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Evaluating the contributions to conductivity in
room temperature ionic liquidst

Emily D. Simonis®® and G. J. Blanchard (= *

The conductivity of room temperature ionic liquids is not described adequately by the Nernst—Einstein equa-
tion, which accounts only for Brownian motion of the ions. We report on the conductivity of the ionic liquid
1-butyl-3-methylimidazolum  bis(trifluoromethylsulfonyl) imide (BMIM TFSI), comparing the known
conductivity of this RTIL to the diffusion constants of the cationic and anionic species over a range of length
scales, using time-resolved fluorescence depolarization and fluorescence recovery after photobleaching
(FRAP) measurements of chromophores in the RTIL. Our data demonstrate that the diffusional contribution
to molar conductivity is ca. 50%. Another mechanism for the transmission of charged species in RTILs is
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Introduction

Room temperature ionic liquids (RTILs) have received a great
deal of attention because of their unique properties and broad
applicability. The physiochemical properties of ionic liquids
have been reported widely, but achieving a fundamental under-
standing of the factors that determine these properties remains
a work in progress. Among the issues that serve to complicate
our understanding of these materials is the existence of long-
range organization, which has been reported over a variety of
length scales, ranging from tens of nm to ca. 50 um." "’ It is
likely that long-range electrostatic forces play an as-yet unre-
solved role in these observations.'” Several ionic liquids have
been studied to determine their conductivity as a function of
experimental conditions, such as the impact of water on ionic
liquid conductivity, which was found to increase with increas-
ing water content.’® The alkyl chain length of the ionic liquid
cation has also been shown to influence conductivity."*>* In
that work, for imidazolium RTILs, conductivity was found to
decrease with increasing cation alkyl chain length. Among the
properties that are thought to account for RTIL behavior is the
ability of the ions within ILs to exhibit translational motion as
well as participate in association and dissociation equilibria.
An important point to note is that the frequently used property
of ionicity***® is not necessarily a direct measure of conductivity.
The steady state free ion concentration would be directly propor-
tional to ionic conductivity only in the limit that ion diffusion
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responsible for the “excess” molar conductivity, and we consider possible contributions.

was the sole mechanism of conductivity. The contribution of this
equilibrium process to conductivity in RTILs remains to be
resolved. The relative importance of translational diffusion of
the ions and the dynamics of association and dissociation in
determining conductivity is the focus of this work. By determin-
ing the relative importance of each mechanism, ionic liquids can
be better understood and the applications for which they are
best-suited can be developed more fully.

In this work, the reported molar conductivity of the ionic
liquid BMIM TFSI is compared to translational diffusion data
for chromophores dissolved in the RTIL. The experimental
conductivity in RTILs has multiple contributions. It is expected
that both ion translational diffusion and association and dis-
sociation dynamics will contribute to the overall conductivity of
ionic liquids. At the present time, the relative importance of
these contributions is not generally known, but they can be
evaluated by determining the conductivity expected from diffu-
sional contributions and comparing those results to literature
values of conductivity. The molar conductivity, 4, is related
to the ion diffusion constants through the Nernst-Einstein
equation.?®

2
A=2(Dr 4 Dr) (1)
Where z is the ion charge, F is the Faraday constant, R is the gas
constant and T is the temperature (in K). The translational
diffusion constants for the ionic liquid cation and anion, D"
and Dy~ respectively, are experimental quantities of interest,
and a substantial body of pulsed-field-gradient spin-echo NMR
measurements have been reported for ionic self-diffusion
coefficients.”’* In this work we use optical methods to char-
acterize Dt" and Dr . The characteristic timescale of NMR
measurements is expected to be slower than the characteristic
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association and dissociation time-constants for RTILs,>* and
while this is true for most of the optical methods, fluorescence
recovery after photobleaching (FRAP) data can reveal the role of
association and dissociation, especially when compared to the
diffusive properties of corresponding neutral species.** In other
words, optical measurements of chromophore diffusion in
RTILs provide complementary, and in some cases, more reveal-
ing information, than NMR measurements. One aim of this
work is to introduce optical diffusion measurement methodol-
ogy as an alternative means of acquiring such information.
A substantial advantage of the optical methods is that they
provide information on the heterogeneity that is well-
established in RTILs.

