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ABSTRACT: The orientational relaxation dynamics of perylene in &
the room temperature ionic liquid (RTIL) 1-butyl-3-methylimida- perylene \1\9’:’\ ©
zolium bis(trifluoromethyl)sulfonyl imide were studied as a Ny -
function of lithium ion concentration. Perylene is nonpolar and OO \\ ';j- . 5 .
locates in the alkyl regions of the RTIL. The lithium cation was ‘ e ¢
added as lithium bis(trifluoromethyl)sulfonyl imide, so the addition OO :
of Li* did not change the anion. The Li" concentration ranged BmIm™ bistriflimide
from 0 to 0.4 mol fraction. The dynamics were measured by
observing the fluorescence anisotropy decay using time correlated
single photon counting. The anisotropy experiments and viscosity measurements were performed as a function of temperature
for each Li* concentration sample. Because perylene has high symmetry, it was possible to independently determine the in-plane
and out-of-plane diffusion constants and friction coeflicients. With increasing concentration of lithium salt the viscosity increases
and both the in-plane and out-of-plane orientational relaxations of perylene become slower. However, the corresponding
molecular friction coefficients decreased, with the in-plane coeflicient decreasing to a greater extent than the out-of-plane
coefficient. The decrease in the friction coefficients demonstrates that lithium ions, which are located in the ionic regions of the
RTILs, change the structure of the alkyl regions of the RTIL.

I. INTRODUCTION
Room temperature ionic liquids (RTIL) have attracted

methylimidazolium bis(trifluoromethyl)sulfonyl imide
([BmIm][T£,N]) is a well-studied liquid with a sufficiently

significant interest for their distinctive physical properties and
for a number of potential applications, such as use as solvents
for chemical reactions' and as electrolytes for lithium-ion
batteries.” RTILs may have a number of advantages in the latter
application,”® such as broad electrochemical windows, non-
flammability, and negligible vapor pressure, which helps avoid
the fire and explosion risks associated with volatile organic
solvents used in conventional lithium-ion batteries.

Relative to the neat liquids, the viscosities of solutions of
lithium salts in RTILs increase significantly.>® The results of
experimental studies’® and molecular dynamics simula-
tions® ' suggest that RTIL anions aggregate around the Li*
ions, producing the increase in viscosity. Because of the
importance of lithium ion transport to battery operation, the
influence of lithium ions on RTIL structure and dynamics is a
topic of interest.

The alkylimidazolium bistriflimide ionic liquids are attractive
for battery applications because of their relatively low
viscosities, as well as good electrochemical stability* and
broad operating temperature ranges. Many organic RTILs
display nanoscale liquid structure, with the anions and charged
head groups of the cations forming hydrophilic regions distinct
from the h;rdrophobic regions formed by the alkyl tails of the
cation." ™" A large number of experiments conducted on
RTILs, including fluorescence,'® ! optical Kerr effect, ™8
and dielectric spectroscopies;”>** NMR;***! small-angle X-ray
scatterin§ (SAXS);32 and small—angle neutron scattering
(SANS),>® have been interpreted in the context of a structured
liquid segregated into ionic and organic regions. 1-Butyl-3-
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long cation alkyl group for the RTIL to exhibit nanostructured
organization into distinct hydrophobic and hydrophilic
regions,”" while having a lower viscosity than alkylimidazolium
RTILs with longer cation alkyl chains.

Perylene is a hydrophobic polyaromatic hydrocarbon which
can serve as a fluorescent probe of the alkyl regions of RTILs.”!
Figure 1 shows the structure of perylene; the transition dipole
for the S;—S, emission transition lies along the long axis of the
molecule (the x-axis in the coordinate system used here).
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Figure 1. Perylene structure and dimensions. Rotation about the z-axis
is in-plane. Rotation about the y-axis is out of plane.
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Detailed studies of perylene in a series of RTILs with the
bistriflimide anion and the imidazolium cation with different
chain lengths establish that perylene is located in the
hydrocarbon regions of the liquids,*"** consistent with studies
on the solvation of nonpolar solutes in alkylimidazolium-based
ionic liquids.>>*"** In addition, a study of a similar fluorescence
probe, 9-phenylanthracene, in 3-octyl-1-methylimidazolium
bistriflimide, including NMR experiments, establishes that
large polycyclic aromatic hydrocarbons locate in hydrocarbon
regions of the RTILs.*® This is in contrast to much smaller
single-ring aromatics that may possibly locate in the ijonic
region because of 7-stacking interactions.”’ ~>° Thus, perylene’s
orientational dynamics report specifically on the local environ-
ment in the RTIL alkyl region. Changes in the orientational
dynamics and the friction coefficients obtained from the
measurements as a function of lithium cation concentration will
reflect changes in the local structure of the RTIL.

