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Ultrafast Solvation Dynamics of Coumarin 153 in Imidazolium-Based lonic Liquids

Bernhard Lang, Gonzalo Angulo,” and Eric Vauthey*
Department of Physical Chemistry, Wersity of Genea, CH-1211 Genea 4, Switzerland
Receied: December 23, 2005; In Final Form: March 30, 2006

The dynamic Stokes shift of coumarin 153 has been measured in two room-temperature ionic liquids, 1-(3-
cyanopropyl)-3-methylimidazolium bis(trifluoromethylsulfonyl)imide and 1-propyl-3-methylimidazolium tet-
rafluoroborate, using the fluorescence up-conversion technique with a 230 fs instrumental response function.
A component of about 1015% of the total solvation shift is found to take place on an ultrafast time scale

< 10 ps. The amplitude of this component is substantially less than assumed previously by other authors.
The origin of the difference in findings could be partly due to chromophore-internal conformational changes
on the ultrafast time scale, superimposed to solvation-relaxation, or due to conformational changes of the
chromophore ground state in polar and apolar environments. First three-pulse photon-echo peak-shift
experiments on indocyanine green in room-temperature ionic liquids and in ethanol indicate a difference in
the inertial component of the early solvent relaxation<df0O0 fs.

1. Introduction against the anion in its different positions. Faster dynamics
Over the past few years, room-temperature ionic liquids taking place on a few picosecond time scale seem, therefore, to

(RTIL) have attracted considerable attention as an alternative °"9" frqm such k'hd of intermolecular OSC'Illat'onS'

reaction medium for organic catalysis, for liquitiquid extrac- Solvation dynamics of fluorescent probes in RTILs has begn
tion, and as ultralow volatility liquid matrixes2 Commonly, addressed by several groups. The observed time scales differ
RTILs have melting points below OC and are stable at §upstant|ally from one publlcgtlon to anothe_rr, despite the sim-
temperatures above 30C, but, due to the strong Coulombic  larity of the employed experimental techniques and the mo-
interaction, are characterized by a negligibly low vapor pressure. lecular systems under investigatidrkarmakar and Samarita'*

The ease of product separation and catalyst recycling promised1ave reported on the dynamical Stokes shift of coumarin 153
RTILs as replacements for conventional synthesis and separatio{C153) and PRODAN in two substituted imidazolium salts using
processes and for electrochemical applications as in batteries® fime-correlated single-photon counting setup (TCSPC) with
and solar cells. Due to the largely diminished evaporation losses,50-PS time resolution. The observed time dependence of the
they are often called “green solvents”. The liquid-state dynamics €mission maximum was reproduced with a double exponential
of the RTILs is expected to be interesting because of the function with time constants ofy ~ 200 ps andr, ~ 1-1.2
molecular nature of the ions. Moreover, specific design of such NS- The authors interpret these findings as an indication for a
liquids for purposes such as targeted catalysis of a reaction,Piphasic solvation dynamics involving a fast diffusional motion
which is not possible using standard solvents, can probably beof the anion and a subsequent collective motion of the anion
much facilitated by substantial knowledge of dynamics on a and the cation. Such biphasic solvation dynamics had already
typical “molecular time scale” in the ultrafast time domain. ~ been proposed by Huppert and co-workefsr molten salts. -

A steadily increasing number of studies on ultrafast dynamics USing stimulated emission and fluorescence up-conversion
in RTILs has been published over the past few years. The techniques in addition to TCSPC, Petrich and co-workérave
polarity of the commonly used liquids has been found to be determined an additional fast component of about 7 ps, which
comparable to that of highly polar conventional solvents such they attribute to the “polarizability of the cation”.

