement of the reaction of the sample to a sudden intaboratory framé. This means that any motion affecting the
pulse. ease of charge displacement of a molecule will be detected
As the experimental spectra are fitted to such a largdy Raman spectroscopy. Below, the motions that might occur
number of functions using such a large number of paramin a liquid and their Raman activity will be reviewed. A
eters, a proper analysis of the uncertainties in the parametefsomewhat arbitrapydistinction must be made between the
is essential. All data have been fitted using a nonlinear least-intrinsic” polarizability and the polarizability that results
squares fitting program based on the simplex algorithm. from the presence of permanent dipole momeirt the mol-
The resulting fit parameters are presented in Table | wittecule. The intrinsic polarizability is defined as a three-
uncertainties. The indicated uncertainties in the parametedimensional molecular property with often both isotropic and
are only due to “lack of fit” and ignore any systematic errors anisotropic components. The polarizability that results from
introduced by the subtraction of the diffusional response othe presence of a permanent dipole moment occurs because
uncertainty in the zero-delay position. The uncertainties iran external electric field can alter the projection of the dipole
the fit parameters are 68.3% joint-confidence inteffalad  moment on the laboratory axes. Its value depends on the
therefore take into account uncertainties resulting from corinitial angle of the dipole moment of the molecule with re-
relations between the parameters. spect to the polarization of the pump field.
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TABLE I. Amplitude, frequency, and damping parameters of the six Brown-qr |ibration of the molecule, which in turn leads to a Raman
ian oscillators listed with their respective uncertainties for the five sample%ignaJ As explained above the “molecular polarizability“

studied. The first(lowest frequency Lorentzian corresponds to an over- - f tw ts: the “intrinsic” larizabilit
damped Brownian oscillator. It is understood here that this component corz-ilrlses rom 0 components; the ANrnsic™ polarizability

responds to a second rotational diffusion component with diffusion time@nd the pplarizability that result from the presence of a per-
shown in brackets. It is assumed that the three librational bands at approxmanent dipole moment. For both components of the “mo-
mately 30, 65, and 100 cr correspond to three types of preferred location |ecular polarizability,” rotation and libration are Raman ac-

of the anion and that the relative amplitudes of these bands is equal to thf?ve because theyffect the location of charges in space
probability of finding an anion in these locations. Adjacent to the amplitude

parameters are listed the corresponding percentage amplitude of the three
librational bands. The parameters listed for the last two oscillators at highe&: Intermolecular vibration
frequencies correspond to intramolecular vibrational modes. ’

An intermolecular vibration could be Raman active be-

Amplitude cm ! cm ! . - .
P @ (em™) y(em) cause€(a) a polarizability change induced by one molecule on
[bmim] [PF6] another through intermolecular vibration (@ a system con-
205 6=0.5(0.88 ps) 63 sisting of two oppositely charged molecules constitutes a po-
43040 15% 21 63x5 larizable unit. The relative position of a molecule with re-
780+ 60 27% 60-2 idem : P o a
1700+ 280 58% 96-3 idem spect to another can af_'fegt the localization of charge on that
920+ 290 1111 44+5 molecule. However, this is a very weak effect and can be
80+30 180+3 30=8 neglected in first approximation. In the case of a pair of
[bmim] [TF,N] oppos@gly chqrge.d mo!ecules, it can be .shown that the po-
0.7+0.1 1.8+0.2(2.9 ps) 63 larizability derivative with respect to an intermolecular vi-
440+25 16% 29-0.1 63-3 brational coordinate is a function of the derivative of the
730+40 26% 642 idem amount of charge separation as
1600+ 80 58% 100-2 idem
230+ 50 122+0.5 16+3 da aq
220+ 30 1752 32+4 % _Cle)—1 (8)
X
[bmim] [TfO] 0
0.8+0.1 3.4-0.2(1.56 ps) 64 with C(w) obtained by solving the Langevin equation Eq.
gggf 28 ;gj’ ?gi 531’3 (7). In the case of ions, the chargds a constant leading to
AN (1} iaem H HR A
1700+ 200 8% 100-3 idem a polarizability change equal to zero, and no Raman activity.
200+ 200 120-2 35+10
120+ 60 1732 30+6

