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ABSTRACT

CHARACTERIZATION AND APPLICATION OF THE SURFACE CHARGE-INDUCED
LONG-RANGE ORGANIZATION IN ROOM TEMPERATURE IONIC LIQUIDS

By
Yufeng Wang

Room temperature ionic liquids (RTILs) are salts characterized by a melting point below
room temperature. RTILs have a wide range of applications, in areas ranging from
supercapacitor energy storage to sequestration of toxic gas phase species and use as reusable
solvents for selected organic reactions. All these applications stem from their unique physical
and chemical properties, which remain understood to a limited extent. Among the issues of
greatest importance is the extent to which RTILs exist as dissociated ionic species, and the
length scales over the organizations are seen to exist in them. Our group have reported
previously on the existence of a surface charge-induced free charge density gradient in RTILs
with a characteristic persistence length of ca. 50 pm. The existence of such a long-range
organization in fluid medium is unusual. The overall goal of this work is to achieve a deeper
understanding of this phenomenon, thereby providing an opportunity to better understand the
local and long-range organization in RTILs and broad their potential applications which benefit
from gaining such knowledge.

The induced free charge density gradient (py) is probed by measuring the fluorescence
anisotropy decay of a trace-level charged chromophore in the RTIL as a function of distance
from the indium-doped tin oxide (ITO) support surface. In chapter 2, we characterize the
structure-dependence of this charge-induced organization as a function of the RTIL constituent
identity, and use these data to evaluate the magnitude of the induced free charge density gradient.

The magnitude of this gradient is found to depend on the chemical structures of the cationic and



anionic constituents of the RTIL used.

In chapter 3, we characterize pr in three different pyrrolidinium RTILs and two
imidazolium RTILs, which aims to expand on prior results (chapter 2) on the chemical structure-
dependence of pr. Our measurements demonstrate that the magnitude of pr depend on the alkyl
chain length of RTIL cation. pr is larger in the RTIL with longer cation alkyl chain. This
dependence has been revealed in both pyrrolidinium and imidazolium ionic liquids.

In chapter 4, we report on the existence of a surface charge-induced gradient in the RTIL
refractive index (n) and evaluate the relationship between the gradient in n and p. Because pris
uniaxial, the induced change in # is manifested as an induced birefringence. We characterize the
pr-dependent n of the RTIL with an apparatus that uses the RTIL as a lens. pris controlled by the
surface charge density (o) of the RTIL support. The far-field image of light passed through the
RTIL lens as a function of o is used to measure charge-induced changes in n of the RTIL. We
demonstrate a significant modulation of the n with modest changes in o, of the RTIL support. This
report places the relationship between pr and RTIL dielectric response on a quantitative footing
and suggests the utility of RTILs for electro-optic applications.

In chapter 5, We report on the dependence of surface charge-induced birefringence in room
temperature ionic liquids (RTILs) with different cation constituents. The induced birefringence is
related to prin the RTIL. We find that in all cases the induced birefringence is proportional to the
os and, that the change in » nearest the ITO surface can be on the order of 30%. Our findings
indicate that the induced birefringence depends more sensitively on the cation aliphatic substituent

length than on the identity of the charge-carrying headgroup.
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CHAPTER 1. Introduction

Adapted with permission from:

Wang, Y.; Parvis, F.; Hossain, M.1.; Ma, K.; JaroSovéa, R.; Swain, G.M.; Blanchard, G.J., Local
and Long-Range Organization in Room Temperature lonic Liquids. Langmuir 2021. 37(2), 605-
615.



1. 1 Overview of Room Temperature lonic Liquids

Room temperature ionic liquids (RTILs) are a class of materials that have proven to be of
great practical utility in areas ranging from electrolytes in supercapacitors'-* and batteries*> to gas
sequestration media and electrospray ion propulsion.®’ Despite the utility of these materials in so
many venues, there remains a great deal to be understood about ionic liquids. Ionic liquids are
salts that exhibit a melting point below room temperature, where the constituent cations are

typically large, organic and of low symmetry, and the anions are also usually large (examples in

Figure 1. 1).
O (0]
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Figure 1. 1 Examples of RTIL cation and anion structures.



There has been a great deal of clever and important synthetic effort aimed at designing

3 For example,

ionic liquids with properties optimized for specific purposes or applications.®!
chirality can be introduced into RTILs through the use of chiral cations®® and this may have
implications on bio-related and second order nonlinear optical applications. The judicious choice
of anion and cation can also be used to tailor the viscosity or the formation of local

heterogeneities'# !

in RTILs. In many respects, ionic liquids do not behave as common liquids.
Most are characterized by relatively high viscosity, essentially zero vapor pressure, and they are
capable of dissolving both polar and nonpolar compounds. Ionic liquids also exhibit organization
over length scales vastly in excess of that seen in (non-ionic) liquids, and it is this property that
has posed a significant challenge to our understanding of these materials.

Organization in ionic liquids cannot simply mimic that of the NaCl lattice with all ions
existing as discrete entities and arranged in a lattice-like structure. There is substantial evidence

16-18 and the extent of dissociation

that ionic liquids exist primarily as ion-paired dipolar species,
is, in general, not well characterized because of difficulties in measuring the conductivity and free
ion concentrations in the medium. It is tempting to draw parallels to ionic liquids and liquid
crystals, at least to some extent. The ability to control molecular orientation by means of
templating or applied potential demonstrates that organic systems can exhibit long-range
organization. Indeed, some organic ionic systems go from solid to (ionic) liquid crystalline to
ionic liquid phases with increasing temperature.!®?° Such ionic liquid crystal mesophases are
typically seen for alkyl imidazolium ionic liquids where one of the alkyl chains is on the order of
Cis. This effect is thought to occur because of van der Waals interactions between the (long)

aliphatic chains. Most imidazolium-based ionic liquids have a C;-Cs alkyl chain, with C4 being

the most widely studied. For these ionic liquids, a liquid crystalline mesophase has not been



reported, but it is possible that subtle organization may exist in these systems. There are a number
of reports that indicate thin films of imidazolium-based ionic liquids exhibit ordering that is
induced by the presence of an interface.?!?® In addition, a recent article by the Brand group
demonstrates the ability to alter the organization of an ionic liquid monolayer deposited on Au by
controlling the potential of the gold surface.?’” They found that the orientation of the monolayer
imidazolium aliphatic chains exhibited a surface potential-dependent tilt angle. This finding is not
only intriguing, but also opens the door to possible control over structural organization in ILs.

