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Abstract Rotational diffusion of two organic solutes, couma-
rin153 (C153) and 4-aminophthalimide (AP) has been inves-
tigated in four ionic liquids (ILs), viz. 1-ethyl-3-
methylimidazolium trifluoroacetate (EMIMTFA), 1-ethyl-3-
methylimidazolium ethylsulfate (EMIMESU), 1-ethyl-3-
methylimidazolium tetrafluoroborate (EMIMTFB) and 1-
ethyl-3-methylimidazolium tetracyanoborate (EMIMTCB),
as a function of temperature. Between the two probes, AP
can act as hydrogen-bond-donor to the solvents having hydro-
gen bond acceptor ability. The results indicate that the rota-
tional dynamics of C153 is mainly governed by the viscosity
of the medium. On the other hand, the rotational motion of AP
is found to be significantly hindered in the ILs depending on
the nature of anions of the ILs. Rotational coupling constant
values for AP in the ILs follow the order TFA>ESU>TCB>
TFB. The slower rotational motion of AP in these ILs has been
attributed to the specific hydrogen bonding interaction be-
tween AP and anions of ILs.

Keywords Ionic liquids - Fluorescence - Anisotropy - Anion
dependence - Specific interaction

Introduction

Ionic liquids have received considerable attention in recent
times due to their applications in diverse areas of chemistry
and biology [1-7]. This is mainly because of their unique
physicochemical properties [6, 7]. Intermolecular interactions
play an important role in determining the physicochemical
properties of liquids and solutions. It is, therefore, worthwhile
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to probe the various natures of interactions that exist between
the constituents of the ILs and also their interaction with added
solutes so that we can comprehend, and even predict their
physicochemical properties [8—37].

Many experimental and theoretical investigations have
been carried out in ILs in recent times basically to understand
the molecular origin of solvent-solvent, solute-solvent inter-
actions [8-38] and charge/electron transfer processes [38, 39].
Studies on the rotational relaxation behavior of organic solutes
were found to be useful to understand specific solute-solvent
interactions [40]. Maroncelli and co-workers [15, 16] have
demonstrated that the rotational dynamics of organic solutes
are mainly controlled by viscosity of the medium and are
independent of the electrostatic and/or specific hydrogen
bonding interactions. Subsequently, other researchers includ-
ing ourselves have found that rotational motion of organic
solutes in ionic liquids is significantly hindered due to specific
solute-solvent interaction [27-36].

It is evident from the earlier reports that although the
experimentally measured reorientation times generally lie be-
tween the broad limits of slip and stick hydrodynamic bound-
ary conditions [41], a perfect match has not often been
achieved and significant deviations from normal hydrody-
namic conditions have also been observed. In this context, it
may be mentioned that according to the stick boundary con-
dition, the tangential velocity of the fluid relative to the body
vanishes on the surface of the body and there exists a perfect
coherence between the motion of the body and the surround-
ing fluid [41]. On the other hand, in slip boundary condition
the fluid exert no tangential stress on the rotating objects [41].
It has also been found that the systematic variation of the
constituents can tune the physical properties of ILs, and this
attribute is also expected to influence the solute-solvent inter-
action in a systematic manner. Hence, the study of the rota-
tional behavior of organic solutes in the ILs by maintaining a
systematic variation in the constituent of the IL is expected to
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throw more light on the role of solute-solvent interaction
towards the departure of rotational behavior of these solutes
from that of the normal hydrodynamic predictions. It is
pertinent to mention in this context that Xu and co-workers
[8] have recently shown that H-bonding interaction is the
most dominant interaction of ILs governing the solubility
of flavonoids, and the anionic part has greater effect on the
overall H-bonding ability of the ionic liquids. The authors
have determined the hydrogen bond basicity of 32 anion
components of ionic liquids and classified them into three
groups (higher, medium and lower) depending upon the
hydrogen bond basicity of the anions. Keeping this in
mind, we have studied rotational diffusion of two neutral
organic solutes, 4-aminophthalimide (AP) and coumarin
153 (C153) in four different ionic liquids, viz. 1-ethyl-3-
methylimidazolium trifluoroacetate (EMIMTFA), 1-ethyl-
3-methylimidazolium ethylsulfate (EMIMESU), 1-ethyl-3-
methylimidazolium tetrafluoroborate (EMIMTFB) and
l-ethyl-3-methylimidazolium tetracyanoborate
(EMIMTCB). These ILs are purposefully chosen so that
an appreciable variation of the hydrogen bond basicity in
the ILs is achieved. In all ILs under study, a fixed cationic
moiety is used so that the effect of anions on the rotational
dynamics is exclusively monitored. Both these probes are
suitable for rotational dynamics study in organic medium
[17, 27]. Among these probes, only AP has the hydrogen-
bond-donating ability by virtue of its polarized N-H frag-
ment [27]. Structural information on the solutes and the
ionic liquids are provided in Chart 1.