as acetonitrile or methandlSeveral time-resolved Kerr-effect Maroncelli and co-worket$1° have also reported on the
studied 2 on imidazolium-based ionic liquids revealed a couple dynamic Stokes shift in different RTILs using TCSPC and
of Raman-active modes in the range of-3(G0 cnTl. The various dye chromophores as solvation probes. The obtained

slowest relaxation time scales found in these experiments seentesults are compared with the large amount of solvation data
to correspond to those observed with conventional viscous on conventional polar liquids using C153 as a solute probe,
liquids. The related dynamics have thus been attributed to collected by the same research gré@iThe rotational times
diffusional motion. Neutron-scattering experimérgad Monte found with the RTILs correlate with those of conventional polar
Carlo simulation¥ indicate the existence of three preferential aprotic solvents, and no significant change of the anisotropy is
positions for the anion around the imidazolium cationic ring. observed when measuring at different wavelengths over the
Wynne and co-workefshave attributed the observed Raman- emission band. In contrast to the other publications, the obtained
active modes to a librational motion of the imidazolium ring time-dependent emission maximum is discussed in the frame-
work of a stretched exponential function. The latter directly
h'* :]'o whom cr?rrespondence should be addressed. E-mail: eric.vauthey@ provides an average solvation time that is found to scale with
cni .unige.cn. i i H i

'PP)r/eger?t address: Departamento de Quimica Fisica, Facultad de Cienciagll_ISCOSIty as g_enerally Obs.erved with conventional pOI_ar SOlven.tS'
del Medio Ambiente, Universidad de Castilla-La Mancha, Avenida de Carlos | N€ authors interpret their results as a nonexponential solvation
Il s/n, E-45007 Toledo, Spain. dynamics, involving a distribution of time scales, rather than
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NAN e conformational changé®.First three-pulse photon-echo peak-
N shift experiments of the infrared dye indocyanine green in
[pmim]* imidazolium liquids indicate a difference in the inertial part of

the solvation dynamics as compared to the same dye molecule

F Q9 O 9 ¢ in ethanol. The decay of the initial signal is clearly slower in
\NN/\/\N )(\\3/"\3//7L the imidazolium salt than in ethanol. Such very fast dynamics
=7/ F L \}) { d F on a <100-fs time scale could partly account for the missing
[cnpmim]* [TENT energy in the Stokes-shift experiments.
CF3
2. Experiment
~

The ionic liquids used in the experiments reported here, 1-(3-
N 0" o cyanopropyl)-3-methylimidazolium bis(trifluoromethylsulfonyl)-
imide ([cnpmim][Tf,N~]) and 1-propyl-3-methylimidazolium
tetrafluoroborate ([pmim][BF47]), were synthesized by the
group of Paul J. Dyson in Lausanffe?®> Coumarin 153 (C153,
Radiant Dyes), indocyanine green, and dimethylanthracene
(Fluka) were used as obtained. All liquids were stored under
inert atmosphere. To speed up dissolution of the dyes, samples
were heated to about P€ during -2 h. Before measurement,
they were kept under vacuum to remove remainders of water.
No further purification was performed. In the photon echo setup,
solutions could be reused for several days without noticeable
degradation. However, the relatively high viscosity of the RTILs

emission maximum extrapolated to zero time delay with the conversion setup had to be changed after abduh of
position obtained for an apolar solvent of equal refractive iflex Measurement.

yields a lack of 50% of the total Stokes shift for imidazolium  The steady-state fluorescence spectra were measured in the
liquids. This finding is interpreted by an unresolved ultrafast reflective mode at concentrations that ensure an optical density
solvation component. Accordingly, 50% of the solvation Of OD < 0.1 at the maximum of the C153 absorption band to
dynamics should take place on a time scale faster than 5 ps.minimize reabsorption effects. An intensity correction for the
Interestingly, this hypothetical component seems to occur only detection efficiency of the employed spectrometer (“Cary

in imidazolium liquids, but not in liquids based on phosphonium Eclipse”, Varian) was obtained by comparing the emission
and ammonium catioris. spectra of a series of dyes with reference curves obtained using

