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We have investigated the ultrafast molecular dynamics of five pyrrolidinium cation room
temperature ionic liquids using femtosecond optical heterodyne-detected Raman-induced
Kerr effect spectroscopy. The ionic liquids studied ar&l-butyl-N-methylpyrro-
lidinium  bis(trifluoromethylsulfonylimide ~ P,,”/NTf,"),  N-methoxyethyIN-methylpyrro-
lidinium bis(trifluoromethylsulfonylimide P,zoe /NTf,"), N-ethoxyethylN-methylpyrrolidinium
bis(trifluoromethylsulfonylimide P,zoe /NTf,), N-ethoxyethyIN-methylpyrrolidinium bromide
Pieoe» and N-ethoxyethyIN-methylpyrrolidinium dicyanoamide R, /DCA™). For comparing
dynamics among the five ionic liquids, we categorize the ionic liquids into two groups. One group
of liquids comprises the three pyrrolidinium cationg PP, oy, and Bgoe paired with the NTS

anion. The other group of liquids consists of thg £ cation paired with each of the three anions
NTf,”, Br, and DCA. The overdamped relaxation for time scales longer than 2 ps has been fit by
a triexponential function for each of the five pyrrolidinium ionic liquids. The fasg ps and
intermediatd ~20 p9 relaxation time constants vary little among these five ionic liquids. However,
the slow relaxation time constant correlates with the viscosity. Thus, the Kerr spectra in the range
from 0 to 750 cm' are quite similar for the group of three pyrrolidinium ionic liquids paired with

the NTf,” anion. The intermolecular vibrational line shapes between 0 and 15bam fit to a
multimode Brownian oscillator model; adequate fits required at least three modes to be included in
the line shape. @005 American Institute of PhysidDOIl: 10.1063/1.1893797

l. INTRODUCTION enzymatic catalysi¥’ and enantiomeric synthesi!® Ana-
lytical applications of ionic liquids include uses such as sta-
Room temperature ionic liquidRTILs) are molten salts  tionary phases for chiral separatidiisand as nonvolatile
for which the low temperature limit of the broad liquidus is so|yents for matrix assisted laser desorption ionization time-
at or below ambient temperature. The strong electrical i”terof-flight mass spectroscoﬁﬁﬁ” Each of these applications
actions in these liquids cause them to have very low vapogan penefit from a detailed physical understanding of the

pressures, which resglt in solvent properties that are favordynamics and interactions in ionic liquids. Thus, we have
able for “green” chemlstr§7.RTIL vapor pressures are orders
of magmtude Iow.e'r than for ngutral organlc solventg. RTILScation ionic liquids.
show high solubility for both inorganic and organic com- .

: . . ; Femtosecond optical heterodyne-detected Raman-
pounds, including peptides, proteins, and enzymes. As re-

) . induced Kerr effect spectroscop®HD-RIKES) is a nonlin-
placements for volatile organic solvents, the low vapor pres-

sures of RTILs provide opportunities for reducing emissions_ear optical polarization technique that measures the depolar-

of volatile organic compounds to the atmosph?éll&n par- ized Rgman §|gnal from 5‘5 trgnsparent condensed phase
ticular the low vapor pressures of RTILs also provide oppor-Sample in the time d_oma_lﬁﬁ‘: Using OHD-RIKES, we can
tunities for reducing the risk of uncontrolled gas phase chaif"€asure the dynamics in condensed phases on time scales
reactions, fires, and explosions. Many important chemicaf2nging from 20 fs to 1 ns. The time domain data are con-
reactions, such as hydrogenatidh& oxidations!® and cou- verted to the low-frequency depolarized Raman spectrum by
pling reaction¥™*® have been investigated in RTILs to direct Fourier transform deconvolutién?’ Spectral sensi-

test their use as organic solvent replacements. RTILs haVdvity in the range from 0.1 to 750 cmimakes OHD-RIKES

also proven useful as solvents for materials syntH8sis, @ powerful tool to investigate the intermolecular dynamics
and interactions in condensed phases. Recently, femtosecond
OHD-RIKES has been wused for simple molecular

dCurrent address: School of Chemistry, The University of Melbourne, Vic- S 54 25 98-30
toria, 3010 Australia. liquids,™> and for more complex condensed phases

undertaken a spectroscopic study of five pyrrolidinium-
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In a number of cases, cyclic aromatic molecules are more
/ O - 0 , \ toxic than molecules with the corresponding aliphatic ring
Fsc"‘S,TNT,S“‘Cg systems. If this proves true for RTILs, then the aliphatic cat-
% ion RTILs might be better choices from an environmental
NTH; perspective. We have studied the following five different
+ + + pyrrolidinium ionic liquids shown in Fig. 1:N-butyl-
SN SENON SO N-methylpyrrolidinium  bigtrifluoromethylsulfonylimide
(_7 Q (_7 (P, INTE,), N-methoxyethyIN-methylpyrrolidinium
+ . bis(trifluoromethylsulfonylimide (P FINTE,)),
\P” Pieou Pieos / N-ethoxyethyIN-methylpyrrolidinium bi$tri1f$3(h)ﬂromet?1yl—
sulfonylimide (Pyeoe INTE,), N-ethoxyethyl-
/ N \ N-methylpyrrolidinium  bromide (Pjgoe /Br), and
SN0 N-ethoxy-ethyIN-methyl-pyrrolidinium dicyanoamide
(Pieoe /DCAT). We will compare the dynamical aspects
Pieoe’ of the cations using measurements from the series of
NTf,” anion RTILs of B, /NTf,”, P;gom /NTf,”, and
- Cne® P.eoe /NTF,. The effects on liquid dynamics from anion
NgC’N*CsN Fsc’s(b cS.S‘CF3 . motions are investigated by comparing dynamics from
) NTE Br Pieoe /NTE, ™, Pieoe /Br, and Beoe'/DCA™. For the case
QCA 2 / of P /Br~, we can measure cation dynamics directly be-
cause the spherical bromide anion cannot directly contribute