In this study, perylene was dissolved in [BmIm][Tf,N] with
various concentrations of lithium salt, in the form of lithium
bis(trifluoromethyl)sulfonyl imide (LiTf,N) so that the RTIL
anion was unchanged. The fluorescence anisotropy decay of
perylene was measured by the technique of time-correlated
single photon counting as a function of temperature for each
solution. From the measurements, the perylene orientational
diffusion constants for reorientation both in and out of the
plane of the molecule were obtained. Temperature-dependent
viscosities were also measured for each Li* concentration,
which allowed the orientational friction coefficients for perylene
in each solution to be determined. It was found that as the
lithium ion concentration increased, the friction coeficients for
both in-plane and out-of-plane rotations decreased below the
theoretical value for slip boundary conditions, indicating the
presence of a complex solvation structure in the vicinity of
perylene that changes with lithium concentration.

Il. EXPERIMENTAL PROCEDURES

Samples of [BmIm][Tf,N] were obtained from IoLiTec
corporation. Before use, the samples were heated under
vacuum at 60 °C for 24 h to dry, after which their water
concentration was measured by Karl Fischer titration and found
to be very low, < 100 ppm. LiTf,N was obtained from Sigma
Aldrich and used as received. All chemicals were stored and
handled in a glovebox under a dry nitrogen atmosphere.

Temperature-dependent dynamic viscosities were measured
for each ionic liquid/lithium salt solution using a Brookfield
Engineering LV-DV II+ Pro rotary cone—plate viscometer. The
viscometer was located in the glovebox to prevent the uptake of
water during the viscosity measurements.

[BmIm][Tf,N] solutions were prepared with LiTf,N mole
fraction, y(LiTf,N), of 0, 0.1, 0.15, 0.2, 0.3, and 0.4. Sufficient
perylene was dissolved in each sample to give an absorbance of
0.3 at 405 nm. The samples were contained in 2 mm path
length sealed sample cells for use in the fluorescence
experiments.

The time-dependent fluorescence anisotropy was measured
using the time-correlated single photon counting (TCSPC)
technique. The excitation source was a Ti:sapphire oscillator,
which produced ~100 fs pulses at a rate of 80 MHz, reduced to
4 MHz with an acousto-optic single-pulse selector. The
oscillator wavelength was set to 810 nm, which was then
doubled to 405 nm with a beta-barium oxide doubling crystal.
After passing through a half-wave plate that enabled rotation of
the polarization of the excitation beam, the laser pulses at 405
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nm were used to excite the sample. The collected fluorescence
from the sample was passed through a fixed polarizer mounted
on the entrance slit of a monochromator while the polarization
of the excitation beam was rotated among fixed angles to
measure time-dependent fluorescence parallel, perpendicular,
and at the magic angle relative to the polarization of the
excitation beam. Fluorescence was detected at 469 nm.
Measurements were made for each sample at a series of
temperatures between 298 and 333 K.

The instrument response was measured using a solution of
malachite green in ethanol. Malachite green in ethanol has an
~5 ps fluorescence lifetime,*® which is so short it does not
contribute to the measured instrument response. The
absorbance of the malachite green sample was matched to
the absorbance of the perylene samples at 405 nm. The
instrument response sample was contained in the same sample
cell and placed in the same sample position as used in the
anisotropy experiments. The instrument response was less than
70 ps in all cases.

lll. RESULTS AND DISCUSSION

The experiment measures I;(t) and I,(t), the intensity of
fluorescence from the sample collected with parallel and
perpendicular polarization, respectively, relative to the ex-
citation beam. The anisotropy is defined in terms of I;(t) and

I,(t) as

Ht) = I(t) = I,(t)

- I(t) + 21,(t) (1a)
The population relaxation, P(t), is given by
P(t) = I(t) + 21,(¢) (1b)

In eq 1a, the denominator divides out the population relaxation
contribution. Therefore, r(t) is a measure of the orientational
relaxation only.