A major issue of the studies reported so far is the lack of an intensity calibrated double monochromator spectrometer
sufficient time resolution for capturing dynamics occurring on (“fluorolog”, Jobin Yvon).
the subpicosecond time scale. TCSPC is electronically limited  The early fluorescence dynamics of C153 was measured using
to a response function of about 25 ps. Using deconvolution a frequency up-conversion arrangement described in detail
techniques, one can push the borderline in the best case by abouglsewheré® Briefly, part of the output of a mode locked
half an order of magnitude. Dynamics beyond this limit remain titanium-sapphire laser (Spectra Physics “Tsunami”) is frequency
unresolved. Only the stimulated emission experiments performeddoubled and is used to excite the sample at 400 nm. The
by Petrich and co-workets permit a better time resolution.  fluorescence is gated by sum-frequency mixing with the
However, the presence of ground- and excited-state absorptionfundamental of the oscillator output. The up-converted UV
tends to cover the emission dynamics in this experimental photons are directed into a monochromator and detected by a
approach, and hence, the interpretation is difficult. In a very photomultiplier with subsequent single photon counting elec-
recent article, Maroncelli and co-workétseport on a Kerr- tronics. A step motor driven and 30 cm long optical delay line
gate experiment with a 450-fs time resolution for measuring controls the time delay between excitation and gating. The
the early time solvation dynamics of DCS, which are unacces- sample solution is kept in a spinning cell of 0.4-mm thickness.
sible using TCSPC. However, due to the leak out on a longer The dye concentration was chosen such that the optical density
time scale, only fluorescent probes with a relatively short of the sample was around 0.4 at the excitation wavelength. The
excited-state lifetime can be employed, and thus, C153 cannotlaser intensity was kept low enough to minimize sample
be used in such experiments. degradation. The response function of the up-conversion setup

In the present article, we focus on dynamic Stokes-shift has a full width of half-maximum of 230 fs. Decay times longer
measurements on C153 in two RTILs (see Figure 1) using the than 1 ns have been measured using a TCSPCUAipulsed
fluorescence up-conversion technique with a 230 fs responselaser diode with a wavelength of 395 nm and a repetition rate
function. Complementary measurements with a recently com- of 40 MHz is used as the excitation source for this arrangement.
pleted up-conversion setup with even four times better time Its temporal resolution is presently limited to about 200 ps by
resolution support our finding that the ultrafast component of the response time of the employed photomultiplier. All mea-
the solvation, though present, is not as important as presumedsurements were performed at environmental temperature sta-
by Maroncelli and co-workers. Differences in conformation bilized to 19°C.
between polar and apolar environment could possibly induce For the photon-echo measurements, a cavity-dumped titanium
an additional spectral shift, influencing thereby the estimation sapphire oscillator (KMLabs “Cascade”) was used. A Bragg
of the time-zero emission. Furthermore, the dynamical Stokes crystal inside the laser cavity dumps about 60% of the intracavity
shift observed on a time scale of a few hundreds of femtosecondspower at a tunable repetition rate between 20 kHz and 2 MHz.
using C153 as solute could possibly be hidden by probe-internal This permits one to obtain sufficient peak intensity without the

coumarin 153

Na®
indocyanine green

Figure 1. lonic liquids and fluorescent probes.
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Figure 2. Steady-state absorption and emission spectra of C153 in

[pmim*][BF,~] and [cnpmint][Tf.N-]. Time Delay [ps]

Figure 3. Normalized fluorescence time profiles on the blue edge, in
the middle, and on the red edge of the emission band of C153 in

need for an amplifying system and to avoid re-excitation of the [crpminT J[TfoN].

