7340 J. Phys. Chem. R003,107,7340-7346

ARTICLES

Dynamics of Solvation of the Fluorescent State of Some Electron DoneAcceptor
Molecules in Room Temperature lonic Liquids, [BMIM][(CF 3S0,)2N] and
[EMIM][(CF 3SO2)2N]

Rana Karmakar and Anunay Samanta*
School of Chemistry, Upérsity of Hyderabad, Hyderabad 500 046, India

Receied: May 30, 2003; In Final Form: June 30, 2003

Room temperature ionic liquids, particularly those based on the imidazolium salts, have emerged in recent
years as highly promising “green” media suitable for carrying out various reactions. In this paper, picosecond
time-resolved fluorescence decay behavior of three electron daaeoeptor (EDA) molecules, coumarin-

153 (C153), 6-propionyl-2-dimethylaminonaphthalene (PRODAN), and 4-aminophthalimide (AP), in two room
temperature ionic liquids, 1-ethyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide ([EMIME{CF
SO,)2N]) and 1-butyl-3-methylimidazolium bis(trifluoromethane sulfonyl)imide ([BMIM][(§3©,).N]), has

been reported. The steady-state fluorescence behavior of the EDA molecules suggests that the polarity of the
two ionic liquids in theEr(30) scale is around 47.6 for [EMIM][(GB0;,).N] and 47.1 for [BMIM][(CFs-

SO,):N]. The fluorescence decay behavior of the systems in these media has been found to be dependent on
the monitoring wavelength, suggesting solvent-induced relaxation of the fluorescent state of the systems in
the picosecond time domain. Time-resolved fluorescence spectra of the systems, constructed from the
wavelength-dependent decay profiles, show a Stokes shift of the fluorescence maxima with time. The time
dependence of the spectral shift of the systems has been quantitatively analyzed to obtain information on the
solvation dynamics in these media. The solvation dynamics has been found to be biphasic consisting of a
short (~0.2 ns) and a long component1.0—1.2 ns). The short component has been assigned to the diffusional
motion of the anion, while the long component is attributed to the collective motion of the anion and the
cation. The average solvation time in the present ionic liquids is found to be faster than thaj]inp@sed

ionic liquids.

1. Introduction different chain length. The hydrophilicity or lipophilicity of these
salts can be tuned by replacement of the anionic component by
subsequent simple metathesis reaction. Though several other
methods are available for improving the yield of the reactions,
preparation of the RTILs in optically transparent form, particu-
larly in the ultraviolet range, can sometimes be time consuming
and laborious. A number of review articles have appeared
recently where the details concerning the method of preparation
and purification, properties, and utilities of the RTILs have been
described:™

We have recently started exploring the suitability of various
RTILs as the media for various photophysical investigations.
To begin with we studied the steady state and time-resolved
fluorescence behavior of some electron derecceptor (EDA)
molecules in RTILs involving two imidazolium salts containing
tetrafluoroborate (BF) as the anionic componefft3° These
studies revealed a wavelength-dependent fluorescence decay

to highly viscous liquids at ambient temperature. The viscosity > ;
and melting point of these salts are strongly influenced by the }(lnetlcs for the probe molecules. The time-dependent changes

length of the alkyl chain attached to the imidazolium ring and I the fluorescence spectra of the systems were shown to be
also by the anionic counterpart. These RTILSs are conveniently the result of solvent-induced relaxation of the fluorescent state

synthesized by treating 1-alkylimidazole with alkyl halides of ©f the molecules. A biphasic dynamics was observed in both
media with an average relaxation time of around 1800 ps in

* Address correspondence to this author. Fax:91) 40-23012460. [BMIM][BF 4] and 550 ps in [EMIM][BF]. The slow relaxation
E-mail: assc@uohyd.ernet.in. of the fluorescent state was primarily attributed to slow diffusion