D. Intermolecular libration
[bmmim] [ Tf,N]

0.9+0.2 5+0.5(1.1 ps) 64 ~ Similar to the case of a molecule librating, one can con-
360+ 10 15% 30.6:0.5 64+ 1 sider the dipole moment between anion and cation to librate
510+ 10 22% 64-1 idem and to be Raman active.
1500+ 30 63% 106-1 idem In conclusion, a Raman signal can have three sources:
120+10 121.3:0.2 el (1) intramolecular vibration changing the intrinsic polariz-
280+ 30 172+1 36+3 . . oo . "
ability, (2) rotation or libration altering the projection of an
fomim] [Tf,N] anisotropic intrinsic polarizability onto the laboratory axes,
0.33 and (3) rotation or libration altering the projection of a per-
~0.05 1.8:0.2(2.9 ps) 81 manent dipole moment onto the laboratory axes. It isaot
500+ 50 18% 332 81+6 -0 ! : -
790+ 80 28% 693 idem priori obylous WhICh.Of the Ia_tt(.ar two sources will be_ of
1500 54% 1023 idem greatest importance in determining the OHD-RIKES signal
*£150 122¢1 142 strength. In order to assess the relative strengths of these two
legflzgo Trac2 35+10 sources, a theoretical librational model will be discussed.

A complete description of the signal due to libration
would imply a derivation in three dimensions. However, a
two-dimensional picture captures all the important physics
A. Intramolecular vibration and greatly simplifies the derivations. Figure 6 shows that

Molecular vibrations affect the localization of the POth components of the sign@dither due to the “intrinsic”
charges within the moleculdoth the isotropic and aniso- polarizability or to the pol_arizability that result from the
tropic part of the intrinsic molecular polarizability change Presence of a permanent dipole momeate a function of a
with vibrational motion making intramolecular vibrations Single coordinate). Depending on the nature of the polariz-
Raman active(apart from molecular-symmetry consider- ability, 6 is either defined as the angle between Zhaxis of

ations. the molecule and the laboratory axis or, the dipole moment
of the molecule(w) and the laboratory axis. Therefore, Eq.
B. Rotation and libration (7) can be rewritten specifically for librational motion as

The projection of the “molecular polarizability” compo-

. 1
: ) : + 70+ wi(6—6y)= —F.
nent on the axis of the laboratory frame varies with rotation 0% y6+ wo(66o) I F ©
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MRramar™ ®Ramari Elaserr The macroscopic sample polarization
produced through the Raman interaction can therefore be
written as

<al/?amanxx&l,?amar}EiX.E =O®E..E, - E
(-0 )(w-w )l 2 X SRR
(13

where N is the dipole-moment number density and the
angled brackets stand for an orientational average.
FIG. 6. In a two-dimensional picture of libration, changes of both “intrin- In the slowly varying envelope approximatidhthe am-

sic” polarizability and polarizability resulting from the presence of a perma- plitude of the probe field along theaxis varies according to
nent dipole moment, are a function of a single coordiatene components h i diff ial . 97— A ith ~
of the “intrinsic” polarizability in the plane of the imidazolium ring are (N€ linear differential equationdE,/dz=£EE, with &

considered to be equal and are denotedrfy The component perpendicu- =i x?E2/2eqc. The solution is readily obtained and the
lar to the ring along th&-axis of the molecule is referred asp. Depend-  retardation induced in the sample is expressed through the

ing on the nature of the polarizability is either defined as the angle be- . . 2 - _

tween theZ-axis of the molecule and the laboratory axis or between thereal and maglnary .part of by I_‘_ Im(&xx) Im(gYY)'. A

dipole moment of the moleculge) and the laboratory axis. Jones-matrix analysiésee Appendix shows that the signal
measured in our experimental setup is directly proportional
to the retardationI’. Equation (13) shows that &xx

i ble t that the external perturbation f o ayyayy and Eyyxayyayy. Therefore, the total hetero-
Is reasonable to assume that the external perturbation frogyne signal s proportional  to{( & sama)xx (&hama)
Raman Xx Raman XX

the pump pulse i; Wgak making the deviqtiorl from equilib- Grhamanx (@amadyy) and the OKE signalproportional
rium small. Considering an external electric field with com- E-Pgama) i given by

ponentsE, andE, in the laboratory frame, the potential of ama ) o
the dipole moment in the external fieldks= — u(6) - E and N/ ( M ) e

Pramari= N

the force can be calculated by taking the derivative with SOKEM(w—au)(w—w,) (14

respect to angl®. Using this expression for the force in Eq.