Chart 1 Molecular diagrams of
solutes and solvents used in the
study
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Materials and experimental technique

4-Aminophthalimide (AP) was obtained from TCI and
recrystalized from ethanol. The purity of the compound was
confirmed by performing thin layer chromatography and
NMR spectral measurements. Coumarin 153 (C153) (laser
grade, Exciton) was used as received. The ionic liquids were
obtained from the Merck Germany (>99 % purity). The water
and halide contents of the ILs were <100 ppm. The ILs were
kept overnight in high vacuum to remove any moisture pres-
ent in these media. Proper precaution is taken to avoid mois-
ture absorption by the media during transferring the solute into
a cuvette.

The viscosities (1) of the ILs were measured by using an
LVDV-III Ultra Brookfield Cone and Plate viscometer (1 %
accuracy and 0.2 % repeatability). Time-resolved anisotropy
decay measurements were carried out using a time-correlated
single photon counting (TCSPC) spectrometer (Edinburgh,
0B920). A diode laser (405 nm) was used as the excitation
source, and signals were collected at magic angle (54.7°) by
using an MCP photomultiplier (Hamamatsu R3809U-50) as
the detector (response time 40 ps). The instrument response
function of the experimental set up was limited by the full
width half maxima (FWHM) of the excitation laser pulse, and
was 95 ps for 405 nm laser diode. The instrument response
function (IRF) was recorded by scatterer (dilute ludox solution
in water) in place of the sample. For excitation and emission,
M100-X monochromators (Seya-Namioka; 2 nm band pass)
were used. Time resolved fluorescence anisotropy decay
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profiles were analyzed by a non-liner least-square iteration
procedures using F900 decay analysis software. The criteria
for a good fit were judged by statistical parameters such as the
reduced x° being close to unity and the random distribution of
the weighted residuals. The temperature was controlled by
circulating water through the cell holder using a Quantum,
North West (TC 125) temperature controller with the accuracy
+0.2 °C. Waiting time was half an hour for each measurement.
The time-resolved fluorescence anisotropy measurement was
done by using two polarizer by placing one of them in the
excitation beam path and the other one in front of the detector.
An alternate collection of the fluorescence intensity in parallel
and perpendicular polarization (with respect to the vertically
polarized excitation laser beam) for equal interval of time was
carried out. For G-factor calculation, the same procedure was
followed but with horizontal polarization of the exciting laser
beam.

Results and discussion

The time resolved fluorescence anisotropy, r, is estimated by
employing the following equation

V:M, Where G:Iﬂ (1)
where G is the instrument correction factor for detector sensi-
tivity to the polarization of the emission, which is 0.7 at the
wavelength of detection. /5y (¢) and I 4y (¢) are the intensity
of fluorescence decays when the excitation and the emission
polarizer are polarized at horizontal-horizontal and horizontal-
vertical alignment respectively. Again I (¢) and I (¢) are
the intensity of fluorescence decays when excitation and
emission polarizer are polarized at vertical-vertical and
vertical-horizontal alignment respectively. The initial anisot-
ropy values obtained at different temperatures are found to be
within the limiting value of 0.4 for both the probe molecules.
A representative fluorescence transient from which rotational
fluorescence anisotropy has been calculated for C153 in
EMIMESU is shown in Fig. 1.