Values for D;" and Dy~ are determined over a range of length
scales from experimental fluorescence depolarization and FRAP
data. The Nernst-Einstein description of conductivity relies on the
translational diffusion of the ions, which depend on the viscosity
of the medium as shown in the Stokes-Einstein equation,*

_ ksT
" 6myr

T (2)
Where # is the viscosity of the medium, r is the hydrodynamic
radius of the diffusing species, kg is the Boltzmann constant and T
is the temperature (in K). Typically, positive deviations from the
Nernst-Einstein predictions are seen in ionic liquid media, and
the trend in these deviations is related to the alkyl chain length of
the ionic liquid cation.*® In this work, the conductivity described
by the Nernst-Einstein equation is calculated using experimentally
determined values for Dy*, and Dy . It is known that ionic liquids
are not homogeneous liquids. There is significant evidence for the
heterogeneous nature of these materials, typically on the nan-
ometer scale,*’® and such heterogeneity can have a significant
effect on the measured diffusion constants. With this issue in
mind, we consider the value of the effective diffusion constant in
ionic liquids over both molecular- and macroscopic length scales.
We use fluorescence anisotropy decay measurements to evaluate
rotational diffusion, sensitive to nanometer length-scale organiza-
tion, and with that information estimate the translational diffu-
sion constants. We also measure translational diffusion directly on
macroscopic length scales using fluorescence recovery after photo-
bleaching (FRAP). Comparison of these results provides insight
into the effect(s) of structural heterogeneity within the ionic liquid
on macroscopic properties. Regardless of the method of determin-
ing Dr, neither can account fully for ionic liquid conductivity data
reported in the literature. In addition to this work being important
from a fundamental perspective, it is also of practical significance
in helping to understand how RTILs can support macroscopic
charge displacement,>” a property that stands in sharp contrast to
the behavior of molecular liquids.

Experimental methods

Materials used

The ionic liquid BMIM TFSI (TCI, >99%) was purchased and
then further purified before use. ITO-coated glass slides
(Nanocs Inc., IT10-111-25, 10 Q sq~ ') and O-ring spacers made
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from red silicon (1.6 mm, MSC) were used to make the sample
cells for TCSPC measurements. Solvents ethanol (>99.5%, Sigma-
Aldrich), 2-propanol (>99.5%, Sigma-Aldrich) and ethylene glycol
(Macron Fine Chemicals) were used as received. Chromophores
included cresyl violet (Eastman), rhodamine B (Sigma-Aldrich,
97%), and nile red (Sigma-Aldrich) were used as received, without
further purification. Water used in the cleaning procedures was
from a Milli-Q system (Millipore, 18 MQ-cm).

Purification of ionic liquid

To minimize water contamination, all glassware used was oven
dried. The ionic liquid, BMIM TFSI (TCI) was prepared according
to an established procedure for removing water and other
impurities. The BMIM TFSI as received was stored over activated
carbon for at least a week in a nitrogen purged glove bag. Using
syringe filtration (0.22 pum, Durapore, Mellex), the BMIM TFSI
was separated from the charcoal. In a Schlenk vessel in an oil
bath the ionic liquid was heated to 85 °C while being sparged
with argon for five hours. Karl Fischer titration (Mettler Toledo,
C10SD) determined the water content of the purified BMIM TFSI
to be less than 50 ppm.

Chromophore solutions

Stock solutions of the chromophores cresyl violet (CV), rhoda-
mine B (RB) and nile red (NR) were prepared in ethanol at ca.
5 x 10~* M. Chromophore structures are displayed in Fig. 1.
For TCSPC measurements, the BMIM TFSI and chromophore
solution was prepared by pipetting 100 puL of the CV stock
solution into a vial and evaporating the ethanol to dryness
before adding 1 mL of the purified BMIM TFSI for a final
chromophore concentration of ca. 5 x 10~> M. For the FRAP
measurements, RB was used as the chromophore and the RB
concentration was ca. 5 x 10~® M in the BMIM TFSI solution.
The neutral chromophore NR was also used for FRAP measure-
ments and was prepared to the same concentration in the ionic
liquid. All BMIM TFSI-chromophore solutions were prepared in
a N,-purged glove bag. Ethylene glycol was used as a control for
both types of measurements and ethylene glycol-chromophore
solutions were made to the same concentrations as the BMIM
TFSI and chromophore solutions.

