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Mixtures of the ionic liquid (IL) [C6mim]+[Tf2N] and acetonitrile have been investigated by a
combination of dielectric relaxation spectroscopy (DRS) and ultrafast transient absorption
techniques using the molecular probe 12 0 -apo-b-carotenoic-12 0 -acid (12 0 CA). Steady-state
absorption spectra of the 12 0 CA molecule have also been recorded. The position of the probe’s
S0 - S2 absorption maximum correlates linearly with the polarizability of the mixture, suggesting
that the bulk composition is a good approximation to the local composition. The lifetime t1 of
the S1/ICT state of 12 0 CA varies rather smoothly with composition between the value for pure
acetonitrile (42 ps) and neat [C6mim]+[Tf2N] (94 ps). At low IL contents there appears to be an
inﬂuence of discrete ion pairs. Employing static dielectric constants from the DRS experiments,
one ﬁnds that the lifetime of the probe in the IL mixtures is shorter than that in pure organic
solvents with the same polarity parameter. This suggests an increased stabilization of the S1/ICT
state in IL-containing mixtures, most likely due to IL-speciﬁc Coulombic interactions between the
cation and the negative end of the probe’s dipole. An ultrafast solvation component is observed
which is ca. 0.5 ps in pure acetonitrile, and approaches the value for the pure IL (2.0 ps) already
around x(IL) = 0.3. This is interpreted in terms of an eﬃcient perturbation of the cooperative
solvation response of acetonitrile by the presence of small amounts of IL and possibly also the
viscosity increase when adding IL. This view is also supported by the increase of the average
longitudinal relaxation time of acetonitrile upon addition of small IL amounts extracted from the
DRS experiments.

1. Introduction
Currently, experimental information regarding the polarity
and solvation dynamics of ILs and their mixtures with other
solvents is still sparse and rather heterogeneous. For instance,
extrapolations by dielectric relaxation spectroscopy (DRS) for
imidazolium- and pyrrolidinium-based ILs reported by the
Weingärtner and Buchner groups provide static dielectric
constants between 10 and 18 (comparable to n-butanol to
n-heptanol), with the exception of alkylsulfates and alkylphosphates, which are in the range 3035.1–3 DRS applies
an external ‘‘macroscopic’’ alternating ﬁeld to determine the
frequency-dependent complex dielectric function of a sample.
Accurate data can be usually obtained in the frequency range
a
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from ca. 100 GHz down to 100 MHz.4,5 Complementary
techniques, such as Optical Kerr Eﬀect (OKE) and Terahertz
(THz) spectroscopy, can extend this range up to ca. 10 THz.5–7
DRS provides not only static dielectric constants, but also,
e.g., accurate frequencies of solvent modes, which can be
assigned with the aid of sophisticated molecular dynamics
simulations.8–10
Complementary approaches use local, ‘‘microscopic’’
molecular probes. This concept is more closely linked to
chemical reactivity, because it is the local surrounding or the
‘‘cybotactic’’ region of a molecule which crucially inﬂuences
the outcome of reactions. Probing of the cybotactic region can
e.g. be performed by employing solvatochromic absorption
probes.11–14 Care has to be taken in the interpretation of such
steady-state spectroscopic studies when using solvatochromic
probes, such as Reichardt’s dye (ETN polarity scale), or the
Kamlet–Taft parameter for dipolarity/polarizability, p*, where
the inﬂuence of other solvent eﬀects such as hydrogen-bonding
may render unambiguous conclusions diﬃcult.
Recently, carbonyl substituted carotenoids were introduced
as a new class of dynamic polarity probes, where the lifetime of
an excited electronic state smoothly correlates with the dipolarity
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Fig. 1 Chemical structure of 12 0 -apo-b-carotenoic-12 0 -acid (12 0 CA).