illuminated sample spot by adjusting the repetition rate to the
optical cycle of the chromophore probe. The oscillator yields
typically 25 nJ per pulse at a central wavelength of 800 nm.
The shortest obtainable pulses have a duration of about 15 fs.
The dumped output-beam passes a quartz prism optical com-
pressor, which compensates group velocity mismatch picked
up on the way from the Bragg crystal to the sample cell. It is
then split into three identical beams that are focused on thefu
sample cell using a boxcars geometry. The widely employed
triangular geometry could not be used here because it requires n
sample thicknesses smaller than the critical lergthout 100 F () = Yo, + i A, x
um in our case-to avoid a significant phase mismatch. This  * ot 4
turned out to be unfeasible due to the high viscosity of the ionic v t.\2 P —t+t

liquids. Quartz plates inserted into two of the three optical paths f e exd — o4 exd — o1 dr (1)
ensure a perfect dispersion match between the beams. The o A, T,
polarization of the beams is controlled by three identival
wave plates. After passing some irises to shield scattered light,
the echo signal is integrally detected by a photodiode and
digitized by a lockin-amplifier (Stanford Research SR530). A
peristaltic pump circulates the sample solution through a 0.5
mm flow cell. The repetition rate and pulse energy were adjusted
such that no thermal grating effects could be observed.

band is a characteristic feature of fluorescence emission during
solvation processes and reflects the dynamic red-shift of the
band. However, due to convolution with the instrumental
response function, fast-rising components on the red side are
often difficult to observe.

By means of a global fit analysis using a sum of exponential
nctions convoluted with a Gaussian function

A=

the ensemble of the transient fluorescence signals can be
represented analytically by four ([cnpmiifiTf,N~]) respec-
tively five ([pmim™][BF47]) time constants, wher; and A;
are time-zero and the width of the instrumental response function
at the individual wavelengths, respectivetydenote the set of
global time constants arfy, are the corresponding wavelength-
dependent preexponential factors. The measured instrument
response function of the employed setup can be reasonably well
Figure 2 shows the steady-state absorption and emissionreproduced by a Gaussian function. In contrast to other
spectra of C153 in [pmirfi[BF4~] and [cnpminT][Tf,N"]. The functions, the convolution of an exponential decay with a
absorption spectra are nearly identical, whereas the emissionGaussian function can be performed analytically, thereby
bands are shifted by about 10 nm. The shape is again practicallyincreasing the performance of the fitting procedure as the
identical and resembles closely the shape observed in convendeconvolution has not to be included within the iteration loop
tional polar liquids such as short chain alcohols and acetonitrile. of the fitting algorithm
The maxima of the C153 emission band are situated at 523 and
534 nmin [cnpmimt][Tf ,N~] and [pmim™][BF 4~], respectively. n A t—
: 2
In ethanol and hexanol, for instance, they are located at 527 F)=Yy+ S —exg—
and 518 nm. This indicates that the equilibrium solvation of &2 T
the coumarin molecule in the RTILs used in this study differs ) 5
not too much from what is known for conventional polar liquids. A t—ty — A2y
However, the shape of the absorption and emission bands looks exg— ||l +tel—————|| @
clearly different in apolar liquids such as cyclohexane, where a 47 Ay
double maximum structure is observed in the absorption band
as well as in the emission band. The slowest time constant in the nanosecond range has been
The dynamic Stokes-shift experiment was performed as taken from the TCSPC experiment that did not show any
described by Maroncelli and co-workeéfsThe temporal evolu- dependence of this time constant on the emission wavelength.
tion of C153 fluorescence was measured at about 25 equidistanit was held fixed during the fit of the up-conversion data.
wavelengths over the emission band from 430 to 680 nm from Varying it by about 16-20% of its absolute value showed only
small, negative time delays until 1 ns with a variable step size. little influence on the faster time constantsf ns, indicating
Figure 3 shows the first 300 ps of three selected and normalizeda good separation of the time scales of solvation as opposed to
fluorescence transients on the high-energy side, the center, angbopulation relaxation. Note that this fitting process is used to
the low-energy side of the emission band. A fast signal decay represent the set of measured fluorescence transients by analyti-
on the blue side and a corresponding rise on the red side of thecal functions, which are easier to handle in the further evaluation

3. Fluorescence Measurements

tO),

X
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Figure 4. Preexponential factors obtained from global analysis of the [cnpminT][Tf2N"] at selected time delays after excitation. The solid
ensemble of fluorescence time profiles of C153 in [cnpr[ff 2N]. lines are the results of a fit with log-normal functions.

procedure. No attempt is made to assign physical interpretation  1g9.2x10% -
to the time scales and amplitudes by this first fit analysis.