The quest for green chemistry has led to the realization of
the importance of solvent-free synthesis and recognition of water
or supercritical carbon dioxide as the reaction médid.The
efforts in this direction have also led to the identification of a
number of organic salts, based mainly on the substituted
imidazolium and pyridinium cations, that are liquid at ambient
temperatur@®-28 These salts, which are commonly termed as
room temperature ionic liquids (RTILs), are attractive alterna-
tives to the conventional solvents that are volatile and often
hazardous chemicals used in large quantities for carrying out
various reactions. The properties that make these RTILs as
environmentally benign media for various applications are low
vapor pressure, wide liquid range, thermal stability, and the
ability to dissolve a variety of substances. The most promising
RTILs based on unsymmetrical imidazolium ions are moderate
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CHART 1 2.2. SynthesisThe desired butyl salt was prepared from its
RTILs : chloro analogue, [BMIM][CI], whereas the ethyl salt was
. N prepared from the corresponding bromide salt, [EMIM][Br], by

/@\ TN /@\ TRz treating these salts with bis(trifluoromethanesulfonyl)imide

Et— NN ~me Bu" N N~me lithium salt in water at 70°C, according to the procedure

suggested by Borile et al?* The halide salts used for the
reaction were prepared by conventional metRbtand were
washed several times with hot ethyl acetate until the washing
was free from unreacted 1-methylimidazole. This was ensured
by the absence of a strong absorption peak at around 275 nm
in the UV-absorption spectrum in the ethyl acetate washing.
The halides were then recrystallized from an ethyl acetate:
acetonitrile mixture before proceeding to the next reaction
step.

[EMIM][(CF3S0,):N] [BMIM][(CF3S02):N|

o
N
CH;
Hscz\c
I
(o]

Probe Molecules:
CF3

|
)
o Y

C153 PRODAN The desired products were dissolved in dichloromethane
o (DCM) and washed with double-distilled water until they were
= /( found free from the halide impurity (ensured by the absence of
/C“ NH any precipitation with AgNG). To obtain the spectroscopic
H,N ~ \< purity both ionic liquids were further treated with activated
o) charcoal for at least 48 h and finally filtered twice by passing

through a silica gel column. The liquids were kept under vacuum
(1072—1072 mbar) for 710 h at 56-60°C (to remove trace
quantities of organic solvent or water) prior to sample prepara-
tion. The purity of the final liquid salts was assessed by IR,
Yuv and NMR measurements.

AP

of the constituent ions in these viscous media. The relaxation
dynamics is expected to be much faster in less viscous RTILs.
That this is indeed the case is corroborated by the present stud
in which the solvation dynamics is investigated in two com-

paratively less viscous media, [EMIM][(GEO,)2N] and [BMIM]-
[(CF3SOy)2N] (Chart 1). Relatively low viscosity of the [(GF
SO,),N]-based ionic liquids of the imidazolium salts compared
to others is attributed to the weak hydrogen bonding ability of
this anion?* Additional advantages with these salts that we have

2.3. Sample Preparation.A 2.5 mL sample of the ionic
liquid was used to prepare the solution in a quartz cuvette. The
cuvette was sealed with a septum and Parafilm after flushing
dry nitrogen gas to prevent moisture contamination. The sample-
containing cuvettes were kept sealed for a minimum of 24 h

found are that they can be prepared relatively easily in greaterWith occasional shaking (to overcome the slow solubility of the