Our group has found that, in addition to the ability to induce structural order in ionic liquids,
free charge density gradients can also be induced over macroscopic distances.?8** This finding
not only underscores our limited current understanding of RTILs, but also raises the question of
the relationship between structural order and the existence of a free charge density gradient in
RTILs. There are several bodies of information, discussed below, that point to a connection.

1. 2 Organization in Room Temperature Ionic Liquids (RTILs)

Organization in RTILs has been observed experimentally and predicted by modeling, and
the length scale over which the structural order is seen depends on the methodologies used for the
study. There is a substantial literature on X-ray diffraction of ionic liquids that points collectively
to the existence of structurally regular organization between RTIL constituent ions, with the details
of the organization depending on the ion structures and temperature of the system.>!3> While such
data do not speak directly to the persistence length of molecular-scale structural regularity, among
the interesting results that have come from this work is the notion of extended networks of RTIL
constituents, ranging from polymeric supramolecular structures, through aggregates to triple-ion
and contact ion pair structures.>> Such organization provides a rational basis for the existence of

longer length-scale order in these materials.



The Israelachvilli group used temperature-dependent surface force measurements to

16-17 Their results

examine the (exponential) Debye decay length of the diffuse double layer forces.
support the notion of long-range electrostatic screening in ionic liquids, a finding that is important
in understanding the ability of RTILs to support the existence of a measurable free charge density
gradient. Specifically, Gebbie ef al. used equilibrium force-distance measurements to measure the
effective Debye length as a function of temperature and they found a significant temperature-
dependence. The Debye length was seen to vary from 6.7 nm at 22 °C to 3.4 nm at 60 °C for 1-
ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide (EMIM*TFSI") and was measured
to be ca. 12 nm for 1-butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide
(BMIM'TFSI").'%!7 Such a result is consistent with very low effective free ion concentrations or
highly efficient screening of free charge. From their force-distance data, they determine the charge
carrier activation energy to be ca. 9.5 kg7, suggesting that the dissociation of RTILs is very limited.
Using the assumption that the chemical potential of RTIL dissociation is given by Eu/e, where E4
is the dissociation energy and ¢ is the dielectric constant (relative permittivity) of the RTIL, they
estimate the equilibrium concentration of dissociated ions to be on the order of 10* M,
corresponding to a pKy of 9.14 for BMIM*TFSI".!” This result stands in sharp contrast to other
estimates of effective ion concentration in RTILs, that estimate the effective fraction of ions that
are able to participate in charge conduction based on the concept of “ionicity”.!® 3¢ The likely
difference between these estimates of the free ion concentrations in RTILs lies in the fact that the
ionicity measurements rely on ion exchange dynamics and diffusion (i.e. kinetic phenomena) while
the force-distance measurements derive values based on equilibrium (thermodynamic) quantities.
It is useful to consider that RTIL properties such as temperature-dependent conductivity and

viscosity differ from those of simple ionic solutions such as KCl(aq).”” The force-distance



measurements sense order in the diffuse double layer that is much longer range than would be
expected if RTILs could be understood in the context of the Gouy-Chapman-Stern or other similar
models.

Beyond the organization associated with a ca. 10 nm Debye length, structural order has
been reported in a host of RTILs on length scales ranging from 1 nm to 60 nm.**-** Much of this
structural order is seen within the first several nm of (charged) surfaces, where “herringbone” order
and charged layers have been reported. RTIL organization on this length scale has also been seen

to evolve over time.*!

While the details of this organization differ substantially from traditional
Gouy-Chapman-Stern or Helmholtz behavior, what is observed is in much closer proximity to the
interface than have been reported by several other groups. Very recently, the Brand group has
reported that a surface RTIL (CisIm*) monolayer formed by Langmuir-Blodgett deposition gives
rise to significant modification of the electric double layer at a charged electrode.?’

The Shaw group has found compelling evidence for long-range structural organization in
ionic liquids. They formed thin RTIL films using a dynamic wetting technique and acquired FTIR,

21-23

optical ellipsometry and second harmonic generation measurements. The Shaw group
monitored the (polarized) IRRAS spectra of BMIM*TESI thin films as a function of time (minutes
to days) and observed the gradual changes of band positions and intensities for several bands in
the 1000 cm™! to 1400 cm™ region. While several of the bands did not change over time, there
were four bands that were seen to exhibit changes in intensity and/or frequency. These bands were
assigned to the S-N-S stretch (1069 c¢cm™'), the SO, symmetric stretch (1149 c¢cm'), the CF3
symmetric stretch (1244 cm!), and the SO» asymmetric stretch (1366 ¢cm™) of the TFSI anion.

These bands disappeared from the polarized IRRAS spectra, with the implication being that the

anion was reorienting to place these vibrational modes predominantly in the film plane parallel to



the support (and film) surface. The spectral evolution required ca. one hour, and this finding is
consistent with the time-dependent second harmonic generation response of the same thin film.
For the thin films used, the organization that evolved in time was found to be present through the
entire thickness of the film. The Shaw group also investigated thin film RTILs with anions
containing cyano groups. Interestingly, RTILs with a B(CN)4™ anion demonstrated ordering that
appeared to template from the support surface while RTILs with a N(CN),™ anion demonstrated
ordering that was templated from organization of the air-IL interface.?®

The Fayer group has used surface charge density as a means of controlling the properties
of RTIL thin films?*2% 4243 and confined environments.** In thin films of RTILs (50 nm to 250
nm thick), they time-resolved the band position and shape of the CN stretch of SCN™ and SeCN-
and CO; reorientation to assess the evolution of local environment as a function of surface charge
density and RTIL imidazolium aliphatic chain length.?#2%- 4243 They found that dynamics within
the RTIL thin were slowed by the presence of surface charge for films up to ca. 250 nm, and that
the characteristic length scale of the influence of interfaces on RTIL dynamics was ca. 30 nm.?*
The Fayer group’s work is complementary to that of the Shaw group in the sense that it points to
changes in dynamics of the RTIL local environment(s) while the Shaw group’s results indicate
structural organization. It is likely that structural organization of thin RTIL films has a direct
influence on the dynamics that characterize local environments within them. The role of surface
charge in mediating these dynamics is consistent with and complementary to the ability to create
long-range charge density gradients in RTILs (vide infra).