of organic solvents, without disturbance by speciﬁc solvation
eﬀects such as H-bonding.15–19 Interestingly, this correlation
was not followed by a large range of ILs.20 The lifetime of the
S1/ICT state in these ILs was comparable to that in solvents
such as ethanol or methanol, and thus the probe’s local
environment appears to be considerably more polar than
the dielectric constants from DRS suggest. This is in line
with earlier results based on solvatochromic probes.11,12 The
underlying physical reason for the diﬀerence between macroscopic and ‘‘local’’ polarities is still unknown and therefore is
an interesting question to us.
In addition, it was very recently demonstrated that the same
class of molecular probes reports on the timescales of solvation
dynamics.21–23 As outlined by Ernsting and co-workers, such an
ultrafast probe can be regarded as a local THz emitter/detector,
which essentially performs dielectric relaxation spectroscopy in
the cybotactic region.24 Therefore, it is interesting to compare
the results of such studies with timescales for solvent movements
obtained from ‘‘macroscopic’’ DRS experiments.
The level of complexity is increased when the transition
from neat ILs to IL mixtures is made. Buchner and co-workers
have recently reported composition-dependent dielectric spectra
of binary IL/IL and IL/organic solvent mixtures.3,25–27 Mixtures
of room temperature ILs and organic solvents allow a systematic
variation of thermodynamic, polarity and solvation properties.
Another interesting question is then, whether there is an ‘‘ideal’’
mixing behavior in binary mixtures of ILs or IL + organic
solvents in the macroscopic and microscopic regimes. ‘‘Ideal’’
behavior has been experimentally observed for some important
thermodynamic quantities, such as viscosity and molar volume.26
A related issue is the concept of ‘‘preferential solvation’’ in
spectroscopic studies of solvatochromic probes.28,29
In this study, we use a combined experimental approach
using DRS and ultrafast transient absorption spectroscopy to
study solvent polarity and solvation in binary mixtures of 1-nhexyl-3-methylimidazolium bis(triﬂuoromethylsulfonyl)amide
([C6mim]+[Tf2N]) with the polar organic solvent acetonitrile.
We use the carbonyl carotenoid 12 0 -apo-b-carotenoic-12 0 -acid
(12 0 CA, see Fig. 1) as a micropolarity and local THz probe.
The time-resolved experiments are complemented by steadystate absorption measurements.

2. Experimental
Dielectric spectra, e*(n) = e 0 (n)  ie 0 0 (n) (Fig. 2), where e 0 (n) is
the relative permittivity and e 0 0 (n) the dielectric loss, were
recorded at 25  0.05 1C in the frequency range of 0.2 r
n/GHz r 89. For 0.2 to 20 GHz a Hewlett–Packard model HP
85070M dielectric probe system consisting of a HP 8720D
vector network analyzer (VNA) and a HP 85070M dielectric
probe kit was used.30 Two waveguide interferometers were
used at 27 r n/GHz r 89.31 Additionally, a new reﬂectometer
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Fig. 2 Spectra of (a) the relative permittivity, e 0 (n), and (b) the
dielectric loss, e 0 0 (n), of mixtures of [C6mim]+[Tf2N] + acetonitrile
at 25 1C and IL mole fractions of x = 0, 0.0074, 0.0224, 0.0577,
0.1229, 0.2595, 0.4541, 0.5969, 1; increasing in the arrow direction.
Lines represent ﬁts with the CC+D model. For clarity, experimental
data (symbols) are only shown for selected spectra.