TCSPC measurements

The time-correlated single photon counting (TCSPC) system
used to acquire time-resolved fluorescence depolarization data
has been described elsewhere, and we provide a brief descrip-
tion here.*® The light source for the TCSPC system is a passively
mode locked Nd:YVO, laser (Spectra Physics Vanguard), which
produces 13 ps pulses at a repetition rate of 80 MHz.
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Fig.1 Chromophore structures.
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The output is 2.5 W average power at both 355 nm and 532 nm,
and these pulse trains are used to excite cavity-dumped dye
lasers (Coherent 701-3 laser, Coherent 7220 cavity dumpers).
For the experiments reported here, 532 nm excitation of pyrro-
methene 567 dye produced 575 nm output from the dye laser,
characterized by 5 ps pulses at a repetition rate of 4 MHz. The
output of the dye laser was ported by fiber optic cable to the
input of the confocal scanning head (Becker & Hickl DCS-120)
that is mounted on an inverted microscope (Nikon Eclipse Ti-U).
A 10x microscope objective was used for excitation beam focus-
ing and fluorescence collection from the sample, and the
collected fluorescence was passed through a polarizing beams-
plitter and sent to two avalanche photodiode detectors
(ID Quantique ID100). The output of the detectors and the
output of a reference photodiode (B&H PHD-400N) was sent to
the TCSPC detection electronics (B&H SimpleTAU 152) and
processed using commercial (B&H) software. Separation of the
fluorescence signal from excitation light was accomplished
using color filters, and the instrumental response function
for this system is ca. 100 ps. This instrument was designed to
acquire time-resolved imaging data, but when used with a
homogeneous sample, all spatial resolution elements can be
acquired and averaged rapidly.

TCSPC sample cell

Indium doped tin oxide (ITO) coated glass slides were used as
ionic liquid sample supports. The ITO-coated supports were
cleaned by sonicating in detergent (Fisher Sparkleen 1%) and
DI water for 15 minutes, rinsed with Milli-Q water and dried
under nitrogen. The cleaned support was then sonicated in
Milli-Q water for 15 minutes and in isopropanol (Sigma-
Aldrich, >99.5%) for 15 minutes. After rinsing with ethanol,
the ITO supports were dried at 200 °C for 30 minutes and
cleaned by UV-Ozone cleaner for 20 minutes. O-ring spacers
made from red silicone (1.6 mm, MSC) were cleaned by sonicat-
ing in detergent and DI water for 15 minutes, rinsed with Milli-Q
water, and sonicated in Milli-Q water for 15 minutes. The spacer
was rinsed with ethanol and dried under N, before punching a
hole through center of the spacer. Using the adhesive side, the
spacer was attached to the ITO piece. In a glove bag purged with
N,, approximately 60 pL of the IL and chromophore solution was
pipetted into the sample mount. A second ITO-coated piece of
glass was placed on top with the ITO coated side facing inward
so the ITO coated sides were facing each other. The assembly
was clamped together to create the sample cell. A schematic of
the TCSPC sample cell is shown in Fig. S1 (ESIf).