Long-range organization is seen in RTILs by a number of methods, both experimental and
theoretical. Such organization is not consistent with models that are appropriate for dilute

solutions, despite data that suggests very limited dissociation in RTILs.!%!7 Another body of data



that is not consistent with the treatment of RTILs as “normal” liquid phase solvents is evidence,
both experimental and theoretical, for nanoscale heterogeneities in RTILs.!#!3-43-46 The rationale
for the existence of such domains stems from the amphiphilic nature of the cationic RTIL
constituents when nonpolar moieties, typically on the cation, are sufficiently large to form nano-
domains. Such compositional heterogeneity has been suggested as the basis for the ability of
RTILs to solubilize nonpolar species. '
1. 3 Charge Density Gradients in RTILs

As noted above, there is abundant evidence for structural organization and for the influence
of charged surfaces on dynamics in RTILs. Most of these reports place such organization up to

multiple tens of nm,!6-17:24-26,42-44

and in some instances the organization is limited by the thickness
of the RTIL films examined.?!?* Our group has found evidence for induced charge density
gradients (o) in RTILs with a spatial extent of tens of um.?®3% We discuss our findings and their
implications below, with an eye toward understanding how the free charge density gradients we
find may be influenced by structural organization in RTILs. One important consideration is that
the structural order reported for thin RTIL films may exhibit longer-range effects in thicker
samples, bringing structural organization and free charge density gradients into closer agreement.
1. 3.1 Measuring the Charge Density Gradient

Our group have reported on a free charge density gradient in the RTIL BMIMBFy4, which
is characterized by the rotational diffusion dynamics of charged and neutral chromophores as a
function of distance from a charged support.?® It is useful to consider briefly how pris measured.
We sense pr in RTILs through the fluorescence anisotropy decay of trace amounts of charged

chromophores as a function of distance from the (charged) support.*’” We achieve depth resolution

with an inverted confocal microscope through mechanical control over the microscope stage



position. Charged chromophores exhibit depth-dependent rotational diffusion dynamics in RTILs
in contact with a charged support.?® The chromophore we use in the work reported here is cresyl
violet. Itis a cationic phenoxazine dye with an absorption maximum at ca. 600 nm and an emission
maximum at ca. 630 nm. The quantity we measure is the induced orientational anisotropy decay,
R(?), of an ensemble of chromophores. R(f) (Eq. 1. 1) is the normalized difference between
polarized time-resolved emission intensity decays acquired using time-correlated single photon

counting (TCSPC) instrumentation.

R(t)_f(t)+21l(t)_R(O)exp( oo -
_

Tor =(6Dgor )71 =

The information content of R(f) has been established.**->* The modified Debye-Stokes-
Einstein model (Eq. 1. 2) relates 7oz, the orientational relaxation time constant extracted from R(?),
to the rotational diffusion constant, Dgor, rotor shape, S,°>->¢ RTIL viscosity, 7, the volume of the
rotating species, 7,°° and the frictional boundary condition term /4% 52-53

The identities of the RTIL cation and anion influence pr by virtue of RTIL dissociation
(Keg, Scheme 1. 1). Characterizing the spatial extent of pr by rotational diffusion measurements
relies on the equilibrium described by the dissociation constant Kp for the chromophore-RTIL
counter-ion pair (Scheme 1. 1). Structure-dependent changes in RTIL K., affect the free ion
concentrations. Mobility (as gauged by 7, Eq. 1. 2) is also influenced by RTIL structure. The
quantity in Eq. 1. 2 responsible for the observed charge- and depth-dependent behavior in RTILs
is V, the hydrodynamic volume of the rotating entity.’® The gradient in ¥ is due to the charged

chromophore forming a complex with the oppositely charged dissociated RTIL constituent.
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Scheme 1. 1 Schematic of dissociation equilibria of BMIM ‘BF4 (top) and CV'BF4 (bottom).
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The trace chromophore (ca. 10° M) forms a complex (Scheme 1. 1), with the amount of
free and complexed species determined according to Le Chatelier’s principle by [BF4]. The
(negatively charged) silica surface induces an excess of dissociated BMIM" near the surface,
resulting in a gradient in the amount of free and complexed chromophore, which is manifested as

a gradient in zor. V-7or (Eq. 1. 4) is a consequence of V-V (Eq. 1. 3).

V ’ V = I/ﬁ’eev ’ Xﬁ’ee + Vcomplexv ’ Xcumplex [1. 3]
. TOR = 77f V . V

where the quantities X are mole fractions (Xpece + Xcompiex = 1). Viee and Veompiex are calculated using
the method of van der Waals increments.?®->° The relationship between the measured reorientation

time gradient, V- 7or, and the free charge density gradient, gy, is shown as Eq. 1. 5.

Voo, = Gy kv D=k E=—k N p=k p,
OR kTS ! [1.5]
B .

The gradient V-Xs.. (Eq. 1. 3) is the (normalized) free charge gradient, V-D (Eq. 1. 5), where £’ is

a collection of constants. In the RTIL, V-D is related to the surface potential of the silica support
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through Poisson’s equation (Eq. 1. 5), where ¢is the dielectric constant of the RTIL, @ 1is the scalar

electric potential field arising from the surface charge (oy). Controlling oy thus provides control

over prin the RTIL, which is seen through V- 7or.
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Figure 1. 2 Depth-dependent 7oz in BMIM'BF4™ supported on a silica surface for anionic

(Resorufin), cationic (Cresyl Violet) and neutral (Nile Red) chromophores.