FIG. 1. Chemical structures of the pyrrolidinium cation ionic liquids used in to the OHD-RIKES signal, since this signal depends on fluc-

this study. R," is N-butyl-N-methylpyrrolidinium cation, B,y is  tuations of the polarizability anisotropy.
N-methoxyethyIN-methylpyrrolidinium cation, R.oe is N-ethoxyethyl-

N-methyl-pyrrolidinium cation, NTf is bigtrifluoromethylsulfonylimide

anion, DCA is dicyanoamide anion, and Bis bromide anion.

+

such as nanoporous glas§&&? microemulsiong®3* hy-  1I. EXPERIMENT
drated peptide and protein solutiofise’ and polymer
solutions®*3#

Several groups have studied the ultrafast dynamics of The synthesis of the ionic liquids used in this study will
aromatic imidazolium ionic liquids using OHD-RIKES. be reported in detail elsewhetso only a brief description
Quitevis and co-workers characterized how changes of thef the procedures used are presented here. The pyrrolidinium
alkyl substituent affected the intermolecular vibrational dy-cations were synthesized via standard methods, viz. quater-
namics for a series of 1-alkyl-3-methylimidazolium cations nization of N-methylpyrrolidine with the appropriate alkyl
paired with bigtrifluoromethylsulfonylimide anion®®  halide (in this case bromideto produce the pyrrolidinium
Recently they also reported the temperature dependence bfomide salté’*° These were metathesized to the(bit
the low-frequency Kerr spectrum for the RTIL 1-pentyl-3- luoromethylsulfonylimide salt using equimolar quantities of
methylimidazolium bigrifluoromethylsulfonylimide*®  the pyrrolidinium bromide and lithium bisifluoromethyl-
Giraudet al. studied five typical imidazolium ionic liquid¥.  sulfonyimide in aqueous solutio 47 Metathesis of the
They analyzed the low-frequency Kerr spectra of the ionicpyrrolidinium bromide to the dicyanoamide salt was done
liguids using a multimode Brownian oscillator model and according to Refs. 47 and 48 by reacting equimolar quanti-
concluded that the signals from each of the five ionic liquidsties of silver dicyanoamid& with the appropriate pyrroli-
are dominated by the imidazolium cation dynamics. Canggdinium bromide in water, filtering off the silver bromide pre-
Li, and Fayer studied the dynamics of the RTIL 1-ethyl-3-cipitate, and evaporating off the aqueous phase. The
methylimidazolium nitrate and concentrated on diffusive re-pyrrolidinium dicyanoamide was extracted from the residue
laxation processes with the time range from 1 ps to 2°ns. into dichloromethane, which was filtered and evaporated to
They described the temperature dependence of the observgigld the pure ionic liquid®*® The resultant liquids were
diffusive relaxation decays using a mode-coupling theory fordecolorized by stirring with activated charcoal overnight and
the dynamics, in which the data are fit to a function where ghen passing a solution of the liquid in acetonitrile through
sum of two power-law decays describes the faster relaxatioan activated alumina column. All ionic liquids were dried at
processes, and this sum is multiplied by a slower exponentiakduced pressure at 318 K for more than 24 h prior to char-
decay assigned to the relaxation. acterization and use. All starting materials were purchased

In this paper, we present high quality Kerr transient datefrom Aldrich in the highest available purity grade and used
for each of the five pyrrolidinium RTILs shown in Fig. 1. as received. Viscosity measurements were made using a
There are several reasons for investigating nonaromatic ioni@mperature-controlled Cambridge Applied Systems recipro-
liquids. The electronic structure of the aromatic molecularcating electromagnetic piston viscomet&fiscoLab 4100.
cations is more delocalized than for the aliphatic moleculaiNo impurity signals were detected in thed-NMR spectra of
cations leading to ion-ion interactions of a different nature.the neat ionic liquids.

A. Sample preparation
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B. OHD-RIKES measurement dinium cations Reoe , Pieonm > @nd R,, and for the NT§~
and DCA anions of the ionic liquids were performed by
using theGAUSSIAN 03 program package. Becke’s three-
e%arameter gradient-corrected excharﬁwd Lee-Yang—Parr
gradient-corrected correlation functiois(B3LYP) were
used with the 6-31+@l,p) basis set! Calculations were

Details of the OHD-RIKES apparatus were reported
elsewheré®*° Briefly, a lab-built femtosecond titanium sap-
phire laser operating at 800 nm center wavelength was us
as a light source. The output power was about 320 mW whe

the laser was pumped by 3.2 W of 532 nm light from ad for the isolated molecular i d in for the ion i
frequency-doubled diode-pumped continuous Nd;\&er one o'rt €150 ated molecular lon-anc again orthe ion in a
dielectric continuum model using a dielectric constant of

(Spectra Physics, Millennia)VTo compensate for the group . M )
velocity dispersion introduced by the optics in the spectrom-36'64 for acetonitrile. The value for the acetonitrile dielectric

eter, the laser output was first routed through a retroreflecting:zfnSftamb"v""S c(rju_)se_n b eI(_:au%% gfhth_e tS|m|I?r SO|\{;1'[0thr0mIC
dispersive delay line consisting of a pair of fused silica Ecls observed In 1onic iquids. The ntegral equation Tor-

Brewster prisms separated by120 cm. After the delay line malism, polarized continuum mod¢lEF-PCM of Men-