consisting of an Agilent E8364B VNA, connected to an
electronic calibration module (ECal, Agilent N4693A) and
a high-frequency dielectric probe kit (85070E), was used
to cover the region 5 r n/GHz r 50 for selected samples.
Whilst the interferometers yielded absolute data, the reﬂection
measurements with the VNA probes were calibrated as
described in detail previously.2 To correct the experimentally
accessible total loss, Z(n) = e 0 0 (n) + k/(2pne0) (e0 is the electric
ﬁeld constant), of the sample for the contribution from dc
conductivity, k,2 the latter was separately determined with the
setup described in ref. 32.
Samples for the DRS studies were prepared from
[C6mim]+[Tf2N] (IoLiTec) dried at a high-vacuum line
(p o 108 bar) for 7 days at B40 1C prior to use (water mass
fraction o50 ppm) and from acetonitrile (Merck, >99.9%)
distilled from CaH2 and stored over activated 4 Å molecular
sieves. Solutions were prepared individually on an analytical
balance without buoyancy corrections. Solutions were transferred to the DRS apparatus using syringe techniques. Sample
preparation, handling and measurement were performed under
dry N2(g).
Details of the Pump–Supercontinuum Probe (PSCP) setup
in Siegen for recording broadband transient absorption spectra
can be found in previous publications.21,33–36 12 0 CA was
dissolved in the solvent or solvent mixture of interest and
pumped through a thermostatted (298.15 K) quartz ﬂow-through
Phys. Chem. Chem. Phys., 2012, 14, 3596–3603
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cuvette (path length 1.0 mm, window thickness 1.2 mm). The
reporter molecule was excited at 480 nm (0.83 mJ pulse1) and
the subsequent ultrafast dynamics probed by a supercontinuum
(340770 nm) at magic-angle polarization. In the current experiments, the cross-correlation time was ca. 80 fs and the time
accuracy 10 fs. VIS pump (430 nm, o0.1 nJ pulse1)–near IR
probe (860 nm, o1 nJ pulse1) laser experiments were performed
with another setup described previously using the same
ﬂow-cell.17,37 The time resolution of this setup was ca. 130 fs.
The 12 0 CA probe (>97% all-trans form) was generously
provided by Dr Hansgeorg Ernst (BASF SE). [C6mim]+[Tf2N]
was purchased from IoLiTec and kept over molecular sieves
(water mass fraction o100 ppm). Acetonitrile (Merck) had a
speciﬁed purity of 99.5%. All samples were handled under
an argon atmosphere. Steady-state absorption spectra were
recorded using a Cary 5E spectrometer.

3. Results and discussion

Table 1 Static permittivity, e, and average relaxation time, tav =
(2pnpeak)1, of [C6mim]+[Tf2N] + acetonitrile mixtures as a function
of IL mole fraction, x(IL)

Dielectric data

The dielectric spectra of [C6mim]+[Tf2N] + acetonitrile
mixtures (Fig. 2) change smoothly from the single Debye-type
(D) relaxation of pure acetonitrile38 centred at B50 GHz
to the broad distribution of relaxation times for the IL. In
the investigated frequency range ((0.2 to 89) GHz) the IL
spectrum can be modelled by the superposition of a lowfrequency Cole–Cole (CC) mode at B0.6 GHz and a small
Debye relaxation at B200 GHz.2 For imidazolium ILs,
including [C6mim]+[Tf2N], the low-frequency mode can be
essentially assigned to large-angle jump reorientation of the
cation.5 However, the high-frequency mode is just a formal
description of the signiﬁcant contributions from librations and
intermolecular vibrations dominating the far-infrared region.5,8,25
Consistent with the bimodal character of the spectra at
intermediate concentrations (Fig. 2) and similar to IL +
dichloromethane mixtures25 all mixture spectra could be
well ﬁtted with the CC+D model (Fig. 2). We abstain here
from giving the parameters (amplitudes, relaxation times and
width parameter) of the CC+D model as their interpretation
for the present IL + acetonitrile mixtures is not straightforward due to strong band overlap.39 However, as can be
judged from Fig. 2a, the extrapolation e = limn-0e 0 (n) yielding the static permittivity, e, of the [C6mim]+[Tf2N] +
acetonitrile mixtures, is always unproblematic. This key quantity
of the present dielectric measurements is given in Table 1,
together with the average relaxation time of the samples, tav =
(2pnpeak)1, associated with the frequency npeak of their loss peak,
Max[e 0 0 (n)]. The signiﬁcant increase of tav from 5.8 ps at x =
0.08403 to 42 ps at x = 0.2595 reﬂects the switch-over from the
acetonitrile-dominated spectrum at a low [C6mim]+[Tf2N]
content to IL-dominated spectra at x > 0.25.
Fig. 3 shows the dependence of the static permittivity on the
IL mole fraction, x. As expected from the signiﬁcant diﬀerence
in the static permittivities of both compounds (e = 35.96 for
pure acetonitrile40 and 12.7 for [C6mim]+[Tf2N]2), e increases
strongly with decreasing x. Interestingly, however, for vanishing
IL content e does not smoothly extrapolate to the value of pure
acetonitrile (B35.9),38,40,41 but reaches e = 37.0 at the lowest
3598
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Fig. 3 Static relative permittivity, e (K, solid line as a guide to the
eye; . ref. 40), as a function of IL mole fraction, x, of mixtures of
[C6mim]+[Tf2N] + acetonitrile at 25 1C. The dash-dotted line
indicates the static permittivity expected from the molar concentrations
of acetonitrile and IL present in the mixtures (see the text).