Given the existence of induced structural organization in RTILs, it is tempting to relate

such order to the prwe observe. There are several factors that serve to differentiate the prwe report

from induced structural order. The first is that the slope of the gradient depends on the charge of

the chromophore and the surface charge density of the support (Figure 1. 2). The rotational

diffusion dynamics of a neutral chromophore (nile red) demonstrate no depth-dependence in the

same RTILs that exhibit depth-dependent reorientation for charged chromophores. The prdata we
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report can thus not be explained in the context of a depth-dependent effective viscosity of the
RTIL, a quantity that will depend sensitively on structural organization. We note that the change

24-26, 42-44 myst have some effect on the rotational

in relaxation dynamics seen by the Fayer group
diffusion dynamics of larger chromophores, such as the ones we use, but the spatial extent of the

slowed dynamics they report is less than the depth of focus of the optics we use for the rotational
diffusion measurements and we would not expect to be sensitive to the effect they report.
1. 3. 2 Gauging the Magnitude of the Charge Density Gradient

We consider next the magnitude of pr, how it depends on the chemical identity of the RTIL
constituents and the sign and magnitude of the surface charge density (o;). Several points are
relevant to this matter. First, the RTIL will maintain macroscopic neutrality because no charges
are injected into or withdrawn from the system. Second, the perturbation to the RTIL that produces
the observed pris determined by oy on the RTIL support. It is not a simple matter to quantitate o
for structurally complex surfaces such as silica or ITO, but we can estimate it. We use a surface

2)37  The silica surface has been studied

silanol group density of 5 pmol/m? (3x10'* O/cm
extensively and the silanol groups are characterized by two distinct populations, with pK, values
of ca. 4.5 (20%) and ca. 8.5 (80%). For the silica surface in contact with an RTIL, it is not feasible
to estimate the surface pH, but assuming the silanol groups characterized by a pK. of 4.5 are
deprotonated while those with a pK, of 8.5 are fully protonated, the silica surface charge density
is 6x10'3 O/cm?.

Evaluating the magnitude of prrequires multiple assumptions. Among them are estimates
of the equilibrium constants for RTIL dissociation (K., in Scheme 1. 1) and for the chromophore-

RTIL counter-ion complex (Kp in Scheme 1. 1). It is also important to present the reorientation

time gradients for different RTIL systems in a manner that allows for comparison. We use the
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normalized change in reorientation time, A zor/ 7or, where the denominator term is the value of 7oz
well into the bulk RTIL, where it becomes invariant with depth. Because prexists only normal to
the support surface, the gradient in Tor can be expressed as a one-dimensional change, Azor. From
Eq. 1. 5, the term of interest is V-V and thus the gradient in the relative concentration of the RTIL
counter ion, V-Xjse.. Casting this discussion in terms of a cationic chromophore, we have defined
a term, & (Eq. 1. 6), to relate the concentrations of the free and complexed RTIL counterion (A~)

as a function of distance from the charged support.*°

1_ Xsurﬁzce 1— Xbulk Xbulk _ Xsurface

_ -1 - _ - _ free free | free free
g - ‘Keq ([A ]surﬁlce [A ]bulk )‘ - Xsurface Xbulk - Xsmjface R Xbulk [1 6]
free free free free

Under conditions of no gradient, £= 0, and for a large gradient, where the relative amounts of Xje
at the surface and bulk can be different by as much as a factor of ~10, £ would take on an effective
maximum value of ~10. Values of & larger than this would not be either chemically or physically
realistic. For the value of 7oz in the bulk, we use the value at which there is no longer a depth-
dependence. Among the issues that require consideration for evaluating the observed gradient, we
need to account for the difference in volume of the free and complexed chromophore. We calculate
the volumes of these species by the method of van der Waals increments to determine the
hydrodynamic volume for the chromophore (CV*) and for the RTIL counter-ions we have used,
BFs and TFSI".%° Using these quantities (V(CV*) =217 A3, V(BF4) = 50 A3, (TFSI') = 169 A3)
and the concentrations of the RTILs, which will vary according to their molecular weights and
densities, Azor/7or Will be related to & and the specific RTIL system under examination. As the
value of &ranges from 10 to 0, the corresponding values of Xjs.. will be between 0.91 to 0.09. The

normalized change in rotor hydrodynamic volume, AV/V, is proportional to &according to Eq. 1.7,
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V4 is the hydrodynamic volume of the RTIL counter-ion that complexes with the chromophore.
The experimentally-measured zor gradient is thus related to the RTIL counterion concentration
gradient in a manner that accounts for the molecular structure of the RTIL counterion. For the
imidazolium RTILs, pr ranges from ca. 15 (uC/cm®)/um for BF4 anions to values up to ca. 110
(uC/cm?)/um for TFSI" and HMIM™.3® To provide some perspective on this magnitude, a charge
density gradient of 110 (uC/cm?)/ um corresponds to a concentration gradient of ca. 0.5 ppm/um.
To put this gradient in perspective, the K* gradient across a plasma membrane is on the order of
3.5x10° ppm/um, based on [K*] = 10 mM outside the cell, 100 mM inside the cell, and a plasma
membrane thickness of 10 nm.
1. 3. 3 Controlling the Charge Density Gradient

The induced prcan be controlled by the surface charge o; on the support (Figure 1. 3). As
noted above, o; for silica is on the order of 6x10!3/cm?. We have reported on the ability to control
the sign and magnitude of porin RTILs.? In that work, we found that the configuration of the RTIL
sample mounts between two ITO-coated or FTO-coated plates with a spacing between plates
(sample thickness) of ca. 1 mm could be made to achieve control over the sign and magnitude of
pr. The ITO surface carries a net positive charge below pH 6.® When configured as a capacitor,
the capacitance of the sample holder with a spacing between plates of 1 mm was not capable of
modulating the o; beyond a few ppm of the ambient surface charge density, insufficient to change
prmeasurably. Rather than configuring the sample holder as a capacitor, using one of the support

surfaces as a resistor allowed for the modulation of oy in a charge carrier density range
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commensurate with the ambient surface charge density of the ITO-coated support.>® This
achievement is feasible due to the small drift velocity of the carriers in the (microcrystalline) thin

film conductor.
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Figure 1. 3 Current-dependence of prmeasured using CV*.