H ,56 — . _
the laser pulses passed thorough a half-wave plate to rota'cc! and Tomas?**was used to mimic a solvent environ

their polarization to vertical, and were incident on an un_ment similgr tc,) that observed fqr solvatochr.omic shifts i,n
coated fused silica interferometric wedge to produce pumﬁe.veral lonic liquids. Molecular 1on geom.etrles were opt-
and probe beams with an intensity ratio of about 90:5. Th ized .W'th no cor?stralntsf. ThHYZ Cartesian coordinates
pump beam is routed though a half-wave plate and a Glan®" catlgn and anion Opt'm'Z.Ed by BBLYP/6-31{-(_03p)_
Thompson polarizer transmitting vertically polarized light Calculations are summarized in the EPAPS supporting infor-
prior to the focusing lens. The pump beam intensity wagmation document’
modulated at 1 kHz by a mechanical chopg@tanford Re-
search Systems, SR540he probe beam is routed through
an antireflection coated interferometer wedge, a variable op#l. RESULTS
tical delay line(Pacific Precision Labs, 0.1 micro_n accurgey A. Picosecond reorientational dynamics
a half-wave plate and a Glan—Thompson polarizer to set the
polarization 45° from vertical, and then through a quarter-  Figure 2 shows the log-log plots of the Kerr transients of
wave plate before the fused silica focusing lens. The pumghe five pyrrolidinium ionic liquids. As shown in Fig. 2, the
and probe beams were focused on the sample and recolferr transients of BRog /NTf,”, Pigoy,'/NTE,”, and
mated with a matched pair of 100 mm focal length fusedP,, /NTf,” are quite similar. On the other hand, the Kerr
silica lenses. The pump beam was blocked while the prob#ransients for B¢ /Br~ and Rgog /DCA™ are clearly dis-
was sent though a second Glan-Thompson polarizer and tiaguishable. The Kerr transient of 2,£'/Br~ shows that the
spatial filter consisting of two 150 mm lenses and a 0.15 mnamplitude of the picosecond reorientational relaxation is
pinhole. To achieve heterodyne detection, an out of phaseuch smaller than that of the other ionic liquids.
local oscillator was introduced by rotating the input polarizer ~ In Fig. 2, one finds that for time delays from 10 fs to 1
by +1° away from the homodyne orientati¢defined at the ps, a strong beating pattern is observed in the Kerr transients.
polarizer extinction angle The OHD-RIKES probe beam The beats arise from multiple intramolecular normal modes,
was detected by a large area amplified p-i-n photodiod@nd are most complex for the RTILs with the NTanion. A
(New Focus, 203Rand recorded as a function of pump- different beating pattern with a smaller modulation depth is
probe delay by a digital lock-in amplifi€Stanford Research observed over the same time range for theJ2' /Br~ liquid.
Systems, SR830referenced to the chopper frequency. TheFor the Rgoe/DCA™ liquid, the beating pattern is a more
laser pulse cross correlation measured with a 200potas- ~ simple sinusoidal decay over this time range, indicating the
sium dihydrogen phosphate crystal was 36+3 fs FWHMpresence of a single dominant low-frequency mode. In the 1
(equivalent to a 25+2 fs pulse, assuming a Gaussian linto 10 ps time window, the intramolecular modes are damped.
shapé. The measured spectral bandwidth of the laser pulsegor longer time scales beyond 10 ps, the intramolecular vi-
was about 55 nm. All the measurements were made dirational damping is complete and a nonexponential decay is
295+2 K. Scans with high time resolution of 4096 points atobserved for each of the five liquids.
0.5 um/step were recorded for a time window of 13.66 ps.  The overdamped nonexponential decay part of the Kerr
The slower orientational dynamics were captured in 115 p#ansients from 2 to 740 ps is fit to several model functions.
scans with 2Qum per data point and in 730 ps scans with Exponential, stretched exponential, biexponential, and a sum
50 um per data point. Ten scans were averaged for the sho@f exponential plus stretched exponential functions do not
time window transient$5 scans each for +1° and —-1° rota- adequately fit the data. Both triexponential and mode cou-
tions of the probe input polarizeand 20 scans were aver- pling theory model functioré provide improved quality fits,
aged for the intermediate and long time windo@® scans but a triexponential model is generally superior. We note that
each for both the +1° and —1° rotations of the probe inputhe long time noise floor for our Kerr transients ranges be-
polarizey. tween 2<107° to 5X 107° on an intensity scale normalized
to the peak of the electronic response. To obtain a reduced
noise floor, it would be necessary to either use a scheme with
multiple laser pulses of different durations and intensities as
Optimized geometries, intramolecular vibrational modesdone by the Fayer grou”ﬁ,or to employ a multiple modula-
and effective atom-centered charges for the three pyrrolition method as demonstrated by Fourkas and co-worRes.

C. Density functional theory calculations
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FIG. 2. Log-log plots of Kerr transients fofa) P,;eqe /NTE,, (b)
Pieom INTE,", (¢) Py, INTf,", (d) Pieoe /Br, and (e) Pjeoe /DCA™
Triexponential fit functions are also shown in the figure.

J. Chem. Phys. 122, 184512 (2005)

notable points from Table | are the followin¢t) the ampli-
tude of the diffusive relaxation for,R,¢ /Br~ relative to the
electronic contribution is only about 10% of that for the
other ionic liquids,(2) the fast and intermediate relaxation
time constants,; andr, do not vary much between these five
ionic liquids, and(3) the slow relaxation time constantg
for the five pyrrolidinium RTILs range from 160 ps to 3.2 ns,
and correlate with the values of the shear viscosity.