investigated IL concentration, x = 0.00235 (inset of Fig. 3).
A similar behaviour was observed for mixtures of ILs
with dichloromethane.3,25 Additionally, for x o 0.6 the static
permittivity of the mixtures estimated from the analytical
concentrations of IL and acetonitrile (dash-dotted line in
Fig. 3) with the help of the eﬀective dipole moments of the
pure components3 is signiﬁcantly smaller than the experimental
data. These observations are strong indication for the presence
of an additional species with large dipole moment at low IL
content. Most likely, this is a [C6mim]+[Tf2N] ion pair. Note
that ion pairs of imidazolium ILs were not only found in
dichloromethane3,25 but also in acetonitrile and even water.42
3.2 Solvatochromy of 12 0 CA in the IL/organic solvent mixture
Fig. 4a shows the dependence of the S0 - S2 absorption band
of 12 0 CA on mixture composition. For the sake of clarity, only
the maximum absorption region of the normalized spectra in
the range 0.9–1.0 is presented. Fig. 4b contains a plot of the
This journal is
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Fig. 4 (a) Maximum region of the steady-state absorption spectra of
12 0 CA in [C6mim]+[Tf2N]/acetonitrile mixtures as a function of
wavelength; (b) absorption maxima (in cm1) as a function of x(IL).
Table 2 Index of refraction n, solvent polarizability function R(n),
steady-state S0 - S2 absorption maximum v˜max, internal conversion
time constant t1 (S1/ICT - S0) and fast contribution to solvent
relaxation t3 of 12 0 CA in mixtures of [C6mim]+[Tf2N] and
acetonitrile
x(IL)

n

R(n)a

v˜max/cm1

t1/ps

0.00
0.05
0.10
0.15
0.20
0.30
0.40
0.50
0.60
0.70
0.80
0.90
1.00

1.343
1.365
1.381
1.392
1.399
1.410
1.416
1.420
1.423
1.426
1.427
1.429
1.430

0.211
0.224
0.232
0.238
0.242
0.248
0.251
0.253
0.255
0.256
0.257
0.258
0.258

24 462
24 352
24 279
24 269
24 221
24 188
24 130
24 119
24 137
24 130
24 138
24 093
24 127

42
38
39
43
45
56
66
72
83
—
85
91
94
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Solvent polarizability function: R(n) = (n2  1)/(n2 + 2).

corresponding maximum position ṽmax vs. IL mole fraction
(for values see Table 2). There is a clear nonlinear red-shift of
the steady-state absorption spectrum with increasing x(IL).
For the 12 0 CA probe molecule and a range of other carotenoids,
we previously demonstrated in organic solvents and supercritical ﬂuids that the absorption shift depends linearly on the
polarizability function R(n) = (n2  1)/(n2 + 2), a behavior
which is typical for many carotenoids.35,43 In the current
study, we were able to conﬁrm this behavior for the IL/organic
solvent mixture: Fig. 5 contains a plot of the absorption
maximum against R(n), with our measured refractive indices
n and R(n) values summarized in Table 2. The linear dependence clearly suggests that the bulk composition of the mixture
is a good approximation to the local mixture composition in
the vicinity of the probe, i.e., there is no indication for
‘‘preferential’’ solvation of the probe molecule by either of
the mixture components. This ﬁnding is in line with previous
studies on other types of mixtures, such as gas-expanded
liquids.28 We note that including the absorption maxima of
12 0 CA for the previously studied organic solvents and ILs19,20
(not shown in Fig. 5) still leads to the same qualitative
dependence on polarizability, however with a stronger scatter
This journal is
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Fig. 5 Steady-state absorption maxima of 12 0 CA as a function of the
solvent polarizability function R(n) for diﬀerent x(IL) (numbers).