(9), Fourier transformation can be used to solve the Langevin In the same model, the |nt_r|nS|c _molecular_ polgrlza_bmty
equation and it is found foB(w) that ajn can be written as a two-dimensional matrix with diago-

nal elementsa;p and agp. In transforming &;,, from the
B= (' -E/l _wgao)/((w_ w0 ) (w—w_)), (10) molecular tp the Igboratory.frame,'lt can be expressed as the
sum of an isotropic and anisotropic part as

2
l Wase

With w.=—iy2+Q, Q=\w2—y%/4. As the movement .
away from the equilibrium angle is perturbative, one can (aim)l_ab:< P

make a Taylor expansion of the dipole moment around the 0 ap
equilibrium and write an expression for the dipole moment in ( sir? 0

+(aop— ap)

A . —sin# cosé
the presence of an external field in the frequency domain as

Mioa= Mo+ p' 8, where u, is the dipole moment vectdin
the laboratory framewithout perturbation angu'd is the ~ Comparing Egqs(12) and(15) it can be noticed that the an-

induced dipole moment vector. The molecular polarization igsotropic component only differs in amplitude. Therefore the
proportiona| to the induced d|po|e moment through the exlreatment of the Slgnal will be identical to the case of the

. 1
—sin# cosé cog 6 (15

pression, polarizability that result from the presence of a permanent
) dipole moment, and will be proportional to the square of the
~ m' - El — w56 polarizability anisotropy following Eq(14).
p=p'0=p' =po+ aE. (12)
(- )(w-w-)

) ) ) V. EXPERIMENTAL RESULTS AND DISCUSSION
This expression can be used to calculate the infrared absorp-

tion spectrum of the liquid.Using Eq.(1) it is found that Based on the theoretical analysis above, it can be con-
a=p op'll(w—o,)(w—o_). Inthe case of Raman scat- cluded that the OHD-RIKES signal results from intermolecu-

tering, the frequency of the driving field tends to |nf|n|ty lar librations and intramolecular vibrations. Libration de-

Therefore, one can make the approximation, scribes the “rOCking” of molecules in the field of
neighboring molecules and raises the issue of the local struc-
! ! - . . . .
rop ture. In this section, it will be shown how by fitting the

QRamart | 2

Ofaser spectra to a model using a number of Brownian oscillators,

5 ) ] one can gain insight in the structure and dynamics of the
o S —sin g costy ionic liquids studied.
| wiser| —SiN By cOSHy cos by |’ The OHD-RIKES spectra of cyclohexane and DMSO
12 (Fig. 2 have been described briefly in the Introduction. Now
that the theory and the fitting procedure have been presented,
The effective dipole moment that allows interaction betweerone can explain the features in these spectra in more detail.
the external(high frequency field and the molecule is For cyclohexane, a molecule with no permanent dipole mo-
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PF, TEN TfO
bmmim
Y
(V= " FIG. 7. OHD-RIKES spectra of ionic
0 50 100 150 200 250 liquids classified according to their
em” composition. The spectra have been
fitted with the Brownian-oscillator
. model as described in the text. The
bmim dashed curve at very low frequency
account for a residual rotational diffu-
| ’ ' sion component in the sample, the
i , solid lines represent librational mo-
| e e, e e tions, and the dashed lines at higher
0 100 150 200 250 0 50 100 150 200 250 frequency represent intramolecular
em cm™ e modes.
omim