B. Femtosecond dynamics: Low-frequency Kerr
spectrum

The Kerr transients are analyzed by means of the Fourier
transform  deconvolution procedure introduced by
McMorrow and Lotshavi®?’ To obtain a sufficient number
of data points for a spectrum of reasonable accuracy, it is
necessary to extend the high time resolution data from Fig. 2
(with 4096 data points over the time window from —1.5 to 12
ps) over a longer time range than it is practical to record. To
achieve this, the longer time scale Kerr transidfig. 2) in
the range from 2 to 740 ps were recorded with lower time
resolution, and are fit to a triexponential function
(ay exp(—t/ mp) +a, exp(—t/ ) +agexp(-t/m3)).  Prior to
Fourier-transform analysis, the 4096 point data set from -1.5
to 12 ps is extended to 131 072 points using the triexponen-
tial fit function with a time step of 3.3355 fs, yielding spectra
with about 0.0763 cnt/point spacing. All the spectra ob-
tained in this study are well resolved up to 7507¢m

Figure 4 shows the Fourier-transform Kerr spectra of the
five ionic liquids. These spectra have had the contribution
from the diffusive components subtracted prior to Fourier
deconvolution. As shown in Fig. 4, ;Boe /NTf,,
Pieom /NTf,", and B,"/NTf,” show rich intramolecular vi-
brational bands spectra in comparison with & /Br- and
Pieoe /DCA™. The spectra of Rog /NTE, ", Pigon’ /NTF,
and B,"/NTf,” are quite similar. The frequencies of the in-
tramolecular vibrational modes observed in the Kerr spectra
of the ionic liquids are summarized in Table Il;R¢" in-
tramolecular vibrational bands are observed at band centers
of 283, 380, 527, and 642 ct in P;eoc /Br~ and
P.eor /DCA™, though they are of much lower intensity com-
pared to the strong intramolecular bands of the N&hion.

C. Density functional theory calculations

The electrostatic properties for each of the five molecu-
lar ions are obtained following geometry optimizations.
Atom-centered charges from the ChelpG model are obtained
for the gas-phase ion, for the PCM model using the gas-
phase geometry, and again for a geometry reoptimization for
the stable ground state with PCM polarization. The magni-

reduced noise floor will be required to differentiate betweenudes of the atom-centered charges are enhanced relative to

the triexponential decay and mode-coupling thé;(')nyodels.

the gas phase when the IEF-PCM model is applied, and are

The triexponential fit curves are also shown in Fig. 2.further enhanced as the geometry is reoptimized from the gas
The fit parameters are summarized in Table | and plotted iphase. The electric multipole moments obtained are for the
Fig. 3. The sum of the amplitudes is normalized to unity. Thestandard orientation, center-of-mass coordinate system. It is
amplitudes of the diffusive relaxation components relative tamportant to note that dipole moments for ions depend on the
the instantaneous electronic responses are also listed. Thboice of origin for the atomic coordinates. Optimized ge-
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TABLE I. Triexponential fit parameters for diffusive Kerr transients of pyrrolidinium ionic liquids.

lonic liquid ad’ a’ 7(p9° a, 7 (p9° ag’ 75(p9)°
Preod INT, 352x10°% 071 231 0.23 15.4 0.06 165
Preoy/NTE,” 3.63x10°  0.68 2.27 0.26 14.6 0.06 161
P, INTE,” 3.41x10° 072 2.43 0.22 18.3 0.06 253
Preod /BF 047x10° 078 1.89 0.17 21.2 065 3200
Pyror /DCA™ 5.66x10° 078 2.02 0.20 16.2 0.02 686

aSum of amplitudes of triexponential function normalized by the instantaneous electronic Kerr response.
PError is +10%.

°Error is +20%.

Error is +30%.

°Error is +35%.

"Error is +500%.

9Error is £100%.

ometry coordinates, rotational constants, CHelpG charges, O
and electrostatic properties are reported in the supporting TCOIZETrotv (1)
information®’

Harmonic frequencies for each of the optimized geom-whereg, is the static pair orientational correlation parameter
etries were calculated, both for the isolated gas-phase memnd j, is the dynamical orientational correlation pair
lecular ion, and with the polarized continuum model usingparamete?? Although it is difficult to estimateg, andj, for
the value for the room temperature dielectric constant of acthe RTIL molecular ions, the collectivistructura) reorien-
etonitrile. The complex vibrational spectroscopy resultingtational time is proportional to the single molecule reorien-
from the flexibility of each ion makes most comparisons oftational time if the ratio ofy, to j, does not vary between the
observed versus calculated modes difficult. An exception isjve pyrrolidinium RTILs. Comparisons between NMR and
the pentaatomic dicyanoamide anion, which has a strongeutron scattering experiments and molecular dynamics
bending mode observed at 180 ¢nfor which calculated simulations will be required to address the characteristics of
values are 160 ci (gas phaseand 174 criit (PCM opti- g, andj, for ionic liquids.
mized; and the symmetric in-plane cyano wagging mode  Results from the triexponential analysis of the longer
observed experimentally at 663 thand calculated to be at time Kerr transients are summarized in Table I. Only the
650 cn1* for the PCM model. longest time constant; varies with viscosity in a manner
consistent with diffusive relaxation. For diffusive orienta-
tional relaxation, the reorientation time constapt of a sol-
ute in many simple organic molecular liquids is well de-
scribed by the Stokes—Einstein—Debye hydrodynamic

—— on i : model®°
Reorientational relaxation signals from optical Kerr ef- '
fect experiments provide a measure of the collective re-

IV. DISCUSSION

sponser., unlike single particle experiments, such as NMR TrLot: 6\/—77]: 2)

relaxation. The collective reorientational relaxation timg L(L+1kgT

is correlated with the single molecule reorientation time ) ) .