of the points. This is understandable considering the strong
variation in the solvent type, e.g. regarding H-bonding, shape,
size, etc. We also note that results, such as those shown in
Fig. 4b, have been frequently interpreted as an indication of
speciﬁc solvation eﬀects.29 However, it is clear that the nonlinearities in Fig. 4b can be simply traced back to the much
larger molar polarizability of the IL compared to acetonitrile.
3.3 S1/ICT lifetime as a function of mixture composition
For a ﬁrst overview, Fig. 6 compares selected PSCP broadband absorption spectra for [C6mim]+[Tf2N], acetonitrile
and four selected mixture compositions at 10 ps. All spectra
consist of a negative-going S0 - S2 ground state bleach
(GSB, 350–450 nm) and the characteristic double-peak of
the S1/ICT - Sn excited state absorption (ESA, peaks at
ca. 500 and 600 nm). We note that an additional smaller ESA
band peaking at ca. 720 nm arises from absorption of the
12 0 CA radical cation (presumably the D0 - D3 transition).
The radical cation is produced by two-photon ionization,

Fig. 6 PSCP spectra for 12 0 CA mixtures of [C6mim]+[Tf2N] and
acetonitrile at 10 ps as a function of x(IL): (black) x(IL) = 0; (thin
grey) x(IL) = 0.1; (dotted black) x(IL) = 0.25; (dashed grey) x(IL) =
0.5; (dash-dotted) x(IL) = 0.75; and (thick grey line) x(IL) = 1.

Phys. Chem. Chem. Phys., 2012, 14, 3596–3603

3599

Published on 07 February 2012. Downloaded by Universitaetsbibliothek Regensburg on 01/08/2016 09:05:32.

View Article Online

when a suﬃciently high pump pulse energy is used.22 At long
times (not shown), after the S1/ICT - Sn ESA band of neutral
12 0 CA has completely decayed, only the characteristic longlived absorption of the 12 0 CA radical cation absorption
remains, with a peak at 720 nm and an extended tail toward
shorter wavelengths (see e.g. Fig. 2 in ref. 22, which also shows
the remaining GSB due to the missing S0 population of neutral
12 0 CA). Under the selected excitation conditions of the current
PSCP experiments, this radical cation absorption overwhelms the
well-known S1/ICT - S0 stimulated emission of neutral
12 0 CA.20 The trends observed for the transient absorption
spectra conﬁrm the larger red-shift with increasing mole fraction
of IL (Fig. 4) also for the S1/ICT - Sn ESA band and the cation
absorption band.
Next, we recorded transient pump–probe absorption signals
of 12 0 CA for diﬀerent mole fractions of IL at extremely low
pump power, which suppresses the formation of the radical
cation completely. Two representative examples are shown in
Fig. 7 for x(IL) = 0.1 and 0.9, respectively (lpump = 430 nm,
lprobe = 860 nm). The typical signal shape consists of a
transient S2 - Sn absorption peak at early times which due
to the internal conversion (IC) process S2 - S1/ICT quickly
develops into pronounced S1/ICT - S0 stimulated emission
(SE), with t2 = 120 fs. The SE ﬁnally decays because of the IC
process S1/ICT - S0. This decay directly provides the S1/ICT
lifetime t1, which is summarized in Table 2 for all mixtures.
Table 2 clearly demonstrates that there is a pronounced
increase of the lifetime upon addition of IL. The fast decay of
pure acetonitrile (42 ps) is expected for such a polar solvent
and is slightly faster than for methanol (49 ps). The value for
pure [C6mim]+[Tf2N] (94 ps) is consistent with the value
measured recently by us.20 For comparison of the transient
absorption and dielectric data the following strategy was
employed: the decrease of t1 from [C6mim]+[Tf2N] to

Fig. 7 Time-resolved transient absorption/stimulated emission signals of 12 0 CA in the near IR region for mixtures of [C6mim]+[Tf2N]
and acetonitrile with x(IL) = 0.1 and 0.9. The inset shows a magniﬁcation at early times. lpump = 430 nm, lprobe = 860 nm.
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acetonitrile can be understood in terms of a polarity-induced
reduction of the S1/ICT–S0 energy gap DE, which accelerates
the nonradiative IC process.16 This type of behavior is also
well-known for other carbonyl-substituted carotenoids, e.g.,
peridinin or fucoxanthin.44 Such a dependence can be
described in terms of an energy-gap-law approach:16,45
ln(k1/s1) = ln({t1/s}1) = A  BDE/cm1