Figure 4 depicts the ensemble of preexponential factors 19.0
resulting from the global fit for [cnpmifi[Tf,N~]. Positive
values correspond to a decay, and negative ones correspond to
a rise. The curves associated to the fast components exhibit a
very similar shape, indicating a decay on the high-energy side
and a rise on the low-energy side. These components are, thus,
all to be attributed predominantly to a dynamic red-shift.
Vibrational cooling, as opposed, leads to a band-narrowing,
which would show up in this plot as a symmetric curve with o1 1 10 100 1000
positive values in the outer parts and negative values in the Time Delay [ps]
center. The absence of such a feature does not mean thatigyre 6. Time dependence of the emission band maximum of C153
narrowing due to cooling is absent here. However, none of the in [pmim*][BF4~] and [cnpmint][Tf2N-]. The dashed lines show the
time constants obtained from the fit can be attributed exclusively results of a fit with a triple exponential function.
to such process. On the other hand, the amplitude factors that
belong to the longest time scale resemble closely the steady- Figure 5 shows a selection of reconstructed time-resolved
state emission spectrum. Moreover, the time constant itself is emission spectra from very early emission towards the steady-
of the same magnitude as the fluorescence lifetime of C153 state spectrum. On the blue edge, the early emission spectra
observed in conventional polar solvents. This further supports cannot be reproduced as well as the later ones by such log-
that solvation dynamics is finished well before the relaxation normal functions. However, the position of the peak maximum
of the chromophore to the ground state. is well reproduced within the spectral resolution of 10 nm.

The results of the global fit can now be used to reconstruct Whether the first and higher moments calculated from the whole
the time-resolved fluorescence spectrum. Due to the spectralset of corresponding parameters represent the experimental data
dependence of the up-conversion process and of the detectiorsufficiently well is more difficult to judge. The far blue edge
efficiency, the absolute signal intensities cannot be comparedof the emission spectrum is difficult to measure with satisfying
directly. A normalization to the integrated (steady-state) fluo- signal-to-noise ratio due to the weak absolute signals for both
rescence intensities at the corresponding wavelengths is thereforéime-resolved and steady-state measurements. Moreover, during
necessary. In addition, the wavelength-dependent detectionthe interaction with the pump pulse, a relatively strong signal
efficiency of the steady-state emission spectrometer has to beinduced by Raman scattering in the solvent is superimposed to
taken into account. After transformation to a scale linear in the fluorescence and further increases the uncertainty. We will
energy, which involves the multiplication by a factonto therefore rely on the peak position, as in the majority of
conserve the value of the total fluorescence yiéR¥, the studies published in the field.
reconstructed spectra can be reproduced by so-called log-normal Figure 6 shows the peak frequency of the emission band as
functions, which are commonly used to represent emission @ function of time for C153 in [cnpmifj[TfoN"] and

18.8

— [cnpmim*] [Tf,N]
— [pmim‘] [BF,]

18.6 5

Peak Position [om™]

18.4 <

spectra in strongly polar solvefts [pmim™][BF47] as resulting from the log-normal fits. Normal-
ized to the total Stokes shift, such a representation is often
) = I expl —In(2) [IN(L + a)/y]3 for o> —1 @) referred to as Stokes-shift correlation funcfidn
' 0 for a<—1
oy = 23— ®
with v(0) — v(x)
a=2y(v —v)/A (4) Apart from an overall shift in energy, the two obtained curves

resemble each other. The difference varies between 166 cm
The four parameterso, vp, A, and y describe the peak  during the first picosecond and above 200 ps, and around 120
intensity, the peak position, the width, and the asymmetry of cm™ on the intermediate time scale, which corresponds to about
the band, respectively. Given that this class of functions repro- 10% relative variation compared to the total observed Stokes
duces well the reconstructed emission data, these four parametershift. It seems, therefore, that neither the nature of the two
may be used to fully characterize the dynamic Stokes shift.  different anions nor the presence or absence of the cyano group
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TABLE 1: (a) Results of a Triple Exponential Fit Analysis