- t59 whereV is the volume of the rotating specieg,s the shear
rot

viscosity of the liquid,f is a shape factolkg is the Boltz-
mann constanfT is the absolute temperature, and the rank
equals 2 for depolarized Kerr reorientation signals. Figure 3

B shows the plots of the longest reorientation tigeversusV,,
600+~ for the pyrrolidinium ionic liquids. Because the fitted time
5004 constantrs for P /Br is 3.2 ns, which is more than four

7 times longer than the time window for the present OHD-
400 RIKES measurements, only the values for R,"/NTf,",
300 0 é:it?:n Pieom INTf; ", Pieog /NTf,", and Reog /DCA™ are plotted
o Pair in Fig. 3. The values for several physical properties including
200+ formula weightM,y, densityd, formula volumeV, viscosity
n of the pyrrolidinium RTILs are summarized in Table IlI.

20 40 60 80 100 The values ofV for the ionic liquid cations and anions are
Vn(PasA) estimated by the method of van der Waals increm@&its,
with the value ofV for the Br ion taken from Israelachvili’s

, . _ book®?
pyrrolidinium ionic liquids. Squares, triangles, and circles represent points

calculated using the molecular volumes of the anion, cation, and the sum of ~ Figure 3 plots the longest Kerr _re|axf3ti0_n time constant
cation and anion, respectively. 73 Versus the product of the shear viscosity times the volume

FIG. 3. Plots of the slow relaxation time constamtvs 7V for the five
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of the viscosity-volume product®,ion Or Veaiion?- IN @ re-

041 cent molecular dynamics study of solvation in the RTIL
0.3 Pt I NTE 1-butyl-3-methylimidazolium hexafluorophosphate, Kobrak
14 2 and Znamenskiy found that the dynamics of anions and cat-
0.2 (a) ions are strongly couple‘if.Margulis also showed the strong
correlation between cation and anion diffusions in 1-alkyl-3-
0.1 methylimidazolium hexafluorophosphate ionic liquids by
o0 molecular dynamics simulatidti.Thus, we believe it is plau-

sible that the Kerr orientational signal is comprised of a sum
of orientational correlations of individual cations and anions,
as well as cation-anion pairs. We cannot exclude the possi-
bility that there is a contribution to the overall diffusive re-
sponse from more complex transient aggregates, such as
cation-anion-cation or anion-cation-anion trimers. To con-
tribute to the Kerr diffusive reorientation signal, such aggre-
gates would have to have a cluster lifetime greater than the
jump diffusion time.

Cang, Li, and Fayer measured the Kerr relaxation dy-

3 034 . . namics of 1-ethyl-3-methylimidazolium nitrate at the tem-
L Pieoe / NTE perature range of 295-410 ‘R.They found that the relax-
£ 02- ation was best fit to a model from mode coupling theory.
§ ' © This model is the product of the sum of two power-law de-
T o014 cays multiplied by a slower exponential decay, which is as-
§ signed to the overalk relaxation of the glassy liquitf Their
2 o0 ' : . results showed that the longestrelaxation time constant
follows the trend predicted by the Stokes—Einstein—Debye
0.10- hydrodynamic model if the rotating solute volume is taken as
0.08 - the volume of only the cation. In the pyrrolidinium RTILS, it
is possible that the appropriate volume of a rotor may be that
0.06- of the sum of the cation and anion volumes. Temperature
0.04- dependent Kerr dynamics experiments of both nonspherical
0.02- anion and cation ionic liquids will be needed to obtain fur-
0.00 ther understanding of reorientation dynamics in room tem-

perature ionic liquids. To study whether clustering affects the
measured reorientation, it will also be helpful to have inde-

0.3 . . pendent experimental data from NMR and quasielastic neu-
Peoe / DCA tron scattering. In particular, temperature-dependent NMR
0.2 © experiments will elucidate to what degree internal torsions
occur on competing time scales with overall diffusive tum-
0.1 bling motions of the molecular ions.

The values of the fast and intermediate relaxation time
0.0- T T \ constantsr; and r, do not vary much between the five pyr-
0 200 400 600 L T e
Frequency (cm™) rolidinium ionic liquids and have values of about 2 ps and 17
ps, respectively. The corresponding normalized amplitudes
FIG. 4. Fourier-transform frequency power spectrdaP, o /NTf,", (b) for a; anda, are about 0.73 and 0.22, respectively. Several
Pieom /NTE,", (€) Py, /NTF,, (d) Pigog /Br7, and(e) Pigoe /DCA™. The  groups have characterized the solvation dynamics in ionic

contribution of the picosecond relaxation was subtracted. liquids by time dependent fluorescence Stokes shift measure-
ments of solvatochromic probes such as coumarin 153 and
T . : F 4,66—71 : .
for each of the pyrrolidinium RTILs, excepting ;' /Br-.  4-aminopthalimidé’ The solvation dynamics show

Using either the cation or anion volume to calculate thestrongly nonexponential relaxation, fitting well to a stretched
graph abscissa, a rough correlation is observed. Howevegxponential function with g value of 0.4-0.5, for both aro-
noticeably better agreement and a better statistical linear comatic and nonaromatic RTILs. The average solvation time
relation are found when the volume is taken to be the sum ogonstants observed in these experiments are substantially
the cation plus anion molecular volume¥,,,=Veion lONger than the observed Kerr reorientation dynamics, typi-
+Vanior If the slowest orientational relaxation process ob-cally occurring on subnanosecond to nanosecond time scales.
served in the Kerr signdtharacterized by the time constant We have measured solvation dynamics for the pyrrolidinium-
73) arises from predominantly cation or anion reorientation,cation RTILs R, /NTf,” and Bgog /NTf, . Preliminary

one expects to find a linear relationship betwegand either  analysis shows that the average relaxation time constant
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TABLE II. Intramolecular vibrational band frequencies observed in Fourier-transform Kerr spectra of ionic liquids. In the AssignmentAalanotes an
anion vibration andC a cation vibration.