(1)

t11)

Here, k1 (=
is the IC rate constant and A and B are ﬁt
constants. DE can be approximately related to the Stokes shift
DṽStokes, because both quantities are measures of the solventdependent energetic separation between the S1/ICT and S0
electronic states. Simple continuum theories of solvation
predict that Dv˜Stokes is proportional to the polarity parameter
Df,46 deﬁned as:
Df ¼ RðeÞ  RðnÞ ¼

e  1 n2  1

:
e þ 2 n2 þ 2

ð2Þ

Of course, the shortcomings of continuum-type approaches
for the description of IL properties are well documented,23,47–49 and so far no physically sound model for a reliable
description of ILs exists. Still, we believe that one obtains
reasonable qualitative trends for the mixtures of the current
study by using correlations based on quantities such as Df.
Therefore, we compare the diﬀerent experiments by plotting
the transient absorption results in terms of ln(k1/s1) and the
dielectric data in terms of Df vs. the mole fraction x(IL). This is
shown in Fig. 8a, where the y axes are scaled in a way that the
ln(k1) and Df values for pure acetonitrile and the pure IL are
on top of each other to highlight the dependence on mixture

Fig. 8 (a) Open circles with error bars: logarithm of the S1/ICT - S0
internal conversion rate constant ln(k1/s1) = ln((t1/s)1) as a function of IL mole fraction for 12 0 CA in [C6mim]+[Tf2N]/acetonitrile
mixtures, calculated from the values in Table 2; crosses: Df values
calculated using eqn (2) from e values in Table 1 and interpolated n
values from Table 2. (b) Fast solvation component t3 of 12 0 CA (open
squares with error bars) and average longitudinal relaxation time tLav
from dielectric spectroscopy (open triangles) as a function of x(IL).
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composition. Error bars for the ln(k1) values (and also for the
t3 values later on presented in Fig. 8b) were extracted from the
ﬁt results of ca. 5–15 transients recorded for each x(IL). One
observes a similar slightly curved dependence of ln(k1) and Df
on IL mole fraction. For the data representation chosen,
deviations become larger below x(IL) E 0.4. Of particular
interest is the maximum of ln(k1) around x(IL) = 0.05 meaning that addition of a small amount of IL to pure acetonitrile
leads to an acceleration of the IC process. The eﬀect might be
due to the formation of discrete ion pairs of the IL with large
dipole moment.27 As discussed in Section 3.1, a similar
behavior is detected by dielectric spectroscopy, which ﬁnds a
small maximum at x(IL) = 0.00235 and a larger value of e
than estimated from the analytical concentrations of IL and
acetonitrile for x(IL) o 0.6 (Fig. 3).3
We recently demonstrated that the lifetime t1 of the S1/ICT
state of 12 0 CA and related apocarotenoids with terminal
carbonyl-substitution strongly depends on the dipolarity of
the solvent.15–17,19,21 Speciﬁcally for 12 0 CA in organic
solvents, we established a smooth correlation between t1 and
the polarity parameter Df. This is shown in Fig. 9. Lifetimes
varied between 230 ps in n-hexane and 49 ps in methanol.20 The
current experiment in the highly polar acetonitrile ﬁts very well
into this correlation. Interestingly, ILs featuring imidazolium,
pyrrolidinium, tetraalkylammonium, and trialkylsulfonium
cations did not follow the correlation (open circles in Fig. 9).
In all these aprotic ILs, the probe experiences a ‘‘local’’
polarity comparable to short-chain alcohols,20 which is higher
than one would expect based on the static dielectric constants
extrapolated by dielectric spectroscopy.1,2,4,50–53 Instead, for a
series of chemically and structurally diﬀerent cations featuring
the same counter-anion [Tf2N], we succeeded in establishing