0 50 100 150 200 250

-1
cm

ment and very low polarizability, the signal must be due torotational-diffusion component has been subtracted from the
the libration of an interaction-induced dipole moment. Thesignal in the time domajnor to diffusive translational mo-
weak intermolecular interactions in cyclohexane explain theions of the “librational cage.”*® The diffusion time of this
relatively low frequency of the two Brownian oscillators at second component is shown in brackets. The next three low-
25 and 53 crmt. DMSO has a permanent dipole moment andfrequency Lorentzian functions appear at roughly the same
shows higher librational frequencies at 21, 54, and 91%cm frequency in all ionic liquids studied and have similar fit
consistent with the expected stronger intermolecular interagearameters. Therefore, it is assumed that all three of these
tions. Figure 7 presents the spectra of five ionic liquids orpeaks correspond to libration of the imidazolium ring on the
dered according to their molecular composition. The verticatation. In addition to these four relatively stable components
axis differentiates the cations and the horizontal axis the anin the spectra, a number of higher frequency peaks are seen
ions. The spectra have been fitted with the Brownianthat vary in frequency, width and amplitude in the various
oscillator model as explained above. Compared to polar oronic liquids studied. It is assumed that these peaks corre-
ganic solvents such as DMSO, the polarity of ionic liquids isspond to intramolecular vibrational modes.
the cause of even stronger intermolecular interactions and The five samples show three librational bands around 30,
therefore of librations at higher frequencies. This is observe®5, and 100 cm. Initially, the damping rates for these three
in the spectra of bmim][ Tf,N] where the signal is fitted bands were set as independent free parameters. During the
with three under-damped Brownian-oscillator functions atfitting procedure, the damping-rate parameters of the first
15, 56, and 95 cit. The large number of functions required three nonoverdamped Brownian oscillators were found to be
to fit the spectra reflects the inhomogeneous nature of theery close in all five samples. The damping rate is an indi-
sample on very short time scales. cator of how a particular motion couples to the bath. There-
Table | lists the fit parametefamplitude, frequency, and fore, similar damping between oscillators suggests that they
damping ratgof the first six Lorentzian functions used to fit undergo a similar type of motion, in our case a librational
the experimental spectra and their respective uncertaintiemotion. From this point on, it was assumed that the damping
The frequencies of the oscillators are well defined with errorsates of the three librational bands around 30, 65, and 100
of only ~3% reflecting the sharp features in the experimentatm™* were in fact the same. In subsequent fitting of the data,
spectra of the ionic liquids. The damping and amplitude pathe three damping parameters were linked resulting in a sig-
rameters are subject to uncertainties with an average error aificant reduction of the calculated uncertainties in the re-
~10%. This relatively large uncertainty is a result of the maining parameters.
correlation between the amplitude and damping-rate param- As mentioned above, the diffusive part of the signal has
eters in the fit. The firstlowest frequencyLorentzian cor-  been fitted to an exponential decay and subtracted in the time
responds to an overdamped Brownian oscillator. It is asdomain. To do so, the rate of rise of the diffusive response
sumed here that this component corresponds either to [@enotedy in Eq. (4)] had to be defined experimentally. In
second rotational diffusion componentas the main previous studied,y has been arbitrarily chosen to be the first

Downloaded 19 Jun 2003 to 130.159.248.44. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



J. Chem. Phys., Vol. 119, No. 1, 1 July 2003 Optical Kerr effect in ionic liquids 473

moment of the low frequency spectral density corresponding
to an averaged intermolecular vibrational frequency. In our
study, the damping rate of the first four oscillators was found
to be approximately equal to the first moment of the spec-
trum. This suggests a kinetic picture in which the “inertial
state” decays with a given rate into the “diffusive state.”
This kinetic picture transforms the arbitrary assignment of
the first moment of the spectrum to the rate of rise of the
diffusional response into more legitimate choice.

In comparing the damping rates of the low-frequency
Brownian oscillators between the different samples, it is seen
that the magnitude is significantly higher for ionic liquids
with a longer carbon chain, which are expected to interact
more strongly with the bath. The samplemim][ Tf,N] has
a damping-rate of 81 cht compared to circa 64 cnt for
the salts which only contain butyl substituents.

When comparing the relative amplitudes of the first three
Brownian oscillators in the various spectra in Fig. 7, it ap-
pears that they depend on the nature of the anion. For the sgf: 8. Probability distribution of the counter ion around the 1-butyl-3-

. methylimidazolium cation based on computer simulations of a similar sys-
of samples based on tl’ﬂé'sz] anion the lowest frequency tem (Ref. 42. The numbers represent calculated point charges at the atoms
librational bandat ~30 cmi %) always shows the largest am- |abeled.
plitude followed by the band at 100 ¢rh followed by the
band at 65 cm'. The set of samples based on a fixed cation