yield and in optically pure form. High thermal stability of these probes in ionic liquids) before any experiment was started.
salts allows removal of trace amounts of water from the liquids ~ 2.4. Instrumentation. Steady-state absorption and fluores-
at elevated temperatures. Moreover, we found that it is easy tocence spectra were recorded on a Shimadzu-Us—NIR
remove the parent halide, whose presence greatly increases théPectrophotometer (UV-3101PC) and a Spex spectrofluorimeter
viscosity of the medium, by simply washing these hydrophobic (Fluoromax 3), respectively. Time-resolved decay measurements
ionic liquids with water. at various emission wavelengths were executed by using a
The solvent relaxation dynamics around the photoexcited Picosecond laser-based single photon counting spectrophotom-
molecules has been studied employing coumarin 153 (C153),eter (Model IBH SOOOU) The details of this Setup and the laser
6-propionyl-2-dimethylaminonaphthalene (PRODAN), and 4- System are described elsewhé&t@he instrument response time
aminophthalimide (AP) as fluorescence probes. The photophys-was 50 ps (fwhm). In both steady state and time-resolved
ics of these molecules are well underst@oeft =6 Moreover, experiments the excitation WaVE'ength was maintained at 375
these systems have been previously employed in studies ofim. The measured decay curves were analyzed by nonlinear
solvation dynamics in various medi@.’! The rationale behind  least-squares iteration technique, using the measured laser profile
using a number of probes for the study of solvation dynamics and standard deconvolution procedure. The quality of the fit
is to examine whether the solvation time is dependent on the Was measured by thg? values and the weighted deviation
nature of the probe molecule. obtained after fitting.
2.5. Method. The time-resolved fluorescence decay profiles
were measured at 10 nm wavelength intervals across the entire
2.1. Materials. AP was obtained from TCl and recrystallized emission spectrum of the probe molecule. Each decay curve
twice from ethanol in the presence of activated charcoal. The was then fitted to a triexponential function with an iterative
purity of the yellow crystalline samples was confirmed by TLC reconvolution program (IBH). This procedure increased the
with 50% ethyl acetate:hexane mixture as an eluant. C153 (lasereffective time resolution of the experiments4@5 ps. The time-
grade) from Eastman Kodak and PRODAN from Molecular resolved emission spectra (TRES) at different times were
Probes were used as obtained. reconstructed from the appropriately normalized intensity decay
1-Methylimidazole (99%) required for the synthesis of the function according to the procedure described eaili€he peak
RTILs was procured from Lancaster and distilled over KOH frequencieg(t) at various times were extracted by fitting each
under vacuum. 1-Chlorobutane (HPLC grade) and 1,1,1- TRES to a log-normal function, known for its excellent
trichloroethane (99%) were obtained from Aldrich. Bromoethane representation of the fluorescence band shape in polar riedia.
(extra pure) was purchased from locally available grade. Both We also estimated the peak frequencies by fitting the TRES
1-chlorobutane and bromoethane were distilled fresh freds P~ data to various other functional forms such as Gaussian,
prior to their use. Bis(trifluoromethanesulfonyl)imide lithium Lorentzian, and asymmetric bi-sigmoid functions to extract the
salt (puriss) was obtained from Fluka and used without any z(t) values. We found that though an asymmetric bi-sigmoid
purification. function gave somewhat better fit to the TRES data, the peak

2. Experimental Section
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Figure 1. Steady-state fluorescence spectra of (i) PRODAN, (ii) AP, 8l
and (iii) C153 in (a) [BMIM][(CRSQO,).N] and (b) [EMIM][(CFs-
SQ,):N]. The excitation wavelength was 375 nm in all cases. All spectra
have been corrected for the instrumental response.

frequencies as obtained by different fitting procedures were not

Counts x 10°

very different from those obtained from the log-normal fits. The ar
normalized Stokes shift correlation functia@(t),’ 7 defined
as 2k
— t _ = [
C(t) = M (1) 0 J| | ———— T T —
9(0) — (o) 05 10 15 20 25 30 35 40

_ _ L . Time (ns)
wherez(0) andz(w)are the peak frequencies immediately after

excitation and at infinite time after excitation (when the spectrum Figure 2. Wavelength dependence of the fluorescence decay profiles
does not show any time-dependent Stokes shift), were evaluated!" [BMIMI(CF sSQ:)NJ: (2) C153, (b) PRODAN, and (c) AP. The

. - A monitoring wavelengths are indicated in the figure. The excitation
The time dependence of the correlation function in each casepqfiles are also shown.
was fitted to a biexponential decay functidd(t) = a;e V= +
axe U2, wherer; and 7, are the two relaxation times having TABLE 1: Steady State Fluorescence Data for the Probe
amplitudes ofa; anday,, respectively. Since the value of0), l\r/I]oIeEcuIS%s %ndlthe Estimated Polarity of the lonic Liquids in
determined from the TRES &at= 0, is dependent on the finite the E+(30) Scale
time resolution of the instrument-@5 ps), initial response of probe [BMIM][(CF 5S0y)2N] [EMIM][(CF 5SG;)2N]
the solvent that occurs within this very short time would notbe  molecule 7! jem™  est.Er(30) oMY jecm™  est.Ex(30)
included in our calculate(t).