Time-resolved fluorescence anisotropy study of C153 in ILs

Anisotropy decay profiles of C153 in different room tempera-
ture ionic liquids (RTILs) at various temperatures are shown in
Fig. 2. The anisotropy decay profiles are fitted to both bi- and
single-exponential functions of time. The biexponential fits are
found to be slightly better than the single exponential fits. It
may be mentioned in this context that Maroncelli and co-
workers used a biexponential function to fit the anisotropy
decays of C153 in polar solvents, and have explained the
observed behavior as a result of the non-Markovian nature of
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Fig. 1 The representative fluorescence transient for C153 in EMIMESU
at 293 K. Iyy and Iyy are the intensities of fluorescence decays when
excitation and emission polarizer are polarized at vertical-vertical and
vertical-horizontal alignment respectively

the friction [42]. The average reorientation times of C153 in the
four ionic liquids estimated from biexponential fits at different
temperatures are listed in Table 1. The plots of log () versus 1/
T for the four ionic liquids are also shown in Fig. 3. As can be
seen from Fig. 3, these anions play an important role in
determining the viscosities of the ILs, and bulk viscosities of
the ILs vary in the order TCB<TFB = TFA<ESU.

Interestingly, anisotropy decay profiles (Fig. 2.) reveal that
anisotropy decays of C153 is the slowest in EMIMESU and
fastest in EMIMTCB. However, anisotropy decays are found
to be very similar in case of EMIMTFA and EMIMTFB.
Consequently, the average rotational time of C153 in these
ILs also follow similar trend (Table 1). For example, at 293 K,
the average rotational time of C153 in EMIMESU and
EMIMTCB are found to be 3.28 ns and 1.17 ns respectively,
whereas the average rotational time of C153 in case of
EMIMTFB and EMIMTFA is found to be ~2.05 ns (Table 1).
The observation shows that the average rotational times of the
probe molecule vary with the bulk viscosities of the ILs. It is
also evident both from the anisotropy decay profiles shown in
Fig. 2 and the data presented in Table 1 that with an increase in
the temperature, the rotational diffusion becomes faster due to
the lowering of the viscosity of the media.

We have also analyzed our experimental data by the most
commonly used Stokes-Einstein-Debye (SED) hydrodynamic
theory of rotational diffusion, according to which the rotation-
al time (7>°") of non-interacting solute in a solvent continuum
of viscosity 7 is given by

y
SED Tl

= 2
= @

where kp is the Boltzmann constant, T is the absolute
temperature,V’, is the hydrodynamic volume of the solute
molecule with V,=VfC , V denoting the van der Waals
volume of the solute molecule, /" the shape factor and C the
boundary condition parameter respectively.
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Fig. 2 Time resolved AL prvrveryy o 293K 0.4 —emmesu o 203K
fluorescence anisotropy decay f 313K @ 313K
(TRFAD) profiles of C153 in
different RTIL at different
temperatures. Symbols denote
experimental data points and solid
lines passing to the experimental
data points represent the
biexponential fit to the data points
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The two limiting cases are the hydrodynamic stick and slip ~ boundary condition. In the case of a solute comparable or

[41]. When the size of the rotating solute is much bigger than ~ smaller than the size of solvent molecule, C is less than unity

the solvent molecule, C is unity. It is represented as the stick ~ for which 75°° calculated by Eq. (2), represents only the

Table 1 Rotational relaxation ] . , A
parameters for C153 in ILs at ILs temp.(K) Viscosity" (cP) ) aj Ti as T2 <Tro> (1S)
different temperatures

EMIMESU 293 105 036 088 366 012 046 328
298 75 036 081 334 019 090  2.88

303 58 036 071 273 029 100 223

308 46 034 079 210 021 071 181

313 34 034 081 163 019 036 139

EMIMTFA 293 38 037 018 419 082 157 204

298 31 037 017 412 083 130 178

303 26 036 010 48 090 1.17 153

308 22 036 008 489 092 104 135

313 18 036 009 446 091 086  1.18

EMIMTCB 293 21 036 076 100 024 170 117

208 17 036 074 095 026 103 097

303 14 036 077 071 023 120 082

308 12 036 072 078 028 043  0.68

313 10 032 045 079 055 043  0.59

EMIMTFB 293 39 038 0.5 436 085 165 206

" 459, Pinital anisotropy and 298 32 036 007 658 093 147 183
© average rotational relaxation 303 26 035 008 484 092 124 153
time (&5 %). 71,7, are rotational 308 22 036 006 614 094 108 138
relaxation time and a,, a are the 313 18 036 006 635 094 089 122

normalized preexponential factors
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Fig. 3 Plots of /n (n) versus /T for all four RTILs

mechanical or hydrodynamic friction expected by the solute
molecule.