of the Time-Dependent Peak Position, (b) Results of a
Stretched Exponential Fit Analysis of the Same Set of Data
Starting at 2 ps, and (c) Average Solvation Times Calculated

from the Two Fits and Estimated Viscosities of the
Employed RTILs

(@)

tion time obtained by the two methods, we find a good agree-
ment with [pminm][BF47]. The difference with [cnpmim]-
[TfoN~] is most probably due to the early component that could
not be included in the stretched exponential fit and would
diminish the obtained result by some amount.

Compared to the studies on the dynamic Stokes shift cited
before, the values obtained here are relatively small. However,

[pmim™][BF47] [enpmim*][TfoN7]

?ﬁpﬁﬁn E g’% 1};% when _changing from one sp!ute probe to another without
Agz [cm™] 48 110 changing the laboratory conditions, changes of the same order
72 [ps] 26 32 of magnitude have been obsen/@d further role might play
Agz[cm™] 43 100 the length of the carbon chain. All other studies rely on methyl-,
73 [ps] 0.62 0.90 ethyl-, and butyl-substituted imidazolium salts. The average
- - - — relaxation time of butyl-imidazolium is found to scale with the
() [pomimJ[BF4 ] [Cnpmim][Tf2N"] viscosity® A more precise measurement of the viscosity of the
Ao [em™1] 530 480 RTILs investigated in this study will be presented in a forth-
,Z’[pS] g‘g% 332307 coming publication. Here, we give an estimation based on a
' ’ comparison of the fluorescence anisotropy of dimethylantracene
©) [pPmim*|[BF 4] [cnpmim*][Tf>N] in the two RTILs with values obtained for ethylene glycol and
FoonlZe [DS] 225 330 decanol where the viscosity is knqwn. _The c_h0|ce of the chromo-
Feon 26 [PS] 245 445 phorg was dqe to the relatl\{e!y high viscosity of the RTILs. To
7 [cP] 30-40 70-90 obtain meaningful results, it is essential that the fluorescence

lifetime of the chromophore well extends the time scale of
on the cation plays a dominant role in the solvation dynamics rotational diffusion. The estimation leads to a viscosity of
in these two liquids. However, minor differences in the shape 30—40 cP for [pmint][BF 4] and of 70-90 cP for [cnpmint]-
are present. [Tf2N~]. A comparison with values published for other imida-
The dashed lines in Figure 6 are the results of a fit analysis zolium saltd” shows good agreement with our findings.
using a triple exponential function. Less than three exponential A major issue when calculating the average relaxation time
terms do not properly reproduce the experimental data. The as well as the Stokes-shift correlation function is the estimation
corresponding parameter values are given in Table 1. Theof the total spectral shift of the emission bangt = ) can
average solvation time resulting from these values has beeneasily be obtained from the steady-state emission spectrum, as
calculated as long as the solvation relaxation is sufficiently faster than the
fluorescence lifetime. On the other handt = 0) represents
the center of a spectrum obtained from a vibrationally entirely
relaxed but otherwise completely unsolvated chromophore. Such
a hypothetical situation cannot be realized experimentally as
the internal relaxation starting from the FrargRondon con-
3 figuration and the onset of the solvation-relaxation, especially
Ay =1 the inertial component of the latter, are superimposed at early
nZl " times upon impulsive excitation. Fee and Maroncelli propose
an estimation o¥(t = 0) by quantitatively comparing the pair
For comparison, we have also performed a fit analysis using aof excitation—emission spectra in the polar solvent under
stretched exponential function investigation with the bands of the same chromophore in an
apolar reference solveft. On the basis of this method,
Maroncelli and co-workers suppose the existence of a contribu-
tion to the solvation being faster than 5 ps in imidazolium
When omitting the first two picoseconds, the fit is close to liquids.'”~1° which should account for 50% of the total dynami-
perfect for [pmint][BF,~] and of a bit lesser quality for  cal Stokes shift. However, such an estimation relies on the
[cnpmim*][Tf,N~]. On the other hand, when including the early assumption that the ground state structure of the chromophore
part, the results of the fits are rather poor. As being obvious remains invariant when changing from one solvent to another,
from the plot, the kink around 2 ps cannot be captured by a where one has especially to bear in mind that C153 has already
single stretched exponential function. However, also when usinga quite high permanent dipole in its ground sf&teés the
a sum of two stretched exponential terms, the fit algorithm does character of solutesolvent interaction changes when changing
not properly converge. The observed early-time feature might from a polar to an apolar environment, changes of the geo-
be due to a change in character of the relaxational motion or metrical structure of the chromophore corresponding to a shift
due to the presence of chromophore-internal dynamics, as willin the order of some hundreds of wavenumbers cannot be
be discussed later. Stretched exponential functions can also becompletely ruled out. Furthermore, gas-phase simulations and
used to specify an average relaxation time definédl as experiment® indicate a conformational change of the C153
molecule within the first several hundreds of femtoseconds after
photoexcitation. Whether such a change also occurs in the
condensed phase and to which extent it could influence the result
of Stokes-shift measurements has not been subject to explicit
wherel is the gamma function. This yields an average solvation investigation up to now.