FRAP measurements

Fluorescence recovery after photobleaching (FRAP) measure-
ments were performed using an inverted confocal microscope
(Nikon Eclipse TiU) equipped with a three-color imaging detec-
tor (Nikon C2) and a laser light source (Nikon LU-N4) operated
at 560 nm for the measurements reported here. Commercial
software (Nikon Elements 4.30.02) was used to acquire data.
Time-resolved recovery data were fitted using software written
in-house.
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FRAP sample cells

Glass microscope slides were cleaned in a similar manner as
the ITO pieces. Initially cleaned by sonicating in detergent
(Fisher Sparkleen 1") and DI water for 15 minutes, rinsed with
Milli-Q water and dried under N,. Glass slides were then
sonicated in Milli-Q water for 15 minutes and in isopropanol
for 15 minutes. After rinsing with ethanol, the slides were dried
at 200 °C for 30 minutes. Coverslips (Globe Scientific Inc., #1.5)
were cleaned in piranha solution (Caution! Strong oxidizer!) for
15 minutes and then rinsed with Mili-Q before oven drying.
An adhesive spacer (0.12 mm depth SecureSeal, Sigma Aldrich)
with a well was added onto the glass slide. In a glove bag purged
with N,, 5 uL of the BMIM TFSI and chromophore solution was
added to the well and the coverslip placed on top. A schematic
of the FRAP cell is shown in Fig. S2 (ESIY).

Results and discussion

We are concerned with determining the mechanism(s) by
which conductivity operates in RTILs. In addition to the funda-
mental importance of this question, conductivity in RTILs
affects the rate at which an induced charge density gradient
can develop in these materials. Previous work, that has demon-
strated the operation of the direct and converse piezoelectric
effects in RTILs, has not addressed the rate at which the
induced charge density gradient formed,>”’ but recent data
suggests that it forms over several seconds, which is much
faster than could be accounted for by diffusion alone. In this
work, we compare published conductivity data for BMIM
TFSI**™* to diffusion data for the RTIL constituent species.
The difference between the predictions of the Nernst-Einstein
equation and the experimental conductivity data points to an
additional mechanism by which charge can move in RTILs, and
we consider the possible mechanisms by which this can occur.
We measure the diffusion constants of the chromophores
shown in Fig. 1 by TCSPC (CV) and FRAP (NR, RB). The two
measurements are sensitive to different length scales and
provide insight into how heterogeneity in the RTILs affects
the effective diffusion constants of the constituent
species.'?7?8447%8 we consider the relationship between the
rotational and translational diffusion data first.

The diffusion constant extracted from the fluorescence
depolarization data is the rotational diffusion constant, Dg,
and the diffusion constant extracted from FRAP data is the
translational diffusion constant, Dr. Dy is described by the
modified Debye-Stokes-Einstein (DSE) equation,*®™*

_ ksTS kTS
ConVf  8myrf

R (3)

Where kg is the Boltzmann constant, T is the temperature
(in K), S is a shape factor to account for the ellipsoidal shape
of the rotating entity, # is the viscosity of the medium, fis a
term to describe the frictional interactions between the rotor
and its surroundings, V is the hydrodynamic volume of the
rotating entity and r is the radius of V, assuming a spherical
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rotor. The use of the terms fand S are necessary for rotational
diffusion measurements because, on the time- and length-scale
of rotational motion, rotor shape and interactions with its
surroundings must be accounted for.

The translational diffusion constant, Dr, is given by the
Stokes-Einstein equation, eqn (2), which is similar in form to
Dy, save for the use of the radius rather than the volume of the
diffusing entity. Note that the terms f and S are not typically
included in eqn (4) because Dy is measured over a timescale
long enough to include extensive orientational averaging
(i.e., S ~ 1), and the term f is ca. 1 for most polar systems.
The relationship between Dy and Dr is

%)
Dr = 4:{_;DR (4)

Thus, there should be a direct relationship between the
Dy values extracted from FRAP and reorientation data. While
Dy measurements are inherently limited in spatial extent owing
to the timescale of the rotational motion, Dt can be measured
over a range of length scales, determined by the size of the
photobleached region of the sample. In homogeneous media,
FRAP measurements of different photobleached spot sizes yield
the same value of Dr. For heterogeneous media, the recovered
Dy value depends on the size of the photobleached spot, and
this phenomenon is termed “frustrated diffusion”. In hetero-
geneous media, the path of the diffusing molecule is inter-
rupted and altered upon interaction between the diffusing
molecule and heterogeneous features. Thus, any spot size-
dependence in FRAP data, and change in the relationship
between Dy and Dy, is reflective of heterogeneity in the med-
ium, and Dy provides on molecular motion on a length scale
shorter than the characteristic dimension of the heterogene-
ities in the medium.