For the calculation of the 757 values, we have used the
probe property values that are available in the literatures [17]
(Table 2). The values for the probe molecules are given in the
Table 2. Since all three axial radii are different, each solute
molecule is treated as an asymmetric ellipsoid. The friction
coefficient (;) along the three principle axes of rotation for the
stick and slip boundary condition are obtained from the liter-
ature [43, 44]. The diffusion coefficients along the three axes
(D;) are calculated by using the following Einstein relation
[45].

D, =— (3)
Considering that the transition dipole is along the long axis

of the molecule, the rotational times are calculated from the
diffusion coefficients by the following equation [46]

T

1( 4D, + Dy + D, ) @

~12\D,D, + DyD. + D.D,

Where, D, D, and D .. are the diffusion coefficients along
a, b and c axes, respectively. The boundary condition param-
eters for slip condition, C,, are obtained from the calculated
rotational times and other parameters, relating to the probe,
from reference 17.

Table 2 Solute dimensions and van der Waals volumes together with
shape factors and boundary condition parameters calculated using the
SED hydrodynamic theory

Solute  Axial van der Waals ~ Shape Boundary
radiv/A3 volume/A® factor( /)  conditions(Cy;,)

C153  6.0x39x25 243 1.5 0.18

AP 5.0x3.5x1.8 134 1.6 0.16

Figure 4 shows the plots of experimentally measured re-
orientation times of C153 in four ionic liquids along with the
calculated stick and slip lines. As can be seen from Fig. 4, the
rotational dynamics of C153 in different ILs lie between the
stick and slip boundary conditions. We fit the T, and n/T data
for C153 to the function, T,=A(1/T)", a procedure described
by Mali et al. [28, 29] , following relationship are obtained

C153 in EMIMESU
7. = (7.042 £ 0.76) (1/T)* 7" (N = 5,R = 0.9857)
C153 in EMIMTFA
7 = (8.30 £ 0.32)(n/T)* ¥ (N = 5 R = 0.992)
C153 in EMIMTCB
7 = (11.25 £ 0.82)(n/T)" "% (N = 5,R = 0.9988)
C153 in EMIMTFB

7, = (7.55 £ 0.44)(n/T)"*%9% (N =5, R = 0.9978)

In these expressions, N and R are the number of data points
and regression coefficient, respectively.

We have also calculated the rotational coupling constant
(C,y) defined as, C,,;=T,01 Toa » Where 7,,, is experimental
measured rotational time and 7 , the value obtained by using
Eq. 2. The calculated average C,,, values obtained for C153 in
ESU, TFA, TCB and TFB systems are 0.43, 0.68, 0.66 and
0.68 respectively. C,,; values vary from 0.4 to 0.7 which is
comparable to the values that obtained in conventional sol-
vents [42]. The observed C,,, values also indicate that there is
no specific interaction between C153 and the ILs. Moreover,
the differences in C,,, values that has been observed in the
present case on going from one ionic liquid to another
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Fig. 4 Plots for T, vs. /T for C153 in different RTILs. Computed data
are with stick (—), slip (.......... ) boundary conditions and experimentally

measured data are shown by symbol
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indicates the possible role of nonspecific interaction (long-
range dipole-dipole interaction) and solute/solvent size in
addition to the viscosity of the medium.

Time-resolved fluorescence anisotropy study of AP in ILs

Representative anisotropy decay profiles of AP in neat ILs at
various temperatures are shown in Fig. 5. We resort to single-
exponential fitting of the anisotropy data of AP as biexponential
fit does not improve the quality of data fitting and also the
average rotational relaxation time calculated from the
biexponential fit is found to be very similar with that obtained
from the single-exponential fit. The rotational relaxation param-
eters for AP in the ILs at different temperatures are collected in
Table 3.