does not show any pattern regarding the relative amplitudegyr experiments show the presence of three librational bands
of the three librational modes. The mode with the largesty; approximately 30, 65, and 100 ch This strongly sug-
amplitude is that at 100 it for [PR;]~ and[TfO]™ but  gests that the librational bands observed in the OKE spectra
that at 30 cm* for [Tf,N]~. However, the parameters listed do in fact correspond with the three types of preferred loca-
in Table | show that the amplitude of the third oscillator is tion as shown in Fig. 8 and that the relative amplitudes of
greater than the second, which is in turn greater than the firghese bands is proportional to the probability of finding an
oscillator for all five samples. The overdamped character ofnjon in these locations. Following this logic, it can be de-
the first oscillator can explain this misleading observationduced from Table | that the oscillators around 30, 65, and
The changes in apparent amplitude are simply due tqp0 cm* correspond respectively to 15%, 25%, and 60% of
changes in damping rate and the fact that the oscillator ahe anion population. Evaluation of the amplitude of the
~30 cmi s close to being overdamped. radial-distribution function for the chloride ion around
Neutron-scattering ~ experimefits and ~ computer  dimethylimidazoliuni? reveals that the greatest anion density
simulationé® have been conducted recently on 1,3-corresponds to 48% of the population followed by 35% and
dimethylimidazolium chloride in the liquid phase. Both the 17%. Those figures do not quite match our observation but
experiment and the simulation results lead to the conclusioghow a similar trend. Based on this, it is tempting to con-
that there is a significant degree of order in the liquid saltxlude that 60% of the anions lie on the CH bond between the
for both long and short chain 1-alkyl-3-methylimidazolium two nitrogen atoms of imidazolium ring, 25% are on the
salts. The picture that emerges is that each imidazolium ispposite side of the ring, and the remaining 15% are split on
surrounded by three types of region of high probability foreither side. Now that the frequencies have been assigned to
finding the anion. The largest probability density is on themolecular configurations, the next question is what kind of
CH bond on the symmetry axisee Fig. 8, followed by a  modes those frequencies correspond to.
region on the other side of the molecule between the two CH  To evaluate the different components of the librational
groups and a pair of regions on either side of the ring. Inresponse, one can draw conclusions based on the model de-
contrast, the cation—cation correlation appears to be mucécribed in the General theory, as well as from direct obser-
weaker. Radial distributions have been computed for a numvation of the spectra and the fit parameters. The strength of
ber of room-temperature ionic liquidé-** In the case of the anisotropic molecular polarizability and induced polariz-
[bmim][PF;] (Ref. 44 it is found that the first three solva- ability component can be calculated from the model de-
tion shells for cation—anion pairs form at about 4.3, 10.6, andcribed in the previous section.
17.6 A, respectively. The long-range Coulombic interactions  As discussed above, the signal due to the intrinsic aniso-
in the system allow a weak interaction to persist beyond 23ropic molecular polarizability is proportional to the square
A. Figure 8 shows a schematic probability distribution of theof the polarizability anisotropy. The aromatic imidazolium
anion with respect to the cation according to calculafidns ring is the main source of polarizability anisotropy in the
on the chloride ion around dimethylimidazolium. sample, orders of magnitude larger than the anion contribu-
Thus, neutron-scattering experiments and computetion. To our knowledge, the polarizability of the particular
simulations suggest that the anions can be found preferefibmim], [bmmim|, and [omim] cations has not been re-
tially in three types of location with respect to the cation andported. However the static polarizabilities of azole rings has
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TABLE II. Dipole moment, effective dipole moment, and moment of inertia

are listed for the three anions and the imidazolium ring. The polarizability y @
derivative squared has been calculated and ordered by increasing value for @
the three components to the sign@l:signal due to polarizability that result

from the presence of a permanent dipole moment for the three anions, and
the imidazolium ring(ii) signal due to the libration of the dipole between an
anion-and a cation fofbmim] [TfO], and (iii) signal coming from the po-

larizability anisotropy of the imidazolium ring. N
wn (D) Meftective | X 10 (a,)zx 10% g
(D) (kg m?) (FPm?)
PE 0 0 0 FIG. 9. Schematic of the out-of-plane librations of the imidazolium ring
Tf 6N 0.59 0.59 17 1.%10°5 occurring in the three preferred positions of the anidp (2), and(3). In
bniim 5'9 1.8 13 0'25 these positions of the anion the librational frequency is 30, 65, and 100

1

Tio a4 44 3.78 1 cm™*, respectively, and the probability of finding the anion in these posi-
bmiml [TfO ' ’ ’ 23 tions according to the analysis of the OHD-RIKES spectrum is 15%, 25%,
L mm_il [ . ] . and 60%, respectively.