Using the surface thin film of the sample holder as a resistor produces Joule heating of the
RTIL, and this effect must be taken into account. The rotational diffusion of the chromophore
used to detect pris sensitive to the viscosity and temperature of the medium in which it is immersed
(Eq. 1. 2). We characterized Joule heating by replacing the RTIL with ethylene glycol in the
sample holder and measuring the rotational diffusion time constant of CV* in that medium as a
function of current passed across the ITO support surface.”*-%° The dependence of ethylene glycol
viscosity on temperature has been reported before and serves as a temperature calibration.®! The

anisotropy decay time constant for CV* changes with current applied and, importantly, no depth-
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dependence is seen, ruling out a temperature gradient within the sample cell. The current required
to change the sign of pr produces A7~6 °C in the sample. This means of modulating o5 results in
thermal and free charge density contributions that are readily separable.

1.4 Induced birefringence

Most attempts to understand the range and nature of organization and screening in RTILs
start from the assumption that this family of materials can be treated as fluid dielectric media.
Such a starting point cannot be rigorously correct because of the dissociated ions that function as
carriers. The extent to which ionic liquids exist as ion-paired dipolar species, (Bjerrum pairs)®>-63
and as dissociated ions, is not clearly established because of the characteristically high viscosity
of RTILs, and vastly different estimates of the extent of dissociation have been reported.!’-!®
Because dissociation is not complete, RTILs cannot be treated as typical conductors either. The
essential questions of free ion density, the effective dielectric response of the Bjerrum pairs, and
the consequent screening effect(s) in RTIL media, remain to be understood fully.®*% For these
reasons, the relationship between prand the refractive index, n, is not clear.

The free charge density gradient, py, is related to the charge displacement, D, and thus the
electric field imposed by the presence of a charged support, E,
D=¢E
V-D=V-(¢E)=p, [1.8]

The quantity in Eq. 1. 8 related to the molecular properties of the RTIL is the dielectric response,
&. The dielectric response is frequency-dependent, organization-dependent, and related to the
molecular polarizability through the Clausius-Mossotti relation.®® Polarizability depends on the

structure and orientation of a molecule (the Bjerrum pair for RTILs), and when considered as a

bulk property, the optical susceptibility is known to depend on organization within the material.

16



The gradient pr should thus be measurable as a refractive index gradient because &= n*=(n+ik)*.
Measurement of the dielectric response of a material can be challenging, especially when
it varies over micrometer length scales. For non-absorbing materials (k=0), we can evaluate n, the
refractive index, in a straightforward manner. The central question is whether # varies measurably
in RTILs as a function of py, which is controlled by the surface charge density, o5, on the solid
support (Scheme 1. 2). The RTIL sample holder has the shape of a lens. The inner surface of the
lens, in contact with the RTIL, is ITO and the current passed through the ITO film controls o,
thereby controlling 0.2’ As pris changed, the refractive index of the RTIL is expected to change
(Eq. 1. 8), and thus the focal length of the lens changes. The intensity of light at the detector
aperture will change with the focal length of the lens, providing a means of measuring the
dependence of n on pr (Scheme 1. 2). The dependence of detector signal on n can be determined
using several different liquids in the same sample cell. Thermal effects need to be accounted for
because we use current to control oy on the lens surface, and the temperature-dependence of the
refractive index of imidazolium RTILs has been reported.®’” The thermal contribution to the
experimental signal (Figure 1. 4) is small and accounted for in the data. The dependence of n on

prfor RTILs is measurably large.®®
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The imposition of prproduces a gradient in the refractive index only along the optical axis.
The characteristic decay length (e!) of prin OMIM*TFSI is ca. 50 pm and the total cell thickness
is 500 um. Based on these dimensions, we can determine the change in » at the ITO support as a
function of current passed through the ITO film (Scheme 1. 2). At the ITO surface, the change in
n is very large, on the order of 20%. The dependence of n on pr occurs along the beam axis,
perpendicular to the support surface. Because there is no corresponding charge density gradient
parallel to the support surface, the change in n along the beam axis we report in Figure 1. 4 must
necessarily represent an induced birefringence in RTILs. This is an important point because
induced birefringence (Pockels effect) is related to materials properties that depend on molecular-

scale organization.

1.5 Summary

Room temperature ionic liquids have found wide application, in large part because of
properties that are anomalous when compared to “normal” solvents. Understanding the molecular-
scale dynamics and interactions that are responsible for these properties is central to utilizing this
family of materials to their fullest extent. Among the manifestations of the unusual effects is the
existence of organization in RTILs on length scales ranging from nm to um. To date, both
structural organization and induced charge density gradients have been reported in RTILs, with
the characteristic length scale of each effect depending significantly on the design of the
experiment and the means by which the effect was measured. Our focus has been on understanding
free charge density gradients and we continue to work to identify commonality and connection
between these various long-range phenomena seen in RTILs. Making such connections will lead

to novel applications for these materials.
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CHAPTER 2. Characterizing the Magnitude and Structure-Dependence of Free Charge
Density Gradients in Room-Temperature Ionic Liquids
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Structure-Dependence of Free Charge Density Gradients in Room-Temperature Ionic Liquids.
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2.1 Introduction

Room temperature ionic liquids (RTILs) are, in the simplest sense, salts characterized by a
melting point below room temperature. This family of materials typically consists of relatively
large organic cations and inorganic anions.! The size and shape of the ions and the absence of a
dielectric solvent prevents organized ion packing, with both factors contributing to the materials
existing in the liquid phase under ambient conditions. There is a substantial body of work extant
focusing on the bulk physical properties of RTILs, including efforts aimed at understanding the
role of hydrogen bonding in mediating mobility,” characterizing mass and charge transport,>>
determining dissociation,’ dielectric response’!! and issues associated with local and long range

electrostatic interactions.!?!> RTILs hold promise for a variety of practical applications, including

16-17 18-19

use as solvents for chemical separations and syntheses, as electrolytes for

20-22 23-24

supercapacitors and fuel cells, and potentially as novel electro-optic materials.>> Despite
the wide range of applications for RTILs, there remain many fundamental issues to be resolved,
especially with regard to fluidity and ion dynamics, and with understanding the organization and
response of these materials when subjected to external forces.