Figure 2 shows a representative time-dependent fluorescence
anisotropy plot (black curve), for perylene in a [BmIm][Tf,N]
solution with y(LiT,N) = 0.2 at 298 K. The red curve is a
biexponential fit to the data. The fit is started at 200 ps, after
the instrument response no longer affects the data. The
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Figure 2. Time-dependent fluorescence anisotropy decay () (black
curve) and the fit to the data (red curve) for perylene in a 0.2 mol
fraction solution of LiTf,N in [BmIm][Tf,N] at T = 298 K. The inset
shows time-dependent fluorescence intensity for fluorescence
polarized parallel (blue curve), at the magic angle (pink curve), and
perpendicular (green curve) to the polarization of the excitation
source.
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dynamics that are measured are slow enough that it is not
necessary to use the instrument response and convolutions to
obtain the desired data. Similar anisotropy data were collected
for each lithium concentration at a series of temperatures.

In terms of the dynamical variables of orientational diffusion,
the anisotropy is given by*'

—3(D,+D)t —3(D,+D)t

0 = +

() = <(q,q.re q.4,7,7,e
304Dy , 3 —(6D+24)

+q.49,77,e )+ 1B+ e

+ (B — a)e™P72) (2)

where D; is the diffusion constant for rotation of perylene about
its ith axis, and g; and y; are the projections of the excitation and
emission dipoles, respectively, onto that axis. The quantities a,
B, D, and A are given by

1
a = ~Dayry +alr) = 2077 + q] + 7))
2.2 2.2 2.2 2 2
+D(q.r; + ar) = 24,7, + 4, + 1)

2.2 2 2 2
+D.(a7; + 4y, — 2477 + q. + 1)) — 2D]

(3)
B = 2,2 4 222y 22_1

[N A N @
D—l(D+D+D)

3o ()
A = (D} + D} + D - DD, - DD, - DD,)"? (©)

Because of perylene’s D,, symmetry, and the alignment of the
absorption and emission dipoles with a principal axis of the
molecule, the expression for its anisotropy can be reduced to a
sum of two exponentials. By making the simplifying
approximation of treating perylene as an oblate spheroid (for
which D, = D, < D,), the general anisotropy in (2) can be
simplified to

r(t) = 0.1e”CBFRI 4 037D (7)

In practice, ultrafast inertial orientational relaxation causes
perylene to have a lower than the ideal initial ¢ = 0 anisotropy of
0.4;** the values of the numerical coefficients in eq 7 are always
found to be less than the theoretical values and are obtained in
the fits to the data.

The orientational diffusion constants are obtained from the
experimental data by first fitting the experimental anisotropy
with a sum of two exponentials:

r(t) = AT + Ay (8)

Using eqs 7 and 8, the diffusion constants D, (rotation out of
the plane of the molecule around the y axis) and D, (rotation in
the plane of the molecule around the z axis) can be found
algebraically in terms of 7, and 7, from the fits. We take the out
of plane orientational diffusion, D), to be associated with slow
component in the biexponential anisotropy decay because the
out of plane motion requires sweeping out more volume than
the in plane component, D,. Therefore, D,is obtained from 7,,
the slow decay component, and D, is obtained from 7, the fast
decay component and eq 7. In addition, the average diffusion
constant, D, is obtained from eq 5. To show the nature of the
trends with Li* concentration, the three diffusion constants are
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displayed for a single temperature, 298 K, in Figure 3. The
dashed lines are aids to the eye. With the exception of the
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Figure 3. Orientational diffusion constants for perylene in [BmIm]-
[T£,N] solutions at 298 K with various LiTf,N mole fractions.

points at y = 0.1, the points all fall very close to the lines. The
points for y = 0.1 are probably off the lines because of
experimental error, but we cannot rule out the possibility that
the diffusion constants do not change in a linear manner with
Li* mole fraction. As is clear from the figure, the orientational
diffusion becomes slower with increasing lithium ion
concentration. Orientational diffusion constants for solute
molecules generally depend inversely on solution viscosity,
and the viscosity of [BmIm][Tf,N] solutions increase with
LiTf,N concentration, as shown in Figure 4. The temperature-
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Figure 4. Temperature-dependent viscosities of [BmIm][Tf,N]
solutions with y(LiTf,N) = 0 to 0.4. The y-axis is presented on a
natural log scale. Lines connecting the data points are single
exponential fits to the data. The parameters for the lines are given
in Table 1.

dependent viscosities fit very well with single exponentials with
a small offset (R greater than 0.999 for each LiTf,N
concentration). The parameters for the exponential fits are
given in Table 1 so that the viscosity over the range of
temperatures studied can be obtained for the various Li'
concentrations.