. . . C153 18975 47.2 18868 47.7
The polarity of the RTILs has been described in terms of the propaN 21295 46.0 21193 46.5
microscopic solvent polarity parametét;(30).”> The Er(30) AP 21042 48.2 20990 48.5

value of a solvent is defined as follow&r(30) (kcal/mol)=

28591Amax Wheredmaxis the wavelength (in nm) corresponding  the fluorescence maximum) values of each probe molecule in
to the maximum of the longest absorption band of the betaine various conventional solvents and plotted these values against
dye’> We have measure?zﬂfaX (wavenumber corresponding to  known Et(30) values of the solvent to obtain the linear
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Figure 3. Fluorescence decay profiles of C153 in [EMIM][(&F

S0,)2N] at various wavelengths along with the best fits. The excitation

wavelength was 375 nm.

relationship between the two quantities. By using this relation-
ship and the measuredf",, value of the probe in RTIL, the

Er(30) value of the solvent was estimated.

3. Results and Discussion

[EMIM][(CF 3SO,)2N] and [BMIM][(CF3S0O;).N] are depicted
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in Figure 1. The wavenumbersﬂ'xax) corresponding to the
maximum fluorescence intensity of the systems are listed in
Table 1. Since the'. values of the chosen probe molecules
are sensitive to the polarity of the media, we have estimated
the polarity of the two RTILs from these values. By using the
steady-state fluorescence data of the systems in conventional
solvents and the measur@ﬁfaX values in the RTILs, thér-
(30)"> value of [EMIM][(CF:SQ,).N] is estimated to be between
46.5 and 48.5 (with an average value of 47.6) and the
corresponding value for [BMIM][(CESO,)2N] lies between 46.0

and 48.2 (average of 47.1). Comparing these values with the
literature Ex(30) value of the conventional solvents, we find
that the present RTILs are more polar than acetonitEi€30)

= 45.6) but less polar than methan®(30) = 55.4). The
conventional solvent, whoser(30) value is found closest to
the values estimated for the two RTILs, is 2-butari&i(80) =
47.1). Even though [EMIM][(CESO)2N] and [BMIM][(CF3-
SO,)2N] contain an ethyl and a butyl group respectively at the
1 position of the imidazolium ring, the polarity of the two
liquids, as indicated by the averadg&(30) values, is very
similar. This observation is consistent with the literature report
that the polarity of [EMIM][BFR] and [BMIM][BF 4] is very
similar30.76.77 A" comparison of theEr(30) values of the
tetrafluoroborate salts and the present salts reveals that the latter
are slightly less polar than the tetrafluoroborate salts.

Typical wavelength dependence of the fluorescence decay
profiles of the systems is illustrated in Figure 2. As can be seen,
when the fluorescence is monitored in the blue edge of the
spectrum, the time profile suggests a monotonic decay of the

The steady-state fluorescence spectra of the systems influorescence intensity with time. On the other hand, as the

monitoring wavelength approaches the red region of the
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Figure 4. Time-resolved emission spectra (normalized at the peak) of (a) C153, (b) PRODAN, and (c) AP in [EMIM|(JN] at O (@), 100
(%), 250 (v), and 2000 ps#), respectively.
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Figure 5. Time dependence of the spectral shift correlation funct@(t), of (a) C153, (b) PRODAN, and (c) AP in [BMIM][(CISO,)2N] (@)

and [EMIM][(CFsSQy).N] (M), respectively. The actual points denote the estimated valu€gtpand the solid lines represent the biexponential
fit to the data.