Measurement of Dy

The induced orientational anisotropy function (eqn (5)) con-
tains information on Dxg.

L -1()
- m = R(0) exp(—1/7or) (5)

R(1)
Where the time-resolved emission intensities polarized parallel
and perpendicular to the excitation are I(¢) and I , (¢), respectively.
In principle, R(¢) can contain up to five exponential decay
components, but in practice, at most two are seen, with the
typical case being a single exponential decay, as indicated in
eqn (5) and shown in Fig. 2.>>7” The zero-time anisotropy, R(0),
is determined by the angle between the excited and emitting
transition dipole moments, and the decay time constant, tog, is
related to Dy by 1or = (6Dg)”". The decay time constant can be
related to experimental variables and system properties
through eqn (3).*° The RTIL molar conductivity, 4, is related
to Dy through eqn (1) and (4), after accounting for the differ-
ence in the size of the CV chromophore and the BMIM cation.

The rotational diffusion constant of CV, DS", is related to DI
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Fig. 2 (a) Experimental /|(t) and /, (t) data for CV in BMIM TFSI, acquired

using the TCSPC instrument described here. (b) Experimental R(t) data
(black) and fit (red) to a single exponential decay function.

through eqn (6).

+ 4"CV3
DI = (3 ) o ©

31’1 Lt

The hydrodynamic volumes and corresponding radii, 7, of the
species considered in this work are contained in Table 2. Hydro-
dynamic volumes were calculated using the method of van der

Waals increments.* The quantities DI and DI~ are related to A.
We use the DITLi values determined from experimental Dy values to
calculate an expected molar conductivity, 4, (eqn (1)).>° The rota-

tional diffusion data yield DY =9.62 um?s~' and DI =

1at

9.02 um? s~! to produce a value of 4 = 7.0 &+ 0.06 pm* s~
293 K (Table 3). Calculating an accurate molar conductivity value for
ionic liquids in this manner is challenging because several assump-
tions and estimations are built into this calculation. However, the
value is still significant as it gives a molecularly-based comparison to
literature data and to other methods of determining Dr.
Assumptions about the homogeneity of the ionic liquid, the
values of the frictional term and shape factor all combine to
introduce some uncertainty in the molar conductivity value

Phys. Chem. Chem. Phys., 2024, 26,17048-17056 | 17051
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derived from Dy data. Of those sources of uncertainty, perhaps
the most serious is the assumption of homogeneity of the ionic
liquid, and this is a matter that can be evaluated. The relation-
ship between translational and rotational diffusion constants
(eqn (6)) assumes a homogeneous medium, but there is litera-
ture evidence suggesting aggregation in ionic liquids.**>®

We consider next the measurement of Dy over macroscopic
length scales. FRAP is a technique that measures Dr. Using RB
as the chromophore, a 561 nm laser is used for photobleaching.
Initial experiments, using a 20 pm diameter spot size (30 s
photobleach time) produced fluorescence recoveries over a
timescale of ca. 100 s. The extraction of D; from these data
requires normalization and fitting to a model, where the extent
and kinetics of association and dissociation within the diffus-
ing medium is taken into account.>**® We consider next the
treatment of the FRAP data to extract Dr.

We have chosen to use two chromophores for FRAP mea-
surements, RB and NR (Fig. 3). Our reason for these choices is
that RB is a cationic chromophore under these experimental
conditions and, as such, is expected to participate in ionic
association and dissociation as well as translational diffusion.
In contrast, NR is a neutral chromophore and is therefore
precluded from participating in ionic association equilibria.
The NR data thus serve as a way to characterize the effective
viscosity of the RTIL. Fluorescence recovery data are normal-
ized and fitted to one of three possible models. The models,
developed by Soumpasis,** consider whether ionic association
and dissociation contribute, and the relative strength of bind-
ing of the chromophore. In the model as originally described,
the binding sites for ionic species were taken as immobile
locations and the issue of import was whether the kinetics of
association and dissociation are fast or slow relative to diffu-
sional motion. Another related model is for pure diffusion,
where association and dissociation dynamics are not operative and
only Brownian motion is considered. These models are termed
reaction dominant (strong binding), full-reaction diffusion (both
processes contribute on similar time- and length-scales), and pure
diffusion (no binding). They were developed originally for biologi-
cal systems and the interaction of proteins with binding sites,
which can be considered analogous to the association and dis-
sociation processes in BMIM TFSI. The model for BMIM TFSI is
shown in eqn (7).>°