Polarizability anisotropy 7.3x10°

of the imidazolium ring

of the dipole vector perpendicular to the rotation axis. The
imide ion[Tf,N] has two different minimum energy geom-

been calculated and measufédsrom a geometric point of etries, withCy and C, symmetry, respectivel§/. Hartree—

view, the closest candidate to the cations used in our experFock calculations of the potential energy surface show that
ments is pyrro'e_ The values reported for pyrro|e are 10]Ihe CZ Conﬁguration is the most stable with about 85% of the

%1074 and 10.5¢10 %° Fn? for the components of the Molecules in that state at room temperature. The values listed

po'arizab”ity in the p|ane of the ring and 6_(5_0_40 Frnz f0r szN in Table Il haVe been Calculated fOI’ tﬁa ConﬁgU'
for the Component perpendicu|ar to the ring. This imp“esration. Fina”y, the Signal Coming from libration of the d|p0|e
that only out-of-plane motions will give rise to an OHD- moment between an anion and a cation has been calculated
RIKES or Raman-scattering signal. Out-of-plane librationalUsing
motions can occur around two inertial axes, i.e., around the 2\2 462 2
axis of the aliphatic chain and approximately perpendicular SOHD_R|KESO<<—2) =(2—> (16)
to it. Because these motions involve a similar moment of I @L(Ma+Mc)
inertia and occur in a similar environment, they would ap-with m, and mg the respective masses of the anion and
pear at a similar frequency according to Etd). Studies on  cation.
benzene and substituted benzene corroborate this view. The Table Il lists the predicted relative signal strength in the
OHD-RIKES spectra of substituted benz&t€ can be fitted  final column. The signal due to libration of the anion varies
to two modes around 20 and 70 chassigned to collision- greatly with the value of the permanent dipole moment, from
induced and librational motion, respectively. Recent work orzero signal fof PR;] to a maximum signal fof TfO] set as a
benzen suggests that the low frequency mo@eound 20 reference. The signal strength of the cation ring due to the
cm Y) is caused by diffusive translational motiofwbration  polarizability anisotropy is found to be 1@imes larger than
of the cage Thus, the out-of-plane librational motions the signal that result from the presence of a permanent dipole
around the two inertial axes in the substituted benzenes amoment. This shows that OHD-RIKES is blind to any dy-
observed in the spectrum as a single “mode.” Consideringhamics of the anion. This is confirmed by the analysis of the
that OHD-RIKES excites the sample relatively far from reso-spectra: The same number of Brownian oscillators can be
nance, the static value of the polarizability is considered taised to represent the librational band of bptimim][ PF;]
be a good approximation. The signal was then calculated tand [bmim]|[TfO]. As the Pk ion has high symmetry, this
be proportional tBpa< (A a)?=7.29x 10" 8 FZ m?, shows that the anion does not influence the overall shape of
The signal attributable to the polarizability that resultthe OHD-RIKES spectra and confirms that the signal is a
from the presence of a permanent dipole moment is both emeasurement of the cation dynamics through the libration of
function of the magnitude of the permanent dipole momenits polarizability anisotropy.
and the moment of inertia of the molecule performing the  Figure 9 is an attempt to represent the librational motion
librational motion[see Eq(14)]. The charge distributions for of the imidazolium ring in the three configurations previ-
[TfO], [Tf,N], and[bmim] have been obtained from high- ously described. For simplicity, only the libration around the
level density-functional theory. Table Il lists the dipole mo- hydrocarbon chain axis is represented. Libration will occur at
ment, the effective dipole moment, the moment of inertia,defined frequencies corresponding to the relative position of
and the predicted OHD-RIKES signal of the three anions andhe anion with respect to the cation. The signal amplitude is
the imidazolium ring. The dipole moment and moment ofproportional to the average number of anions in a particular
inertia were calculated with respect to the center of mass gbosition. According to the amplitude fit parameters, 60% of
the molecule. For the cation, only librational motion of the the anion population lies on the CH bond between the two
imidazolium ring has been considered, and therefore only thaitrogen atoms of imidazolium ring. This configuration gives
dipole moment on the ring was taken into consideration. Theise to libration of the cation at about 100 ¢t Another
effective dipole moment vector is defined as the componen25% of the anion is positioned on the opposite side of the
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ring leading to libration of the cation around 65 ¢mThe
remaining 15% is split on either side of the cation and is
associated with libration of the ring at circa 30 th