spectrum, a growth of the fluorescence intensity with time is is characterized by a biphasic dynamics in all cases. Second,
observed initially before the usual decay of the fluorescence while the average relaxation time in [EMIM][(GE0,)2N]
could be observed. The time and wavelength dependence ofvaries between 0.27 and 0.37 ns (depending on the choice of
the fluorescence intensity of the systems suggests an excitedhe probe molecule), that in [BMIM][(CISO,)2N] lies between
state relaxation occurring on a time scale comparable with that0.38 and 0.56 ns. Third, although the average solvation time is
used in the measurements. Each decay curve was fitted to @ound to vary to some extent depending on the choice of the
sum of exponentials by using an iterative convolution algorithm. probe molecule, no clear trend is evident from the data.
Figure 3 depicts typical fits to the decay profiles along with The process of solvation of a dipolar species in RTILs is
the plots of the residuals. The time constants obtained from thesefundamentally different from that in conventional polar molec-
fits have been found to vary continuously with the monitoring ular solvents. While in the case of the latter, the solvent
wavelength. molecules reorient themselves after the creation of the new

The time-resolved emission spectra (TRES) of the systems, dipole in the photoexcited probe molecule, in the case of the
constructed from the fitted decay profiles and the steady-stateformer, the relaxation of the photoexcited molecule occurs due
fluorescence data, are shown in Figure 4. In all cases, a shift ofto diffusional motion of the constituent ions around it. Despite
the spectral maximum with time toward the red region is evident. this difference in the nature of the solvation process, previous
The time-dependent spectral evolution of the systems is studies on molten salt§; €0 ionic solutions’® and RTIL$%30
characteristic of solvent relaxation around the photoexcited have shown that the solvation in these media can indeed be
molecules during the excited-state lifetime of the probe mol- represented by the correlation functid(t), which was orig-
ecules. No significant time-dependent change in the spectralinally proposed to characterize the solvation dynamics in polar
width could be observed. molecular solvents.

The spectral shift correlation functid(t), which is a measure Biphasic dynamics in molten salts or in RTILs has been
of the solvent relaxation time, has been estimated at variousobserved previously. Huppert et al. attributed the biphasic nature
times from the time-resolved spectral shift data (see Section of the dynamics in molten salts to the difference in the transport
2.5), and its time dependence is illustrated in Figure 5 along properties of the constituting ions that differed in their siZe%
with the best fit to the data. The relaxation times obtained from According to the model put forward by Huppert and co-workers,
the analysis of the data are listed in Table 2. Inspection of thesethe short component of(t) of the dynamics represents the
data reveals the following features: First, the relaxation processmovement of the smaller species and the long component is
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TABLE 2: Relaxation Parameters of the Probe Molecules in the Room Temperature lonic Liquid3

relaxation timé&ns amplitude
medium viscosity/cP probe 7 72 a a @09ns
[EMIM][(CF 5SOy):N] 34 C153 0.17 0.66 0.78 0.22 0.28
PRODAN 0.18 13 0.92 0.08 0.27
AP 0.24 15 0.90 0.10 0.37
[BMIM][(CF 3S0)2N] 52 C153 0.23 0.98 0.67 0.33 0.48
PRODAN 0.21 13 0.68 0.32 0.56
AP 0.15 0.76 0.63 0.37 0.38

a At 20 °C. " From ref 24.¢ Since some of the log-normal fits to the spectral data points, particularly those at early times, are not the best one
can possibly obtain from a given set of data points, we also fitted some of the spectral data to Gaussian, Lorentzian, and asymmetric bi-sigmoid
functions as well. The relaxation times obtained from the estima{@d/alues of the Gaussian/Lorentzian/asymmetric bi-sigmoid fit differ from
the values shown here by-41%.9 Average relaxation timétllis defined as[200= ajr; + a,12, where & + a = 1). ¢ £15%.

due to the larger species. Since ionic solvation involves compared to that in [EMIM][BE] and [BMIM][BF 4], because
cooperative motion of both the anion and the cation, the absoluteof the less viscous nature of the [(§30,).N] -based ionic
values of the two components were found to be dependent onliquids. This study substantiates that the two components
the size of the larger species. However, consideration of the observed in the dynamics arise from the anion and collective
amplitudes associated with the two components in our previous motion of the anion and the cation. It is also evident that specific
studies on [EMIM][BFR] and [BMIM][BF 4] led us to conclude interaction of the constituting ions of the RTILs with the probe
that while the short component of the dynamics is due to the molecules does not influence the fluorescence response of the
anion, the long component arises due to the collective motion molecules to any significant extent.
of both the anion and the catih°
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