ka
BMIM* + TFSI" == (BMIM — TFSI) )

kq
Where the equilibrium is between the dissociated ions and the

ion-paired species, with rate constants k, and kq and Keq = ka/kq.

Table 1 Literature electrical conductivity values of BMIM TFSI at 298.15 K
and the calculated molar conductivity value (A)

Electrical conductivity (S em™") Molar conductivity (S em?® mol )

0.00406"° 1.19
0.00433* 1.27
0.004017** 1.174
0.00400** 1.17
17052 | Phys. Chem. Chem. Phys., 2024, 26, 17048-17056
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Table 2 Hydrodynamic volumes used in this work estimated from litera-
ture van der Waals increments®

Species Hydrodynamic volume (A®) Radius (A)
BMIM 139 3.21
TFSI 169 3.43
Cresyl violet 217 3.73
Rhodamine B 415 4.63
Nile red 285 4.08

We measure the association between RB and TFSI and assume that
the association between BMIM and TFSI are characterized by
similar rate constants, k, and kg. The key issue for (RB-TFSI) is
whether the reaction dominant or the full-reaction diffusion model
is appropriate. In the reaction dominant model, the complexation of
the chromophore and counterion is slow compared to the rate of
diffusion and the time constant for recovery appears to be indepen-
dent of photobleach spot size.* If the reaction dominant model is
appropriate for ionic liquids, then k4 would be independent of spot
size, and that is not seen experimentally (Fig. S3, ESIt).

With the reaction dominant model ruled out, there remains
the pure diffusion and the full-reaction diffusion models.
Because RB is charged, it must participate in association and
dissociation processes, and the full-reaction diffusion model is
appropriate. This limit assumes that complexation is modest
energetically, and the association and dissociation kinetics are
competitive with translational diffusion.’>®® We note that the
measurements we make sense the interactions of excited
chromophores with the RTIL constituents and, in principle,
these interactions may be stronger than between the ground
state chromophores and the RTIL constituents. We believe this
not to be important, however, because of measurements that
show little or no difference between ground state and excited
state rotational diffusion for the chromophore used in this
work.®" The recovery of the FRAP signal is fitted to the equa-
tions for each model by MATLAB. Diffusion can be modeled
and the diffusion constant, Dy, determined by eqn (8) and (9)
for pure diffusion,**>°

frap(1) = {10 (’;—'j) Iy (’2_1;)] exp(—1p/21) 8)

7p = 0*/Dy (9)

Where ¢ is time, tp is a quantity that relates the photobleach
spot size radius (w) and the translational diffusion constant,
Dr. The functions I, and I, are modified Bessel functions of the
first kind. For the full reaction diffusion model, eqn (10) and

(11) are used to fit the normalized FRAP recovery data.**°
frap(¢) =
1 F K C
L7 ——= 1 = 2Ky (g) ) (g .(1+ o )-( s )}
{p [ 1(go) 1 (q)] o ko o ke
(10)
p k
= /(£ (14— Sen ) 11
1 \/(DT) ( P+ korr t
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Table 3 Averaged diffusion values for the cation, BMIM, and anion, TFSI, and molar conductivity (A1), from CV rotational diffusion data and FRAP data for

rhodamine B

Dy from Dy data (TCSPC)

Dy from FRAP data (pure diffusion model)

Dy from FRAP data (full reaction-diffusion model)

Dgviv (um? ™) 9.62 4 0.48 3.22 + 0.16
Drpgr (pm? s77) 9.02 £ 0.25 3.01 £+ 0.15
A (S-em® mol™")  0.70 & 0.06 0.23 + 0.01

Where £~! is the inverse Laplace function, and p is the Laplace
variable. For this model the modified Bessel functions are of
the first kind (I;) and the second kind (K;). The C.q and Feq
functions are related to the rate constants when the system is at
equilibrium.