Our group has reported on the existence of a charge density gradient in RTILs in contact
with a charged support.?>2” The spatial extent of this gradient is on the order of 100 um and its
sign and magnitude depend on the surface charge resident on the (solid) support. RTILs possess
many properties that are not consistent with non-ionic or dilute ionic liquid phase systems. Among
the key issues with understanding RTIL properties is the extent of dissociation in these materials.

Tonic liquids exist as Bjerrum pairs!3: 28

and as dissociated ions, but the equilibrium constant for
this dissociation is not known, generally, and is difficult to determine because of the

characteristically high viscosity of RTILs.?® Israelachvili ef al. have worked to understand the role
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of electrostatic screening in RTILs using surface force measurements® to infer information on the
force applied on a charged surface by a RTIL.!%3! Organization in a RTIL with a spatial extent
on the order of ca. 10 nm was detected by measuring the force of interactions between a RTIL
layer and a charged (mica) plate. This organization was attributed to the dominant form of the
RTIL being ion-paired dipolar species with a relatively small fraction of free ions.® Surface
organization in a series of RTILs as measured by high resolution X-ray methods has also revealed
order on a similar length scale.>?> The Shaw group has reported the formation of highly ordered
RTIL layers where the order is seen to extend over ca. 1 pm.’*3> In that work the ordering of
RTIL films as a function of thickness and time was elucidated through the use of infrared reflection
absorption spectroscopy (IRRAS) and second-harmonic generation (SHG) measurements. They
attributed the pm length-scale organization to dipole-dipole interactions. We note that this finding
is in conceptual agreement with the report of Israelachvili ef al., where they concluded that the
dominant species present in RTILs is (dipolar) contact ion pairs, and not discrete ions.% 33
Nonetheless, the spatial extent of the long-range organization of RTILs was not explored fully by
these methods. Our group found that exposing 1-butyl-3-methylimidazolium tetrafluoroborate
(BMIM*BFy) to a negatively charged planar silica surface induced a free charge density gradient
(o) with a spatial extent of ca. 100 um.?® The presence of any organization in a fluid medium
over such a range of length scales is highly unusual and without precedent. Therefore, it is
important to have a deeper understanding of this charge-induced long-range organization in RTILs.

To this point, our investigations of the induced charge density gradient have focused on
the ionic liquid BMIM'BFy4. This is a widely-used RTIL, one of a large number of known ionic
liquids. Changes in the molecular structure of the anionic and cationic constituents can alter

physical properties, such as hygroscopicity or viscosity, for example. Related to these bulk
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material variations, we expect that the anion and cation structures of RTILs will play an important
role in determining the extent of dissociation and thus the magnitude and spatial extent of pr. We
examine the spatially-resolved chromophore rotational diffusion dynamics of low concentration
dyes in selected RTILs to characterize the magnitude and spatial extent of pras a function of RTIL
constituent structure. We use five RTILs for this purpose, with three alkyl imidazolium cations
and two anions. These are 1-ethyl-3-methylimidazolium tetrafluoroborate (EMIM "BFy’), 1-butyl-
3-methylimidazolium tetrafluoroborate (BMIM BFy), 1-hexyl-3-methylimidazolium
tetrafluoroborate (HMIMBFs), 1-butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide
(BMIM'TFST") and I-hexyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide
(HMIM*TFSI) (Figure 2. 1). We use cresyl violet (CV™") as the trace ionic chromophore in these
RTILs. We can control prin these RTILs by changing the current passed across the ITO-coated
support surface.”” We also use the neutral chromophore nile red (NR) to characterize variations
in the physical properties of these systems (e.g. viscosity, temperature) that are not related to pr.
In addition to demonstrating the dependence of pron RTIL structural identity, comparison between

data sets for these RTILs allows for evaluation of the magnitude of pr.
2.2 Experimental Section
2. 2.1 Materials

1-Ethyl-3-methylimidazolium tetrafluoroborate (EMIM ‘BF4, >99.0%, Sigma-Aldrich), 1-
butyl-3-methylimidazolium tetrafluoroborate (BMIM 'BF4, >97%, Sigma-Aldrich), 1-hexyl-3-
methylimidazolium tetrafluoroborate (HMIM'BF4, 2>97%, Sigma-Aldrich), 1-butyl-3-
methylimidazolium bis(trifluoromethylsulfonyl)imide (BMIMTEST, >98%, Sigma-Aldrich), 1-
hexyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide (HMIMTFSI', >98%, Sigma-

Aldrich) were purified as described below before use. The purified RTILs were stored in a
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glovebox (MB 200B, Mbraun) with water level <0.5 ppm. The stock solutions (ca. 5x10* M) of
chromophores cresyl violet perchlorate (Eastman) and nile red (Sigma-Aldrich) were prepared by
dissolving the dye in ethanol (=299.5%, Sigma-Aldrich). Ethylene glycol (EG, >99%, Fisher
Scientific), isopropyl alcohol (99.50%, Macron Fine Chemicals) and activated charcoal (powder,
-100 particle size, Sigma-Aldrich) were used as received. Water was purified with a Mili-Q
filtration system (Millipore). ITO coated glass slides (Nanocs, 10 Ohm/sq) and silicone rubber

sheet (MSC Direct) were cut to size and cleaned as detailed below.
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Figure 2. 1 Structures of the RTIL constituents and chromophores used in this work.

2. 2.2 RTILs Purification and Preparation of Chromophore-RTIL Solutions
The RTIL purification method has been described previously.?® 3¢ Briefly, the RTIL, as

received, is stored over activated carbon for three days. The RTIL is then removed by syringe
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filter with a Durapore® membrane (0.22 um sterile filtration, Millex). The RTIL is then heated to
90 °C for 3 h while purging with ultrapure Ar (99.9995%, Linde) to remove water in the RTIL.
The purified RTILs are stored in an anhydrous glovebox. The chromophore-RTIL solution is
prepared by transferring 100 pL of the chromophore stock solution (ca. 5x10** M) into a vial and
placing the vial in an oven at 150 °C for 3 h to evaporate the ethanol. Following removal from the
oven and cooling in a desiccator. Purified RTIL (1000 pL) is then added into the vial inside the
glovebox. The resulting chromophore-RTIL solution (ca. 5x10° M) was stirred for 12 h before
use. To minimize water contamination, all glassware was dried at 150 °C for at least 24 h before

use.