From the anisotropy decay profiles, it can be noticed that
the rotational motion of AP is the fastest in EMIMTCB and
slowest in EMIMESU. Interestingly, the rotational motion of
AP is found to be slower in EMIMTFA than in EMIMTFB
despite the similar viscosity of the two ILs (Fig. 5). This
observation indicates that in addition to the viscosity effect
other factor like solute-solvent interaction may play a definite
role in controlling the rotational motion of AP in these media.
The variation of the average rotational times of AP (i.e. 7.6 ns,
3.7 ns, 1.95 ns and 1.13 ns for EMIMESU, EMIMTFA,
EMIMTFB and EMIMTCB respectively at 293 K) bear this
fact (Table 3). It is also noticeable from Table 3 that with an
increase in the temperature, the rotational diffusion of AP
becomes faster due to the lowering of the viscosity of the

0.4

medium. To get a better understanding of the rotational
behavior of AP in the ILs, we have also analyzed the
data by employing Stokes-Einstein-Debye (SED) hydro-
dynamic model. In case of AP, Fig. 6 represents the plots of
experimentally measured reorientation times of AP in four
ionic liquids along with the calculated stick and slip lines.
As can be seen from Fig. 6, the rotational time of the AP is
significantly higher than that predicted by the stick boundary
condition in EMIMESU and EMIMTFA. This kind of behav-
ior is known as “superstick” behavior, which indicates the
strong association of the probe molecule with the solvent [15].
Here, we note that a recent study by Khara and Samanta [34]
have demonstrated that ethidium bromide (EB) follows
superstck behavior in [bmim][TFB] by virtue of solute-
solvent hydrogen bonding interaction. Again, Kurnikova
et al. [47] has also pointed the role of hydrogen bonding
interaction in explaining the superstick behavior of thionine
in dimethylsulfoxide (DMSO). The super stick behavior of
AP in the present ionic liquids can be attributed to the hydro-
gen bonding interaction between AP and the ionic liquid.
Moreover, the ability of AP to act as H-bond donor is also
demonstrated by Dobek and co-workers [48]. They have
found that AP can form hydrogen bond (N-Hee*O-S) with
hydrogen bond acceptors like dimethyl sulfoxide (DMSO)
and sodium dodecyl sulfate (SDS). It is pertinent to men-
tion in this context that as the C,-H proton of the EMIM
cation is acidic in nature and hence there is a possibility
that it may form hydrogen bond with the carbonyl
group of AP. However, we could not find any appreciable

Fig. 5 Time resolved
fluorescence anisotropy decays
(TRFAD) of AP in different
RTILs at different temperatures.
The smooth lines passing to the
experimental data points are fitted
ones
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Table 3 Rotational relaxation parameters for AP in ILs at different o EMIMESU
temperatures EMIMTFA
B EMIMTFB
ILs temp.(K) Viscosity” (cP) ro° Trot (0S)° 6 EMIMTCB
EMIMESU 293 105 0.33 7.60
298 75 032 577 2 4
303 58 030 467 -
308 46 0.29 3.74
2+ A
313 34 0.29 3.00 -
EMIMTFA 293 38 036  3.70 /#@P:f""’( __________
298 31 0.34 3.00 [ . .
303 2% 035 250 0.1 0.2 o 0.3 0.4
308 2 035 210 mre
313 13 033 1.80 Fig. 6 Plots for T, vs. /T for AP in different RTILs. Computed data are
’ ’ with stick (—), slip (cceeee. ) boundary conditions and experimentally
EMIMTCB 293 21 0.34 L13 measured data are shown by symbol
298 17 031 0.96
303 14 031 0.82
308 12 031 0.70 To get an insight into the AP-IL interaction, we have
313 10 031 0.60 estimated the rotational coupling constants for AP in all four
EMIMTEB 203 39 036 1.95 ILs used in this study (Table 4). At a particular temperature,
208 32 0.34 1.65 C,,, values for AP are found to be considerably larger than the
303 26 0.33 1.40 ones for non-hydrogen-bonding solvents [17]. Since the rota-
308 22 0.34 1.13 tional coupling constant (C.,) represents the measure of the
313 18 032 095 extent of departure from normal hydrodynamic behavior of a