The chromophore NR is neutral, so eqn (8) and (9) apply. FRAP
recovery data for NR in BMIM TFSI are qualitatively similar to
those for RB, but are characterized by a lower intensity (Fig. 3).
This difference is due to the molar absorptivities (NR &mnax =
38000 cm ' M and RB &g = 106000 cm ' M~ 1)**% and
fluorescence quantum yields of the chromophores. To evaluate
the Dy for NR vs. RB, the bulk viscosity was calculated from eqn (2)
using NR data.>*** NR is used to determine i because it does
not participate in complexation with BMIM TFSI. The viscosity
recovered in this manner is 129 + 1 cP, which is somewhat larger
than has been reported for BMIM TFSI elsewhere. We note that
the range of viscosity values reported for ionic liquids has been
comparatively broad, and the values are known to depend on the
purity of the ionic liquid. In addition, the viscosity we sense using
FRAP data is reflective of interactions between the chromophore
and the ionic liquid, and this value may differ from interactions
between ionic liquid constituents.®®

With these data, we are able to compare the molar con-

ductivity values from eqn (1) using DITLi values derived from our
measured Dy values for CV and the Dy values for RB. Con-
ductivity of ionic liquids has been reported previously; however,
it is often reported in terms of the electrical conductivity value
and not molar conductivity. Using the density and molar mass
of BMIM TFSI allows conversion of the literature data to molar
conductivity (Table 1).*' BMIM TFSI has an average molar
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5 2000
3 i
15 i
=} 1
= 1000 |
0 L 1 : : 1 n 1 " 1 L 1
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Fig. 3 Experimental FRAP data for RB (black) and NR (red). The blue box
indicates the photobleach time.
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conductivity value of 1.20 4 0.05 S cm® mol ™' at 298 K.*! The
value of 0.70 £ 0.06 S cm® mol™*, calculated from the Dy
measurements at 297 K is 58% of the literature value of bulk
molar conductivity and A4 ~ 0.4 S cm® mol™ " based on the Dy
measurements at 293 K is 33%, suggesting contributions to the
molar conductivity of ionic liquids other than ion diffusion.

Averaged experimental values of Dy for BMIM TFSI based on
the pure diffusion and full reaction diffusion models are given
in Table 3. The corresponding molar conductivity values deter-
mined using the Nernst-Einstein model are also shown in
Table 3. There are two important points to be taken from these
data. The first is that both the Dg and Dy results show that the
molar conductivity of BMIM TFSI cannot be accounted for
solely in terms of ion diffusion, and we consider this matter
below. The second point is that the values of Dy determined
from FRAP data are smaller than would be expected from the
Dy data. This result indicates that BMIM TFSI cannot be
considered as a homogeneous medium, consistent with other
reports suggesting heterogeneity in ionic liquids."?”?%**%7
Unfortunately, the comparison of Dy and Dy data do not
provide insight into the details of the heterogeneity within
the ionic liquid.

The values of Dy for BMIM TFSI have been measured by
other means and reported elsewhere.'®' The values we extract
from the FRAP data are ca. 5 um” s~ ' (293 K) for both the cation
and anion, and the values from the rotational diffusion
measurement are 9.6 pm” s~ and 9.0 um® s~ (298 K) for the
cation and anion, respectively. Those extracted from NMR
measurements are 16 um> s~ for the cation and 11 um? s™*
for the anion (303 K), and no uncertainties are provided.”®
Given the differences in the techniques and the unknown
purity of the RTILs used, these values are in quite reasonable
agreement.