2. 2.3 Electrode and Sample Cell Preparation

We construct a closed sample cell that confines the RTIL between two transparent
conductive ITO electrodes. The sample cell preparation has been described before.’® 1TO coated
glass slides are cleaned by sonication in detergent (Sparkleen 1, Fisher) solution, Milli-Q water,
then isopropanol for 15 min at each step. The cleaned ITO-coated glass electrodes are removed
from isopropanol, rinsed with ethanol (100%), and dried at 200 °C for 30 min. The cooled
electrodes are then placed into a UV/ozone cleaner for 20 min. Copper wires are connected to the
ITO surface using silver epoxy. The epoxy is cured at 120 °C for 30 min. The cell spacer (O-ring)
is cut from a silicone rubber sheet, which is cleaned by sonication in detergent solution and Milli-

Q water for 15 min each, then rinsed with ethanol and dried by N, flow.

2. 2.4 Time-resolved Fluorescence Anisotropy Decay Measurements
The fluorescence anisotropy decay of the chromophore in the RTILs is measured as a
function of distance from the ITO electrode into the bulk. Depth resolution is achieved with an

inverted confocal microscope through mechanical control over the distance between microscope
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stage and objective. The time-resolved data are acquired using a time-correlated single photon
counting (TCSPC) instrument that has been described in detail elsewhere.?% 37 The time resolution
of the instrument is < 100 ps.>” The light source is a synchronously pumped, cavity dumped dye
laser system that produces ca. 5 ps pulses at the excitation wavelength of the dyes (575 nm), with
inter-pulse spacing of at least 240 ns. This period is more than 5x the fluorescence lifetime of
either CV* or NR. The confocal scanning head (Becker & Hickl DCS-120) for the microscope
(Nikon Eclipse Ti-U) allows for the acquisition of the anisotropy decay time constant (tor) data
over a small depth of focus (ca. 2 pm for acquisition with a 10x objective). Mechanical resolution
and reproducibility of the microscope stage are both under 1 um.
2.3 Results and Discussion

The central goals of this work are to determine how pr varies with the molecular structure
of the RTIL constituents, and to provide a useful estimate of the magnitude of p. Connecting pr
to bulk material and RTIL molecular properties is of fundamental interest and is a prerequisite to
controlling pr for a variety of potential applications. We briefly recap the information content of
the measurements and how it can be used in the characterization of pr. To characterize this gradient
in RTILs, we measure the fluorescence anisotropy decay of selected chromophores in the RTILs
as a function of the distance from support (ITO) surface. The study of diffusion, solvation
dynamics and energy transfer in RTILs has proven to be an important means of understanding
local organization and longer-range diffusional behavior in these systems.*®* In our work, the
experimental signals acquired are the time-resolved emission transients polarized parallel (/)(¢))
and perpendicular (/.(¢)) to the incident excitation light pulse. The induced orientational
anisotropy decay function, R(?), is the normalized difference between /j(t) and /.(¢). Example /|(?),

11(f) and R(?) data are provided in the appendix (Figures A. 1-A. 10). The chemical information
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of interest is contained in the functional form of the decay of R(#), which has been considered in
detail previously.?>2630-¢ The modified Debye-Stokes-Einstein (DSE) model (Eq. 2. 1)3!

T =6D" = IZ—I;J; [2.2]

provides a connection between the observed anisotropy decay time constants, the properties of the
reorienting chromophore and those of its immediate surroundings. In Eq. 2. 1, f'is a frictional
boundary condition term (f = 1 here), kg7 is the thermal energy and S is the shape factor of the
chromophore to account for its (ellipsoidal) shape (S = 0.75 for CV*).3"38 The time constant for
chromophore reorientation is also related to the viscosity of the medium (7) and hydrodynamic
volume (7)*? of the rotating entity. The reorientation time constant gradient (V- zor in Eq. 2. 2) is
a consequence of the gradient in the hydrodynamic volume (V-V)) of the reorienting entity, which

is the weighted average of the free and complexed forms of the (charged) chromophore (Eq. 2. 3).

The charged chromophores will complex with the dissociated RTIL constituents of opposite

charge.?>2¢

Voo, =| 2 |v.y—ivr [2.2]
k,TS

V . V = I/ﬁ‘eev * Xfree + I/cump[exv : Xcomplex [2. 3]

V.V:k'V-Dzk'pf [2.4]

The terms X in Eq. 2. 3 are the mole fractions of the free and complexed forms of the

chromophore, XjeetXeompiex=1. The term D in Eq. 2. 4 is the displaced excess charge and k' is a
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proportionality constant. The quantity V-V is directly related to the gradient in RTIL free ion
density (Xsee, Eq. 2. 3) and thus to py, the free charge density gradient (Eq. 2. 4). In the work
reported here, we use the cationic chromophore cresyl violet (CV*) in the RTILs to probe the
concentration gradient of dissociated RTIL anions induced by the surface charge density resident
on the ITO support surface. The initial systems were chosen to demonstrate the dependence of pr
on the aliphatic chain length of the RTIL imidazolium cation (EMIM'BF4, BMIM'BFy4, and
HMIMBFy). The identity of the RTIL cation can influence the magnitude of prin a number of
ways, including the extent to which the RTIL ion pair dissociates and the viscosity of the RTIL.
For the series of RTILs with a common anion, the chromophore complexation process should be
the same in all RTILs because the same chromophore-anion complex is being formed. These data
are shown in Figure 2. 2a. It is clear from these data that pris seen in all RTILs studied and that
the magnitude of the observed effect does indeed vary with imidazolium aliphatic chain length.

This finding is reinforced by data showing prin BMIM "TFSI" and HMIM*TFSI" (Figure 2. 2b).
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Figure 2. 2 Cresyl violet anisotropy decay time constants as a function of the RTIL cation
aliphatic chain length, with same anion. (a) Blue triangles are HMIM ‘BFy, red circles are
BMIM'BFy, and black squares are EMIMBF4. (b) Blue triangles are HMIM "TFSI" and red
circles are BMIM'TFSI". For all data points, the error bars represent + 1c for three individual
measurements.