Fig. 9 S1/ICT - S0 internal conversion time constants t1 of 12 0 CA
as a function of the solvent dipolarity parameter Df. Crosses: organic
solvents reported in ref. 20 (acetonitrile from this work). Open circles: ILs
from ref. 20 with new/revised e values from ref. 1 and 2 ([C6mim]+[Tf2N]
from this work). Half-ﬁlled circles: [C6mim]+[Tf2N]/acetonitrile mixtures
from this work.
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an empirical correlation between t1 and the IL cation radius,
which suggests the importance of Coulombic interactions of
cations with the negatively charged carbonyl end of the
reporter molecule.20 This probably leads to a stronger stabilization of the S1/ICT state of the probe.
The current work allows us to investigate the applicability
of this correlation to IL mixtures with the polar aprotic
solvent acetonitrile. For that, we use Df values directly calculated from the static dielectric constants (Table 1) and the
refractive indices (Table 2). The results are included in Fig. 9
as half-ﬁlled circles. The mixtures smoothly connect the highly
polar part of the t1–Df correlation with the IL region. As a
result, mixtures with increasing IL composition progressively
deviate from the correlation. This behavior supports our
previous interpretation that simple descriptions based on
dielectric continuum theory, which work surprisingly well
for dipolar organic solvents, fail for imidazolium-based ILs,
because (cation) monopole–dipole contributions dominate the
IL cation–probe interaction. In fact, this is also consistent with
our previous ﬁnding that an addition of a large amount of Li+
cations to organic solvents markedly reduces t1 of 12 0 CA.20
3.4 Solvation dynamics as observed by the local probe and
dielectric spectroscopy
The transient absorption signals contain additional information
related to the solvation response upon the change of the
probe’s dipole moment. Because the S1/ICT lifetime of
12 0 CA in the mixtures studied is fairly short (o100 ps), we
restrict our discussion to the short time dynamics. It was
recently shown for several systems that ILs exhibit a biphasic
solvation response, with an ultrashort and a much slower
contribution, where the latter one can be well described by a
stretched-exponential function.21–23,54 The former one corresponds to high frequency solvent modes in the dielectric
spectrum. In the near-IR transient absorption experiments,
the ultrafast response is visible at early times as a curvature on
the signals which is due to the transient Stokes shift of the SE
band of 12 0 CA, see the inset in Fig. 7. Fitting of the transients
provides an additional time constant t3, which is plotted as a
function of IL mole fraction in Fig. 8b including error bars
deduced from typically 5–15 experiments at a given mole
fraction. Values are summarized in Table 2. Regarding possible
variations of t3 with probe wavelength, we note that for another
closely related carbonyl carotenoid system shifts in the probe
wavelength on the order of 20 nm (upper limit estimated from
the spectral shift seen in Fig. 6) should not change t3 by more
than typically 10%.17
For pure acetonitrile, the response is extremely fast, which is
in agreement with ﬁndings for other probe molecules, such as
coumarin 153.23,55 For the pure IL, this response is considerably slower, around 2 ps. The interesting observation is that
already at low IL mole fractions the solvation response is
markedly slowed down. We tentatively explain this by a
perturbation of the ultrafast cooperative response of the
acetonitrile network by the constituents of the IL and the
increasing viscosity of the mixture upon adding IL. Such an
interpretation is consistent with a recent Raman spectroscopic
study of Aleksa et al.56 and earlier results of computer simulations for acetonitrile and CO2 by Ladanyi and Maroncelli.57
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Further support for this view comes from a comparison with the
results from dielectric spectroscopy. The connection between
solvation dynamics and dielectric relaxation of the solvent is
through the longitudinal relaxation time, tL.58 For a solute dipole
embedded in a solvent showing Debye-type relaxation the latter
is approximately given by
tL ¼ t

3e1
:
2e þ e1

ð3Þ

The 12 0 CA probe also identiﬁed a fast solvent relaxation
component which is around 0.5 ps in acetonitrile and about
2 ps in the pure IL. A small addition of IL to acetonitrile is
already suﬃcient to slow down the reorientation dynamics of
the acetonitrile network and/or increase the viscosity of the
mixture. The picture is in agreement with the results from
DRS which ﬁnds an increase of the average longitudinal
relaxation time in the same range of mixture composition.
For future studies, it will be worthwhile to extend this
combined approach to other IL mixtures, containing, e.g., more
polar ILs or less polar organic solvents, in order to obtain a more
complete overview of the dynamics in these interesting binary
solvent systems.