For orientational diffusion that follows hydrodynamic
behavior, the orientational diffusion constant, D, and
reorientation time 7 for a solute depend on the temperature
and viscosity of the solution according to
1 o« M

Tep ST )
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Table 1. Parameters of Single Exponential Fits, 77 = Ae ™" +

b, to Viscosities of LiTf,N/[BmIm][Tf,N] Solutions as
Functions of Temperature

lithium ion mole fraction A m b
0 1.7 x 10® 20 8.0
0.1 2.9 x 10° 20 9.7
0.15 49 x 10° 19 9.4
0.2 4.5 % 10° 17 16
0.3 1.2 x 10" 15 27
0.4 1.2 x 10 14 38

Here, the orientational diffusion constant, D, is the average of
the diffusion constants D,, D), and D, from eq S. 7 is the
dynamic viscosity of the solution, k is Boltzmann’s constant,
and T is the absolute temperature.

In Figure S, the experimental values of 7 taken over a range

of temperatures for perylene for each lithium/RTIL solution
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Figure 5. Orientational relaxation times, 7 = '/(D, (symbols) for
perylene plotted against the dynamic viscosity # over kT, for
y(LiTEN) = 0 to 0.4. The raw data are presented in A. In B the
plots are scaled and shifted vertically by the values given in the inset to
aid visual comparison. The slopes of the plots have been preserved in
each case. The lines through the data points are linear least-squares fits
to the data and show that the orientational diffusion is hydrodynamic.

are plotted against #/kT. Figure SA shows all of the data with a
single set of axes. To make it easier to see the nature of the
results and the trends, Figure SB shows the same plots rescaled
and shifted. The true slopes of the data, which represent the
proportional dependence of 7 on #/kT, have been preserved in
all cases. Linear least-squares fits gave an R* of greater than 0.98
for each sample. The linearity of the plots confirms hydro-
dynamic behavior. To obtain actual values of 7 for the
corresponding #/kT from Figure 5B, find the point of interest
on the plot and the associated shift and scale values from the
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inset. Subtract the shift value from 7 and then divide both 7 and
n/kT by the scale factor.

As can be seen in Figures 3 and 5, as the mole fraction of Li*
increases the diffusion constants become slower (the orienta-
tional relaxation time constants become longer). This is
expected as increasing y(LiTf,N) increases the viscosity at
any given temperature. However, to determine whether the
slower orientational diffusion of perylene with increasing
lithium ion concentration is solely a consequence of increasing
viscosity or indicates a structural change in perylene’s solvation
environment, it is necessary to analyze the trends in the
diffusion constants with temperature and viscosity. A useful
approach is to consider the unitless friction coeflicient C, which
represents the coupling between the solute and the solvent and
is independent of temperature and viscosity for rotators that
display hydrodynamic behavior.**** Figure 5B shows that the
orientational relaxation of perylene in all of the samples is
hydrodynamic. The friction coefficient C; for rotation about the
ith axis of an oblate ellipsoid is related to the associated D, as*

¢ T
nvD, (10)

where V is the volume of the solute. C; can be calculated from
the measured temperature-dependent values of D; and #. For
perylene in each solution, Table 2 gives the ratios of the