It is useful to put these findings into perspective relative to
the well-established Walden rule for conductivity as a function
of viscosity (Fig. 4). The diffusion data measured in the form of
rotational diffusion (Dg) or translational diffusion (Dy) are
related to the viscosities of their microenvironments. We
provide the values of Dy and Dy for the chromophores used
and the derived values of 7 in Table 4. Significantly, all of the
data derived from the experimental diffusion constants lies
below the Walden rule ideal for KCl, indicating that diffusion
alone cannot account for the conductivity reported for BMIM
TFSI (Table 1). At the very least, these results point to there
being more than one operative mechanism for conductivity in
ionic liquids. The fact that the data shown in Fig. 4 depend on
the method by which the diffusion measurements were made
underscores the heterogeneous nature of ionic liquids. The
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Fig. 4 Walden rule plot of the molar conductivity data extracted from
diffusion measurements (open circles) and associated Walden-rule lines
compared to the Walden rule ideal for KCl (4 = 1/p).

value of A determined from the rotational diffusion data are
closest to Walden rule ideal value, suggesting that the local
environment experienced by the CV chromophore (and by
extension the RTIL species) approaches a homogeneous
environment than that experienced by the chromophores used
for the FRAP measurements. It is interesting to note that the
viscosities recovered by the rotational diffusion measurements
and the translational diffusion measurements for the charged
chromophore RB are in good agreement despite the difference
in characteristic length scales, while the neutral chromophore
which does not participate in complexation with the RTIL yields
an apparent viscosity that is a factor of two larger. This
difference possibly speaks to the relative importance of ionic
and dipolar interactions in mediating mobility in RTILs.

The data on Dy and D demonstrate that there are additional
contributions to A that remain to be accounted for. There is a
possible analogy to other systems where anomalously high
conductivity is seen. For small ions in H,0, such as Na' or
Li’, the Nernst-Einstein model is useful in describing molar
conductivity, but A for H' is a factor of ca. 4 higher.®® The
relative volumes of H', Na" and Li" are not sufficiently different
to account for this finding, and the explanation that has been
put forth is the so-called Grotthuss mechanism,®” where the
mechanism for H" conductivity involves exchange of protons
between water molecules on a comparatively rapid timescale.®®
Proton exchange between water molecules allows for charge
migration that is largely decoupled from translational diffusion
of individual water molecules. Since the analogous process

Table 4 Chromophore diffusion constants extracted from the
experimental data and the viscosities corresponding to them, from
eqgn (2) and (3)

Chromophore —  Cresyl violet  Nile red Rhodamine B

Measurement -  TCSPC FRAP (diffusion) FRAP (diff + cplx)

Diffusion constant 3.08 x 10" Hz 4.09 pm” s™* 7.80 pm? st
1 (cP) 65 129 60
17054 | Phys. Chem. Chem. Phys., 2024, 26, 17048-17056
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cannot operate for Na'" or Li', i.e., conductivity based on these
ions requires actual translational motion of the ions, proton
exchange can translate charge rapidly. We suggest that there is
analogy with ionic liquids, where ionic association and dissocia-
tion of BMIM" and TFSI~ can give rise to translation of charge by
exchange, not involving large scale diffusional motion of ions.®®
This mechanism would operate in addition to diffusional con-
tributions to molar conductivity and it may be possible to resolve
this contribution using rheo-dielectric spectroscopy.®®”°

Conclusions

Comparing diffusion data acquired using fluorescence anisotropy
decay (Dg) and fluorescence recovery after photobleaching (Dy), we
have shown that the reported molar conductivity of the ionic
liquid BMIM TFSI cannot be accounted for solely in the context of
ion diffusion. Dy data suggests ca. 58% of the molar conductivity
of BMIM TFSI is accounted for by ion diffusion, and Dy data
recovered from FRAP data suggests ca. 33% of the molar con-
ductivity is accounted for by ion diffusion. The fact that the values
of Dy and Dy do not scale according to eqn (4) for the two
methods of measurements underscores the fact that ionic liquids
are not simple, homogeneous media. We propose that the
unaccounted-for molar conductivity of BMIM TFSI arises from
the association/dissociation dynamics of the ionic liquid ions,
loosely analogous to the Grotthuss mechanism of proton hopping
in water.
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