245 %, ° Initial anisotropy and © rotational relaxation time (+5 %)

change in the NMR proton signal of C,-H of EMIM
cation upon the addition of AP in a separate study [27].
This observation rules out the possibility of the involve-
ment of C,-H proton in the hydrogen bonding interaction
with AP. Figure 6 also reveals that AP follows the stick
hydrodynamics in EMIMTCB and EMIMTFB. The rela-
tionship that has been obtained when we fit T, and 1/T for
AP to the function T,=A(n/T)P are given below

AP in EMIMESU

7 = (17.10 £ 0.28) (/T)* "+ (N =5, R =0.9997)
AP in EMIMTFA

7 = (23.87 £ 1.37)(n/T)*"'**"® (N =35, R =0.9995)
AP in EMIMTCB

7 = (8.88 £ 0.54)(n/T)" ™ (N = 5, R =0.9992)
AP in EMIMTFB

7 = (10.95 £ 0.97)(n/T)****% (N =35, R =0.9970)

In these expressions, N and R are the number of data points
and regression coefficient, respectively

solute due to specific interaction, the present observation is a
clear manifestation of hydrogen bonding interaction between
AP and anionic components of the ionic liquids. Upon careful
observation, one can see that C,,, values are different for
different ILs. The variation of C,,, value can be explained
by considering hydrogen bond basicity of the corresponding
anions of the ILs. The hydrogen bond basicity corresponding
to the anions of the concerned ILs are obtained from the
literature report [8]. The hydrogen bond basicity of the anions
is calculated based on COSMO-RS computation [8]. As de-
scribed by Klamt [49], COSMO-RS is a statistical thermody-
namic approach based on the results of quantum chemical-
COSMO calculations. COSMO sigma-moments are molecu-
lar descriptors obtained from COSMO-RS calculation, among
which the hydrogen bond moments (HB acc3) chemically
corresponds to the measures of H-bonding basicity [8]. As

Table 4 Rotational coupling constant(C,,) of AP, obtained from the
measured rotation times in four ILs and hydrogen bond basicity param-
eters for the anions of corresponding ILs

ILs C,o for AP HB_acc3? for anion
EMIMESU 1.56 19.2952
EMIMTFA 1.90 20.3944
EMIMTCB 1.12 3.4554
EMIMTFB 1.01 2.4740

#COSMO-RS descriptor of HB_acc3 (hydrogen bonding acceptors mo-
ment indicates hydrogen bond basicity) [8]
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can be seen from Table 4 that observed C,,, values for AP
(TFA>ESU>TCB>TFB) follows the similar trend to that of
hydrogen bond basicity values (TFA>ESU>TCB>TFB) of
the corresponding ILs. In this context we would also like to
note that very recently, Karve and Dutt [32] have studied the
rotational diffusion of neutral and charged solutes in the series
of ionic liquids that are different from the present study. They
have found that the rhodamine 110 follows stick hydrodynam-
ics, and the variation in the boundary condition parameter can
be correlated with the hydrogen bond basicities of the anions
of the ILs. Considering all these, one can now conclude that
the strength of specific solute-solvent interaction, which in
turn is governed by the hydrogen bond basicity of the con-
cerned anions, plays a key role in controlling the dynamics of
rotation of the organic solutes in ionic liquids.

Conclusion

Rotational diffusion of C153 and AP has been investigated in
1-ethyl-3methylimidazolium cation containing ionic liquids
with the variation of anions to examine whether the reorien-
tation of solutes is influenced by the nature of anions of the
ionic liquid. It has been observed that the reorientation times
of C153 depends upon the viscosity of the ionic liquids and
follows normal hydrodynamics. The variation in C,,, values
that has been observed for C153 in ILs also indicates the role
of nonspecific interaction (long-range dipole-dipole interac-
tion) and solute/solvent size towards the rotational motion of
the probe. On the contrary, the rotational diffusion of AP has
been found to be significantly influenced by the nature of
anions. AP shows superstick behavior in EMIMESU and
EMIMTFA and follows stick hydrodynamics in EMIMTFB
and EMIMTCB. The superstick behavior is attributed to the
strong specific solute solvent interaction. Rotational coupling
constant values for AP are found to decrease in the order
TFA>ESU>TCB>TFB. The variation in the rotational cou-
pling constants, the measure of extent of departure from the
normal hydrodynamics behavior due to specific solute-solvent
interaction, is explained by considering the hydrogen bond
basicity of the anionic moiety of the corresponding ILs.
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