Such a simple relation does not exist for the present samples but
may be tentatively used with tav = t for x o 0.2 because of the
predominance of the acetonitrile contribution to the spectra
(Fig. 2). Quantitative agreement of tLav with t3 from the transient
absorption signals cannot be expected because of the approximate nature of the average relaxation time, tav. However, at
low IL content tLav nicely parallels the increase of t3 (Fig. 8b)
corroborating the interpretation of t3 as an indicator for fast
solvation dynamics. In fact, there might be even a slight
systematic shift in t3 values, because due to the ﬁrst ultrafast
S2 - S1/ICT IC step (ca. 120 fs) the fastest part of the solvation
response might be somewhat ‘‘smeared out’’. This would mean
that the t3 values from transient absorption should be taken as
upper limits. This eﬀect would be more pronounced for the
acetonitrile-rich mixtures showing fast relaxation. In fact, such
a reduction, possibly by perhaps 0.1–0.2 ps, would actually
bring t3 even closer to tLav from DRS (Fig. 8b).
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4. Conclusions

Notes and references

The combination of dielectric relaxation spectroscopy (DRS)
and ultrafast transient absorption techniques has provided a
comprehensive view of the polarity and dynamics of
[C6mim]+[Tf2N] + acetonitrile mixtures. DRS ﬁnds a strong
decrease of the static dielectric constant from acetonitrile
(ca. 35.9) to the pure IL (12.7). For vanishing IL content,
however, there is no smooth extrapolation of e to the value of
pure acetonitrile, and instead the value e = 37.0 is found at the
lowest IL content investigated (x = 0.00235). This eﬀect can be
most likely traced back to the inﬂuence of [C6mim]+[Tf2N] ion
pairs. The picture is conﬁrmed by ultrafast transient absorption
measurements employing the local polarity and THz probe 12 0 apo-b-carotenoic-12 0 -acid (12 0 CA). The lifetime t1 of the probe’s
S1/ICT state, which is a convenient indicator of polarity, shows a
strong increase from pure acetonitrile to the pure IL, corresponding to a substantial decrease of polarity with increasing IL
content in the mixture. Interestingly, as in DRS, at small IL
concentrations the local environment of the probe appears to be
slightly more polar than that in pure acetonitrile which again
points toward an inﬂuence of IL ion pairs at low IL content. In
any case, the linear shift of the S0 - S2 absorption maximum
with mixture polarizability strongly indicates that ‘‘preferential
solvation’’ of the probe is negligible.
Using the static dielectric constants from DRS, one ﬁnds that
the probe’s lifetime does not follow the correlation with the
dipolarity parameter Df, which was previously established in
organic solvents.20 The behavior, which becomes more and more
evident with increasing IL content, points toward a substantial
stabilization of the 120 CA S1/ICT state by charge–dipole interactions of IL cation(s) with the terminal carbonyl group.
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20 P. W. Lohse, R. Bürsing, T. Lenzer and K. Oum, J. Phys. Chem. B,
2008, 112, 3048.
21 K. Oum, P. W. Lohse, F. Ehlers, M. Scholz, M. Kopczynski and
T. Lenzer, Angew. Chem., Int. Ed., 2010, 49, 2230.
22 P. W. Lohse, F. Ehlers, K. Oum, M. Scholz and T. Lenzer, Chem.
Phys., 2010, 373, 45.
23 M. Maroncelli, X.-X. Zhang, M. Liang, D. Roy and
N. P. Ernsting, Faraday Discuss., 2012, 154, 409.
24 A. Dallmann, M. Pfaﬀe, C. Mügge, R. Mahrwald,
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V. Balevičius, Lith. J. Phys., 2007, 47, 435.
57 B. M. Ladanyi and M. Maroncelli, J. Chem. Phys., 1998,
109, 3204.
58 B. Bagchi, Annu. Rev. Phys. Chem., 1989, 40, 115.

Phys. Chem. Chem. Phys., 2012, 14, 3596–3603

3603