3
Ij'solvge = AOnTn

n=

and

(6)

() = v(e) + Av exp{ —(t/z )’} (7)

Fsonlde = i L/(-)oo [v(t) — v(c0)]dt = %)

Lp) (8

time of 445 ps for C153 in [cnpmifj[Tf,N~] and of 245 psin
[pmim™][BF47] for the solvation dynamics from 2 ps until the

In the present study, the part of the solvation taking place on
the time scale up to 10 ps accounts for about20% of the

complete relaxation. Comparing the values of the average solva-total shift. Not being negligible, this is less than the proposed
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50%. The fastest time constant necessary to properly reproduce 20-p
the early part of the fluorescence transients in the blue wing of
the emission spectrum equals ca. 500 fs for [piij[BF,7].

The weight of this component, given by the corresponding
preexponential factor, is far from being large enough to establish
a more substantial ultrafast component. To further support this
finding, we have measured again the blue wing of the emission
band using a recently completed up-conversion setup, which
employs all-reflective optics and therefore has a sharper response
function of 85-fs width. The resulting fastest time constant gets

—_
(8]
|

Photon Echo Peak Shift [fs]
2 3
1

smaller by about 10%. A simple estimation shows that a missing 0

shift of 2000-1500 cnt would have to take place within less (') 160 2(')0 360 4(')0 5(')0
than 15-25 fs to remain invisible with the improved time o [fs]

resolution. However, smaller changes of the emission peak 20

frequency could remain invisible on a slightly longer time scale.
Furthermore, the deviance in the high-energy wing between the
reconstructed spectra and the log-normal functions resulting
from the fit may influence the extrapolated time-zero emission-
peak frequency. It has to be stressed that a spectral spacing of
the transients of 10 nm around 500 nm corresponds to a spacing
of 400 cnt! around 20 000 crit. A resolution beyond this value

-
(6]
1

Photon Echo Peak Shift [fs]
°

asks for an extremely good fit of the model function to the °

experimental data, especially when taking into account the

relative incertitude of the absolute fluorescence yield in the blue 04

wing of the emission spectrum, which is due to the early-time 0 100 200 300 400 500
dynamics. At the present signal-to-noise ratio, the absolute tos [fs]

Stokes-shift amplitudes have thus to be taken with care, whereasFigure 7. First three pulse photon-echo peak-shift measurements of
the obtained time scales should remain significant. A superposi-indocyanine green in [cnpmifi{Tf2N~] (top) and in ethanol (bottom).
tion of the four discussed effects, (a) conformational changes The solid lines are the average over the results of several subsequent
of the solute ground-state structure between polar and apolar®“@"s:
environments, (b) dynamical conformation changes upon excita-
tion to the Franck Condon state, (c) ultrafast (inertial) solvent
relaxation, and (d) some inaccuracy of the log-normal repre-
sentation of the early fluorescence may possibly explain the
energy mismatch observed with imidazolium salts. For further
information on the evaluation procedure and its limitations, see
the Supporting Information.