It is possible to draw some basic conclusions regarding ; ;
the average time that an anion spends in any one of the three 0 200 400 600
positions. The inhomogeneity in the sample is reflected by b)
the three librational bands at 30, 65, and 100 troorre-
sponding to a particular position of the anion with respect to
the cation. The three peaks are separated by approximately
30 cmit and they are resolved in the spectrum rather than
merged into a single peak. This indicates that if the anion can )
change its position relative to the cation, this must occur on
a timescale longer than 1 ps. This number is consistent with i
recent simulations of the mean-square displacement of the 0 200 400 600
ion as a function of timé&%“® They show typically an initial
rapid increase of the displacement attributed to rattling in the
local cage and a slow asymptotic linear region corresponding
to diffusion. In the case dfbmim][ PF;], the rapid increase f T Y v T 7 ]
stops at around 2 pdRef. 48 followed by a slow diffusion 0 200 400 600

where the average ion moves only abalA per ns** show- e)

ing that the lifetime of the ion in its environment is quite

long. The damping rates corresponds to a dephasing rate

and is proportional to the rate of cage fluctuation. 0 " T ' ' ’
Finally, it should be acknowledged that the fits to the

experimental spectra are not perfect suggesting a certain de- cm

gree of inhomogeneity. In the two-body collision model in- Fig. 10. OHD-RIKES spectra up to 600 cinfor (a) [bmim] [PF], (b)

troduced by Bucaro and Litovit? the shape of the spectrum  [omim] [Tf,N]; (c) [bmmim] [Tf,N]; (d) [bmim][Tf,N]; (€) [bmim][TfO].

is modified at high frequencies to a degree depending on the

shape of the intermolecular interaction potential. This intro- . o
duces a form of inhomogeneity to the spectra that is nof? () () and(d). Table il lists the observed vibrational

included in our fit. Other forms of inhomogeneity, such asfrequencies for all five samples along with the calculated low

slow distortions of cage shape and concomitant spectral diﬂ‘_reque_ncy Raman bar_1d of the corresponding anion and thelr
fusion of the Brownian-oscillator frequencies, are also notntensity. The calculations presented here have been obtained

using GAUSSIAN 98 Revision A.9. It is not within the scope

of this paper to consider the high frequency intramolecular
| Vibrations in ionic liquid in detail and the assignment of the
galculated vibrational frequencies presented here will be dis-

2)

4

d)

included in our fitting model. In spite of this simplification,
the fits are good, giving us full confidence in the method.
The minor variations in frequency of the librationa
modes described above is hard to explain with the crud
description of our model. Previous studies reveal that botl%:usseOI elsewhere.
hydrogen bonded interaction and the interaction with the rin
system may be present in the liquid and should therefore b |l. CONCLUSION
considered in a more sophisticated model. Perhaps our ex- Using the OHD-RIKES technique, we have measured
perimental results will encourage a new theoretical analysighe intermolecular dynamics of a series of five ionic liquids
of the low frequency dynamics in ionic liquids. at room temperature:bmmim|[Tf,N], [bmim][PFK],
Features at higher frequenciedn our OHD-RIKES  [bmim][Tf,N], [omim][TfO], and[ omim][ Tf,N]. Because
setup, we can observe molecular frequencies as high as 6@ its relatively straightforward implementation and of its
cm™tin the spectra with a good signal to noise ratio. Figurehigh signal to noise ratio, OHD-RIKES has been a widely
10 shows the OHD-RIKES spectra in that window for theapplied method of capturing the ultrafast dynamics of a
five samples studied. In the previous section it was showsample. Typical analysis involves conversion of time-domain
that the low frequency part of the spectr@200 cm ) is  data to a spectrum by deconvolution, followed by a fit of the
due to the librational and diffusive motions of the cation. Inspectrum using analytical line-shape functions. The latter
Fig. 10 it can be seen that there are Raman bands due toay range from fully homogeneously broaderigach as the
intramolecular vibrations in the anion, as well as the cationBrownian-oscillator modelto fully inhomogeneously broad-
over a very broad range of frequencies starting at a frequenayned(Gaussian distributionsor models that can interpolate
as low as 120 cmt. Curves(b), (c), and (d) in Fig. 10  between the twdsuch as the Kubo line-shape theprif the
represent ionic liquids with the same anipmf,N]~ and inhomogeneous broadening can be accessed using such
present an identical feature aB800 cm * as well as a sharp analysis, its origin stays mostly unknown. Here the spectrum
peak at 120 cm'® attributed to the anion CSN and CSO has been successfully fitted to a number of homogeneously
bending mode&® The [TfO]~ anion[curve (e) in Fig. 10| broadened Brownian oscillators. As pointed out previotisly,
shows two sharp lines at 300 crhvery distinct from those this may not give rise to the most perfect fit as a Gaussian
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and a Lorentzian line shape have different “tails.” However, TABLE lll. Observed vibrational frequencieecm™) of the five room-