P, INTf, (cm™) Pieow INTE, (cmih) Pieoe /NTF, (cm™) Pieoe /Br(cm™) Pieoe /DCA~(cm™) Assignment
121 121 121 A
168 168 168 A

180 A

203 C

208 208 208 A
278 278 278 A
284 282 C

288 288 288 A
297 297 297 A
313 313 313 A
326 326 326 A
331 331 332 A
340 341 341 A
350 350 350 A
371 C
381 380 C

399 398 399 A
407 408 408 A
410 411 C

440 435 433 440 439 C
475 C
526 528 C

534 535 535 A
551 551 551 A
557 557 557 A
571 571 571 A
588 589 587 587 587 C
630 C
641 643 C

663 A

740 741 740 A

TABLE lll. Formula weightM,,, densityd, formula volumeV, and viscositys of the five pyrrolidinium ionic

liquids.
lonic liquid Constituent My/(g/mol) d¥(g/cn) VO(A3) 7(cP)
P,eoe INTE,” 438.4 1.41 378 60
Pioe 158.3 175
NTF, 280.1 203
Poeon’/NTE,” 424.4 1.46 361 59
Pieom 144.3 158
NTf,” 280.1 203
P INTE, 422.4 1.40 372 85
P 142.3 169
NTf,” 280.1 203
Pieoe /BI™ 238.2 1.31 206 11 940
Pror 158.3 175
Br- 79.9 31
P,eos /DCA™ 219.8 1.10 231 480
Pioe 158.3 175
DCA~ 66.0 56

Aalues at 295 K.
PEstimated by van der Waals increme(i®efs. 61 and 62
“Values at 296 K.
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from fluorescence Stokes shift measurements seems to be
substantially slower than the slowest observed Kerr relax-
ation time constants.

The bands observed in thg R¢ /Br~ spectrum are as-
signed to the intramolecular vibrational bands of theJ2"
cation because the monatomic™Bion has no vibrational

4- ---- Two BOs fit
2] e M ~—— Three BOs fit

modes. Comparing the spectra of (B /Br~ and K 0107 *+++ Data

P /DCA™, we find that Reos'/DCA™ shows a strong 2 008 4 N Two BOs fi
vibrational mode at 180 ci. Lower intensity intramolecu- S 0.06-

lar modes for BR.oc /DCA” are observed in the % 0.04

200-750 cit* range and are quite similar to those of §

Pieoe /Br~, except for the 663 cm band which is present g%y .o Tl i

only in Pgoe /DCA™. The normal modes calculated at the 0.00+ ; , : -
B3LYP/6-31+Qd,p) level, listed in Table Il, show that the

180 cmi' DCA™ band is the cyand-cyano bending mode 0.10 ses+ Data
and the 663 cimt band is theN-cyano bending mode. 0.08- T e BOsT

The ionic liquids having the NTf anion display a rich - - BO2

vibrational structure, as seen in Fig. 4. The intramolecular

Spectral Density (a.u.)
o
(=]
il

vibrational bands of the NI anion dominate the spectra of 0.04

Pieoe INTE,, Pieow /NTE,™, and B,"/NTf,” because the 0.029F 7 Tl

NTf,” anion contribution to the Raman spectral density is 0.00 27" : . """ . : .
more than an order of magnitude greater than from the pyr- 0 50 00 150 200
rolidinium cations. For each of the pyrrolidinium N;Tfionic Frequency (cm )

liquid spectra, there are ten intense vibrational transitions in
the 250-420 cimt frequency rangéTable Il). An electronic  FIG. 5. Multimode Brownian oscillator fits to the intermolecular spectrum

structure calculation at the B3LYP/6-31Gdk p) level for a of Pygog /Br~ from 0 to 200 cm. The bottom figure presents the best fit
' using three Brownian oscillators, the middle figure the best fit with two

gas-phas€; (trang symmetry NT§~ anion shows only eight g onian oscillators, and the residuals for both fits are shown at top.
intramolecular vibrational bands in the corresponding fre-