Table 2. Ratios of In-Plane and Out-of-Plane Friction
Coefficients to Their Theoretical Slip Values

lithium ion mole fraction in-plane out-of-plane
0 1.70 0.512
0.1 1.64 0.480
0.15 123 0.371
0.2 1.08 0.336
0.3 0.597 0.228
0.4 0.264 0.160

experimental in-plane and out-of-plane friction coefficients to
their theoretical slip values, which can be calculated from the
dimensions of the rotator.**** Figure 6 is a plot of the friction
coefficients with a linear fit to the data points. The friction
coefficients change significantly with lithium ion concentration.
The fact that the coupling between solute and solvent, as
quantified by the friction coeflicients, is not constant with
LiTf,N concentration demonstrates that adding lithium ions
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Figure 6. The in-plane and out-of-plane friction coefficient ratios as a
function of lithium cation concentration.
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has an effect on the alkyl region of the RTIL beyond altering
the solutions’ bulk viscosities. As shown in Table 2 and can be
seen in Figure 6, both in-plane and out-of-plane orientational
friction coeflicients decrease as the Li* concentration increases.
The in-plane friction coefficient (C,) is greater than the
theoretical slip value with no lithium cations in the solution. As
LiT£,N is added, the in-plane friction coeflicient falls, becoming
subslip for concentrations above y(LiTf,N) = 0.2. The out-of-
plane friction coefficient (Cy) is subslip even for y = 0. It
becomes increasingly subslip as y(LiTf,N) increases. C,
decreases more in relative terms than does C,; C, decreases
by a factor of ~6 from y(LiTf,N) = 0 to 0.4, while C, decreases
by a factor of ~3. At high lithium ion concentration, y(LiTf,N)
= 04, C, is approaching C,.

The decreases in the friction coefficients, C, and C, show
that changes in the liquid structure in the RTIL alkyl region in
response to increased lithium concentration result in less
hindered orientational diffusion both in and out of the plane of
perylene after adjusting for the increased viscosity of the RTIL.
This is in contrast to the effect of increasing alkyl chain length
on perylene in Il-alkyl-3-methylimidazolium bistriflimides.
Previous work®" found that as the length of the cation’s alkyl
tail increased, the dynamics of the perylene probe converged
toward those of an ordered alkane, with the in-plane C,
(rotation about the z axis) decreasing and becoming subslip
while the out-of plane C, (rotation about the y axis) increased.
Therefore, the structural changes in the alkyl region in response
to lithium ions are qualitatively different from those that result
from changing the alkyl chain length.

The trends in the orientational dynamics of perylene can
provide insights into the changing nature of the liquid structure
of the RTIL alkyl regions as lithium cation is added. Slip
boundary conditions for orientational diffusion of solute
molecules apply when the interactions with the solvent are
not strong, for instance, no solute—solvent hydrogen bonding.
Slip boundary conditions are frequently seen for solvents that
are similar in size or larger than the solute molecules.*® Under
these conditions, the rotating solute does not “drag” solvent
with it. A hypothetical spherical solute with slip boundary
conditions would rotate freely. However, for nonspherical
solutes with slip boundary conditions, the solute must still
displace solvent molecules that are within its swept volume as it
rotates, which gives rise to the friction. In some cases, C may be
less than the theoretical slip value; such subslip behavior has
generally been explained by the presence of void spaces or
excess free volume in the local liquid structure around the
rotator, giving lower than average solvent density within the
swept volume of the rotating solute.*’~*

Table 2 and Figure 6 show that for the pure liquid (no Li*),
the in-plane friction is greater than the out-of-plane friction. As
discussed above, the numbers in Table 2 and Figure 6 are the
ratios of the measured friction coeflicients to the theoretical
values for perylene modeled as an oblate ellipsoid. A value of 1
means the measured friction coeflicient is the same as the value
for the perylene model under slip conditions. The slip
condition can be thought of as occurring with a hypothetical
ideal solvent that does not have a particular local structure that
is different for in-plane and out-of-plane. The only source of
friction is sweeping out the volume of solvent molecules by the
rotator. The model oblate ellipsoid in this ideal solvent would
have friction coefficient ratios in-plane and out-of-plane that are
both 1. The fact that the in-plane ratio is greater than slip and
substantially larger than the out-of-plane ratio, which is subslip,
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indicates that perylene finds itself in a structured environment
even in the absence of lithium cation. The structure is such that
relative to the theoretical slip calculation, it is more difficult for
perylene to push the alkyl tails of the RTIL out of the way
when rotating in the plane of the molecule than out of the
plane. This is in contrast to perylene embedded in the alkyl
chains of paraffin oil for which the two friction coeflicients
ratios are almost identical and both are subslip.*'