the tail region is where the systematic error in the experimentfemperature ionic liquids studied along with the calculated Raman frequency
. . . ar}d intensity of their respective anion.
is largest since any time-delay error can masquerade as par

of a line shape. In this paper, the Brownian-oscillator model  observed frequencies

has been proven to fit the OHD-RIKES spectra of organic (cm™ Calculated Raman frequencintensity)
gnd ionic liquids very well and to lead to a better understand-[omim] [bmmim]  [bmind] [Tf,N] (C, rotamey
ing of the data. [Tf,N]  [Tf,N]  [TE,N]

All five samples have been fitted with three oscillators 119 119 119 106(1.14
around 30, 65, and 100 crh corresponding to out-of-plane 170 167 170 153(D.3533
libration of the cation imidazolium ring with the anion in 209 210 1;291(2'2883
three possible positions. Recent experimental and computer 247 257 218 @'0283

. . ) . 44,48 Py
simulation studies on the structure of ionic liquiti&44 278 277 278 264(6.7742)
shows that the relative position of the anion with respect to 287 286 287 277(8.213
the cation is stable for a time on the order of 2 ps in the 29 296 297
liquid phase and allowed us to assign those modes. Accord- 298.35.8029
ing to the amplitude fit parameters, 60% of the anion popu- [bmim][Pf] [Pfs]
lation lies on the CH bond between the two nitrogen atoms 262 289.2 (0
of imidazolium ring. This configuration gives rise to libration [omim][Tf] [Tf]
of the cation at about 100 crh. Another 25% of the anions 211 192.50.0547
is positioned on the opposite side of the ring leading to li- 256 296.94.3195

bration of the cation around 60 ¢th The remaining 15% is
split on either side of the cation and are associated with
libration of the ring at circa 30 ciit. Thus, the analysis of

the spectrum in terms of Brownian oscillators has led to anyqy_in amplifier. In this Appendix, it will be shown how the

improved understanding of the structure of the ionic liquids ;g of a quarter-wave retardation plate leads to a signal
studied. The OHD-RIKES spectra of the various ionic lig- purely due to birefringence.

uids show more variation at frequencies above about 150— | order to derive the dependence of the signal on

71 .
200 cm 7, where the Raman bands of intramolecular modegample birefringence, it is necessary to work out the Jones
are observed. The OHD-RIKES technique allows us to reach,atrix for both the retardation plate and the sample. In our

frequencies as hi_gh as 600 ch o ) OHD-RIKES setup, the pump beam is polarized at 45° with
OHD-RIKES is sensitive to the polarizability anisotropy. regpect to the probe beam and the horizontal, resulting in a
As such, it captures the dynamics of the cation because of il§ymple that acts like a retardation plate placed under an angle
strong intrinsic polarizability, but is insensitive to any motion =45°. The Jones matrix of the sample is directly derived
due to the anion. Infrared-absorption or teratférpectros-  from the Jones matrix for a retardation plate with retardation

copy would be a complementary technique for its signalr tijted under an angles (Ref. 50 and is given by
scales with the dipole moment of the molectilénother

limitation of the OHD-RIKES technique is its incapability to r .. r

distinguish between inhomogeneous and homogeneous con- cosy  ~isiny

tributions to the Raman line shape. Higher order Raman  Wgympdl') = (A1)
) T - .. T r

techniques could in principle make such as distinctiteble —isiny  cos;

n).

In order to give the probe beam circular polarization, a
quarter-wave retardation platé € 90°) is placed under an
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probe beam is horizontally polarized, which corresponds to
the input Jones vector (1,0) The output vector is given by
APPENDIX: BALANCED DETECTION the product of the input vector with the Jones matrices of the

In the balanced-detection set(fig. 3, the probe beam 'etardation plate and the sample as

is given either circular polarization with a quarter-wave re- r r
tardation plate or 45° polarization with a half-wave retarda- COoSz / v2—sins / V2
. o . - 1 2 2
tion plate positioned after the sample. Horizontal and vertical — \y, \y -

. . wpYVsampl 0 T T .
components are separated with a Glan—Thompson polarizer . =/ va—isin—/ 3
and sent to a pair of photodiodes. The signals from the two ! cosz ! sz
photodiodes are subtracted electronically and sent to a (A3)
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