quency range. The inconsistency between the number of
bands observed in the experimental liquid spectra and the One of the primary challenges in the interpretation of
density functional theory normal mode calculations likely low-frequency Kerr spectra is to fully understand the inter-
arises because the flexible NTfanion has multiple confor- mediate time scale dynamics bridging the intermolecular vi-
mations that lead to shifts in some of the vibrational bandsbrational to diffusive time scales. In a pure liquid, the pro-
We note that the Kerr spectra of imidazolium ionic liquids gression of time scales in the observed dynamics begins at
with the NTf,” anion also show ten strong vibrational modesthe shortest time scales with the intramolecular vibrations,
in the same frequency regidhjn common with the pyrro-  followed by underdamped intermolecular vibratigireclud-
lidinium NTf,™ ionic liquid spectra presented here. Holbrey, ing librational motiong with the longer time scales com-
Reichert, and Rogers have reported crystal structures of alkyrised of a quasiexponential decay for the intermediate time
limidazolium salts, with the NTf anion having thecis  dynamics, with the longest time scale relaxation being rep-
conformation’> We find overall agreement with the anion resented in the simplest case by a single exponential decay
and cation vibrational spectra with the Raman spectra ofhat is correlated with diffusive reorientational motions. De-
P,5 /NTf,” and B5'/1” reported recently by Castriotd al” tailed tests of the models have been made for two different
and with the IR and Raman spectra of NTfeported by Rey cases. Loughnanet al. showed that the intermediate time
et al’ scale exponential decay can be described as resulting from
In order to emphasize the intermolecular vibrational dy-motional narrowing of intermolecular oscillators. They
namics, Fig. 6 shows the Kerr spectra from Fig. 4 plottedshowed that this explanation was consistent for six symmet-
over a narrower spectral window of 0-200 @mThe low-  ric top liquids for a wide variety of temperatures. On the
frequency dynamics arise from several types of intermolecuether hand, McMorrowet al. showed that a single “quan-
lar interactions including collision-induced and dipole- tum” harmonic oscillator reproduces the dynamics of,CS
induced motions with the dominant contributions likely over a range of dilution concentrations for which the chemi-
arising from intermolecular librational motions. As shown in cal environment changes substantiaifs evidenced by the
Figs. 5 and 6, the broad low-frequency spectra of thechange in observed linewidth®’’ The quantum harmonic
Pieoe INTE,, Pieow /NTE,", and B,"/NTf,” liquids are oscillator has the advantage that the dephasing rate is not
quite similar. However, the low-frequency spectra ofcoupled to the frequency of the oscillator. A limitation of the
Pieoe /Br~ and Bgoe /DCA™ are quite distinct. The inter- “classical” harmonic oscillator model is that it exhibfie-
molecular dynamics and interactions between NTénd quency pulling and hence distortions of the lineshapes be-
the three pyrrolidinium cations lead to similar spectra be-cause of the strong overlap between inhomogeneous spectral
cause of the structural and dynamical similarities of thewidths and dynamical time scales. For the room temperature
Pieoe » Pieom» @and B, cations. ionic liquids discussed here, the low-frequency spectra mea-
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Spectral Density (a.u.)

T
0 50 100 150 200
Frequency (cm)

FIG. 6. Low-frequency power spectra ofa) Poe /NTf,, (b)
Pieom INTE,, (€) P, INTF,", (d) Pigoe /Br, and(e) Pygoe /DCA™ (bold
dotted lines. Entire fit curvegsolid lineg and each Brownian oscillator fits
(small dotted, short dashed, and long dashed Jiaes also shown. Intramo-
lecular modes are also fitted by a Lorentzian funcfidot-dash lines

J. Chem. Phys. 122, 184512 (2005)

The low-frequency intermolecular dynamics in the pyr-
rolidinium RTILs are analyzed by line shape fitting of the
broad spectral band to a multimode Brownian oscillator
model8®

3
lpoi(w) = 2 %0

=1 27l (wgoi = 09+ ygor @?]’ )
whereagg;, wgei, and ygo; are the amplitude, the frequency,
and the damping parameters for title Brownian oscillator,
respectively. Though the linewidth coefficiepiy; was origi-
nally assumed to be frequency depencféﬁ?,here it is as-
sumed to be constant for simplicity. Fits to the intermolecular
spectral bands using two-mode versus three-mode Brownian
oscillators are shown in Fig. 5 for,Poe /Br-. For the two-
mode model, the fit curve deviates somewhat from the data
and the fit residuals are noticeably worse than for the three-
mode model for which we determined that adequate fits were
obtained. We note that even small molecular liquids normally
show at least two features in fits to the intermolecular Kerr
spectrum. For the more complex ionic liquid case, it is plau-
sible that even more than three modes could be present,
likely with substantial overlap between modes. At least three
Brownian oscillators are needed to obtain good fits to the
intermolecular dynamics of the pyrrolidinium RTILs. We
note that Giraudet al. used three Brownian oscillators to
describe the intermolecular Kerr spectra of five imidazolium
cation ionic liquids* A Lorentzian function is added to the
model to account for the intramolecular bands observed at
180 cmit for Pjoe /DCA” and at 122 cmt for
Pieoe /NTf, ", Pieow /NTf,", and RB,"/NTf,". Figures 5

and 6 show the low-frequency spectra and Brownian oscilla-
tor fits. The fit parameters are summarized in Table IV. The
sum of the spectral are®;o=/1goi(w)dw/Z; [ 150i(w)dw for

the Brownian oscillators is normalized to unity.

From the line shape analysis of the three NTanion
RTILs shown in Fig. 6, one finds that the band center fre-
quencieswg; Of about 28, 45, and 72 crhare very similar
for P,/ NTf,", Pigom /INTf,” and Bgoe /NTf,™. The
P.eor /Br~ intermolecular spectrum arises predominantly
from P,coe cation dynamics, because the spherical bromide
ion has no reorientational contribution to the depolarized
OHD-RIKES signal. Three Brownian oscillator components
centered at 43, 66, and 91 chare found in the B /Br~
spectrum, with the band center for the intermolecular spec-
trum shifted to higher frequency, as observed in Fig. 6. In-
termolecular dynamics for,R.¢ /DCA™ liquids also show a
higher frequency first moment of the spectrum. Brownian
oscillator line shape components are fit to the center frequen-
cies of 34, 64, and 97 cth We note that the reduced mass
between cation and anion for the NTfliquids is approxi-
mately two times greater than for either of thg-§-"/Br~ or
Pieoe /DCA™ liquids. Thus a spectral component arising

sured in the 0-150 chh range arise from intermolecular dy- from a vibrational coordinate between cation and anion
namics from both the cations and anions. The complexity otould account for the observed higher band center frequen-
the observed ionic liquid spectra does not permit us to diseies for the latter two liquids.