In recapitulation, the question about the origin of the

This function describes the solutsolvent interaction on the
basis of transition frequency fluctuations, whereas the Stokes-
shift correlation functionC(t) addresses the same physical
process by means of energy dissipation. At high temperatures,
theoretical considerations show thd{t) and C(t) should be
essentially identical? except for the region around time-zero
where the laser pulses still overlap. In the latter case, 3PEPS
mismatch between the estimatiomigt = 0), using a compari- traces contair_1 contr_ibutions from interactio_ns with time-inverted
son with an apolar solvent, and the time-resolved data in all order of the Incoming "’?‘?ef bea_ms._The interference between
experiments so far reported on imidazolium-based RTILs must the .correspond!ng addlthnal Liouville pgthways prevents a
remain unanswered for the moment. Further studies are neede&trglghtforward interpretation of the experimental results close
to clarify the influence of the solute probe, especially at very to time-zero* )

early times. Our results furthermore demonstrate that time The overall shape of the obtained curves for the RTIL and
resolution in the sub 100-fs time scale is necessary to addres<thanol look similar. A fast decay during the first 100 fs is

these questions. followed by some oscillatory structure that is superimposed to
a decay on a 5-ps time scale and a longer tail (not shown here).
4. 3PEPS Measurements The peaklike feature at 200 fs and a potential recurrence at 400

fs indicate a coherent rephasing and could be either due to an
intramolecular wave packet or due to a solvent mode. The fact
that this feature occurs in both liquids investigated here, as well
as with other infrared dyes of similar structifegoints toward
an intramolecular mode. Whether the offsetlike tail of the signal
represents a slower component of the solvent reorganization or
is due to a problem of alignment cannot be distinguished at the
present signal-to-noise level. The fast initial decay, on the other
hand, does not look the same for the RTIL and ethanol. In the
RTIL, the signal starts at a higher level and decays slower than
in ethanol. This could indicate a difference in the inertial part
Qf the solvent response. Such a process during the firs20
fs could account for a part of the solvation energy missed in
the Stokes-shift measurements.
B (0)dw(t) As stated before, a plirect ?nterpretation of this egrly part of
AP (9) the 3PEPS trace is difficult without accompanying simulations.
B0 Solute-solvent correlation functions, which have been calcu-

The relatively high incertitude of Stokes-shift amplitudes at
early times under our present experimental conditions and the
difficulty to disentangle the diversity of dynamical processes
taking place in parallel on the ultrafast time scale led us to
consider a different attempt to solvation dynamics in RTILs.
Figure 7 shows first results of a three-pulse photon-echo peak-
shift (3PEPS) measurement on indocyanine green in [cnpinim
[TfoNT] and in ethanol during the first half picosecond. At
present, the setup is limited to an excitation wavelength of 800
nm. Therefore, a chromophore different from that used in
Stokes-shift measurements had to be employed. The 3PEP
technique is known to directly yield, in many cases, the system
bath correlation functiot-32

M(t) =



Solvation Dynamics of C153 in lonic Liquids PAGE EST: 6.9 J. Phys. Chem. &

lated by MD methods using a small solute-prébeshow Supporting Information Available: Simulated fluorescence
qualitative agreement with the results obtained here. Improved emission for verifying the evaluation routines and testing the
data quality, extension of the Stokes-shift measurements to thelimits of the employed reconstruction method. Discussion of
IR spectral region, and model calculations exactly on the systemthe limits of the reconstruction method under present experi-
experimentally investigated will be necessary for a better mental conditions. This material is available free of charge via
understanding. Extending the 3PEPS measurements to some 10the Internet at http://pubs.acs.org.
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