Table 2 and Figure 6 show that increasing the Li"
concentration causes both friction coefficient to decrease.
These decreases as y(LiTf,N) increases clearly demonstrate
that putting Li" in the ionic regions of the RTIL changes the
structure of the alkyl regions. It is becoming easier for perylene
to undergo rotational diffusion (after accounting for the
increased viscosity of the solutions) as the Li* concentration
increases. The change is more pronounced for the in-plane
motion than the out-of-plane motion, and both motions
become substantially subslip at y(LiTf,N) = 0.4. Adding Li* to
the ionic region can change its organization causing the
configuration of the BmIm cations to alter as the Li"
concentration grows. Changing the configuration of imidazo-
lium cations in the ionic regions apparently alters the
organization of the butyl chains that solvate perylene in the
alkyl regions. The large decrease in the friction coefficients
implies that the chain packing density around the perylene is
reduced, but in an anisotropic manner. The structuring in the
ionic regions may generate a good deal of free volume in the
alkyl regions, resulting in reduced hindrance of perylene
orientational diffusion.

Both Raman’ and optical heterodyned detected optical Kerr
effect”” experiments have indicated a change in the nature of
LiTE,N solvation by [BmIm][Tf,N] at y(LiTf,N) = 0.2. The
Raman results have been interpreted as showing that lithium
ions are solvated by approximately 2 [Tf,N]~ per Li* at
x(LiTE,N) < 0.2, with a change to solvation by ~4 anions above
2(LITEN) = 027 MD simulations also show a change in the
solvation of Li* as the Li' concentration is increased.'’
However, a recent MD simulation study finds that there is
no substantial change in the number of anions solvating Li* as
the lithium ion concentration is increased.*® If there is an
abrupt change in solvation of Li* at ~y(LiTE,N) = 0.2, it is not
manifested in the perylene orientational relaxation data shown
in Figure 6. Within experimental error, the changes in the
friction coefficient ratios is continuous with y(LiTf,N),
suggesting a continuous change in the arrangement of the
imidazolium cations.

IV. CONCLUDING REMARKS

The temperature-dependent orientational diffusion of perylene
in solutions of LiTE,N in [BmIm][Tf,N] was studied as a
function of the Li" concentration by time-dependent
fluorescence anisotropy measurements. Orientational diffusion
constants D; were determined for perylene as functions of
temperature and lithium ion concentration and were found to
follow hydrodynamic behavior. The ratios of the experimental
orientational friction coefficients to the theoretical friction
coefficients of an oblate ellipsoid with slip boundary condition
were calculated for both in-plane and out-of-plane reorientation
of perylene in each of the solutions. The in-plane friction
coefficient ratio is always greater than the out-of-plane ratio,
with both decreasing substantially with increasing lithium
concentration. The decrease in the friction coeflicients with
increasing Li* concentration (see Figure 6) demonstrates that
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decrease in the measured orientational diffusion constants as
Li* concentration increases (see Figure 3) is not caused solely
by an increase in the solutions’ bulk viscosities.

The in-plane and out-of-plane friction coefficients are
significantly different at all Li" concentrations, demonstrating
anisotropic solvation of perylene in the alkyl regions of the
RTIL. At high Li* concentrations, both the in-plane and out-of-
plane friction coefficients are subslip. It is posited that the
decreases in the friction coeflicients with increasing Li*
concentration is caused by changes in the arrangement of the
imidazolium cations, which in turn forces changes in the alkyl
chain organization in the organic regions of the RTIL. The
substantially subslip orientational friction coefficients at high
Li" concentration suggest a reduction of the alkyl chain packing
around the perylene, with the reduction being greater in-plane
than out-of-plane.

Tiwari and co-workers found that the rate of an intra-
molecular Diels—Alder reaction involving a nonpolar reactant
does not change significantly in going from BmIm'Tf,N~ to
BmIm*BF;, even though the viscosity changes substantially.>!
The reaction involves the rotation of the dienophile over the
plane of the molecule. This is the direction of rotation in
[BmIm][T£,N] that is most strongly subslip. Figure 6 shows
that the addition of LiTf,N to [BmIm][Tf,N] changes the in-
plane and out-of-plane friction coeflicients to a different extent.
It is interesting to speculate that in an RTIL like BmImTf,N a
chemical reaction dependent on anisotropic motions in an
alkane could be modified by tuning the anisotropy in the alkyl
region of the RTIL with the Li* concentration in the ionic
region.
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