tinguish between the motional narrowing or quantum har-  For the five pyrrolidinium ionic liquids considered here,
monic oscillator models in the Kerr dynamics observed forthe case of the intermolecular vibrations is simplest to con-

the pyrrolidinium RTILs.

sider for Bgoe /Br~ because of the spherical bromide anion.
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TABLE IV. Brownian oscillator fit parameters for the low-frequency power spectra of the pyrrolidinium ionic liquids.

lonic liquid Agor” wgoy(cm™)® Yeor(emH© Ao’ wgop(cm )’ YaoalemH)* Agos’ wgo(cm™)’ Yaogem
Pieoe /NTE, 0.23 28 61 0.44 47 76 0.33 74 65
Peom /NTF,” 0.17 29 71 0.45 41 81 0.38 73 73
P, INTF, 0.21 28 68 0.55 45 86 0.24 69 61
Pieoe /Br- 0.27 43 72 0.40 66 62 0.32 91 57
P1E0E+/ DCA™ 0.17 34 76 0.48 64 79 0.35 97 72

*Error is +30%.
PError is +15%.
“Error is +20%.
Error is +10%.

The only way in which the Br motions can couple to the vibrational coordinates that should result in more clearly de-
observed Kerr signal is if Rog /Br~ interactions lead to fined modes than are observed for the intermolecular inter-
substantial changes to thg Bz angular momentum. The actions found between aprotic organic liquid molecules.
complex nature of ion-ion structure and interactions in ionicThese proposed vibrational coordinates between cations and
liquids leads us to consider the possibility that low-frequencyanions would likely overlap with both the translational
cation-anion modes may contribute to the intermoleculaginteraction-inducedand orientationallibrationa) compo-
spectrum along with librations and interaction-induced mo-nents of the Kerr spectrum. It seems clear that careful mo-
tions. Visualization of the normal modes for AM1 gas-phasdecular dynamics simulations followed by calculation of the
semiempirical cluster calculations on thgcB: /Br~ dimer  Kerr spectra will be required to obtain any more definitive
and the BF/P,coe /Br~ trimer gave preliminary evidence assignments of the low-frequency spectra of ionic liquids.
that several of the numerous low-frequency torsional mode®ur conclusion is that the clearest contributions from a line
of the cation are strongly coupled to bromide translationsshape analysis are that one obtains an accurate parametriza-
leading to effective cation-anion stretching coordinates.  tion of the line shape and a reasonably good picture about the
Several line shape models have been used to analyze th@nimum number of different modes that contribute to the
low-frequency intermolecular part of OHD-RIKES spectrum intermolecular line shape.
for molecular liquids®3+38°080%he |ow-frequency inter- The intermolecular dynamics for the five pyrrolidinium
molecular spectrum of liquids contains the interaction-RTILs studied here are qualitatively similar to those ob-
induced (translational and librational (reorientationgl  served for the imidazolium cation based RTILs studied by
motions?>® The recent study by Ryu and Stratt on the in- Giraud et al** and Rajianet al*° Despite the qualitative
termolecular dynamics and calculated Kerr spectra of bensimilarity in intermolecular dynamics for the two classes of
zene and Cgliquids provides insight for how we may con- RTILS, the solvent reorganization dynamics probed using
sider ionic liquids in a way that goes beyond line shapesolvatochromic fluorescent dyes very different. For each of
analyses® They demonstrated that significant overlap occursthe imidazolium-cation RTILs investigated thus far, the sol-
between translational and orientational components of thgation dynamics present an ultrafast decay component that is
calculated Kerr low-frequency spectrum in the range from Oqualitatively assigned to librational motions of the aromatic
to 200 cm®. We believe that similar overlap and coupling imidazolium cation. Solvation dynamics of RTILs having the
between translational and orientational modes will also occusame anions but with the aromatic cation replaced by an
for ionic liquids in general. Our geometry optimized gas-aliphatic tetraalkylammonium, dialkylpyrrolidinium, or tet-
phase structures for the three pyrrolidinium cations and twaaalkylphosphonium cation show slower, glassylike relax-
molecular anions show that each ion is an asymmetric rotoation with long time scale solvation time constants in the
Structures of these ions are actually surprisingly close tsange from 50 ps to 50 r7§:%6~"197
symmetric rotors, showing a crude similarity to the rotational It is well known that the dipole moment for an ion is not
symmetry of benzene in the sense that they have two verg very meaningful quantity, since its magnitude depends on
similar inertial axes for the prolate rotors. In order to unravelthe choice of origin for the atomic coordinates. Wynne and
the complex intermolecular spectrum in a binary system suclko-workers avoid this difficulty by estimating cation effec-
as an ionic liquid, we must recognize that there will be low-tive dipole moments from chemically and structurally similar
frequency interaction-induced contributions from both cationneutrals’* Kobrak has described the how the concept of a
and anion, as well as cross terms. Because of the near syrfeharge arm” can be used in place of the dipole moment for
metric top nature for both the cation and anion geometriesgescribing polarity in ionic quuidgf.3 The charge arm is de-
there will exist librational motions on two different time fined as the charge times distance separating the center of
scales. Because of the asymmetric nature of the ions, weharge and the center of mass. This picture may qualitatively
expect depolarized contributions from all modes. We believe=xplain the similarity of low-frequency dynamics between
that the strong electrostatic interactions between ions wilNTf,” ionic liquids with P,” and the aromatic analog
lead to a substantially higher degree of clustering for ionicl-butyl-3-methylimidazolium cations because the charge-
liquids compared to neutral organic liquids. The specific at-arms for B," and 1-butyl-3-methylimidazolium cation have
tractive associations between cations and anions will lead teimilar values of 0.9 and 1.6A, respectively®
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