For the cationic chromophore CV™, there is an equilibrium between free ionic species and
the CV-BF4 complex for the BF4 RTILs.?® The presence of the (positive) ambient surface charge
on ITO induces a gradient in dissociated RTIL constituents, which is sensed by complexation with
CV*. For the positively charged ITO surface, excess BF4 near the surface yields a higher
concentration of complexed chromophore, Xcompiex, and longer zor. As Xcompiex decreases and Xjee

increases with increasing distance from the surface, Tor becomes shorter. The sign of the gradient
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is reversed when a negatively-charged support (SiOx) is used.?® The extent of RTIL dissociation
varies with imidazolium aliphatic chain length, as does the RTIL viscosity. Consequently, both
the magnitude and spatial extent of prdepends on RTIL constituent structure. Before considering
this matter in detail, we report on the variation of prwith RTIL anion identity (Figure 2. 3). These
data are shown for the cation BMIM" and the anions BF4 and TFSI" in Figure 2. 3a, and for the

cation HMIM™ with the same two anions in Figure 2. 3b.
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Figure 2. 3 Cresyl violet anisotropy decay time constants as a function of RTIL anion identity
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are BMIM'TFSTI. (b) Black squares are HMIM'BF4 and red circles are HMIMTFSI". For all

data points, the error bars represent + 16 for three individual measurements.
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The data shown in Figures 2. 2 and 2. 3 demonstrate that prdepends on the identities of the
RTIL constituent ions. This is a qualitative assessment, however, and we need to be able to
quantitate prin order to evaluate the structural dependence in a meaningful way. The discussion
that follows is, of necessity, semi-quantitative because some of the quantities required in the
evaluation of prare not known for the systems we report on here. With that caveat in mind, we

consider the equilibrium condition experienced by the probe at any given point in the system,

CV A=V + A

CV4 X e _
“ :[[CV]_[A]]:(l—)f( il
[2. 5]

where A is the dissociated RTIL anion and CV-A is the complex between CV" and A", As
discussed above, the relative amount of free and complexed CV will vary with the concentration
of A™ at any given point in the system according to Le Chatelier’s principle and it is this gradient
in A" that we desire to quantitate. Determination of the change in [A"] over the spatial extent of pr
will allow evaluation of its magnitude. Experimental data on Xj.. are available from the rotational
diffusion measurements (Eqs. 2. 2 and 2. 3) and the central point of uncertainty is thus the value
of K., for chromophore complexation. We are not aware of any determinations of K., for the
systems we report here. Somewhat more information is known, however, about the chromophore
resorufin. The equilibrium constant for resorufin-sodium dissociation in butanol has been reported
previously to be 4x10°> M.> Clearly, this value for K., will not be quantitatively correct for the
systems we report here, but we expect that it will be within an order of magnitude. There are data
for the interaction of resorufin with BMIM" in the RTIL BMIM'BF, as a function of distance
from a silica surface. These data show that at the silica surface Xsee = 0.54 and at a distance of

100 um from the surface Xpee = 0.79.2° For this range of mole fractions and with the value of K,
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=4x10"° M, we calculate a change in concentration of the dissociated RTIL ion of 2.4x10”> M over
a 100 um distance. While this is an intrinsically useful value, it would be of more significance to
know what fraction of all (dissociated) RTIL ions this gradient represents.

Determining the extent of dissociation in a RTIL is more complex than intuition may
suggest. The simplest way to make this determination would be through measurement of the
conductivity of the RTIL. Performing such measurements is challenging, however, because of the
high viscosity of the RTIL and the unknown nature of the interactions between dissociated ions
and Bjerrum pairs, and both factors affect ion mobility. The Grétzel group has performed some
conductivity measurements on RTILs and they found that BMIM TFST is ca. 25% dissociated at
room temperature.’® That extent of dissociation corresponds to ca. 1.3 M, indicating that the
concentration gradient in RTIL dissociated ion is ca. 18 ppm over the 100 pum spatial extent of the
gradient, or pr~ 0.2 ppm/pm.

To re-emphasize, the value of pr ~ 0.2 ppm/um is not quantitatively accurate for our
systems because of the absence of information available about the specific RTILs we have studied.
The calculated value of pr, however, is useful in the sense that it will allow the experimental data
reported in Figures 2. 2 and 2. 3 to be evaluated under an identical set of assumptions, affording a
means of gauging the RTIL constituent-dependence of p. Of equal significance is understanding
the magnitude of pr. The observation of prin RTILs must intrinsically carry limits owing to the
ability to separate charge over macroscopic distances, but the exact extent to which charge
separation proceeds in these systems, i.e. the magnitude of py, has been unknown to this point. The
magnitude of prbeing in the 0.2 ppm/pm range is consistent with a highly screening medium that

allows for limited ion mobility.
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The detection of prrequires a probe chromophore that complexes with counterions to only
a limited extent. If the chromophore does not complex with free ions, no gradient is observed, as
is seen for the neutral chromophore nile red (Figure 2. 4). If the chromophore complexes
efficiently with free ions, then essentially all chromophores will be complexed for all relevant ion

concentrations, resulting in a loss of sensitivity to the existence of pr.
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Figure 2. 4 Nile Red anisotropy decay time constants as a function of RTIL cation aliphatic
chain length, with same anion. (a) Black squares are EMIM*BFy4, red circles are BMIMBFy4
and blue triangles are HMIM"BF4. (b) Black squares are BMIM*TFSI" and red circles are
HMIM'TFSI. For all data points, the error bars represent + 1o for three individual
measurements.
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With this information and perspective in mind, we turn to how RTIL constituent structure
influences the magnitude of pr. In order to make this comparison, it is useful to consider the
fractional change in zor over the spatial extent of the gradient and how the identity of the RTIL
counterion affects the measured magnitude. We thus need to evaluate Azor/7or over the spatial
extent of py, where the denominator is taken as 7oz at x=100 um. We use the terminology A7or
because we measure the gradient along one axis. For any system that follows Eq. 2. 5, the relevant
quantity is the change in extent of complexation, which is given by V-Xse.. For the purposes of

this evaluation, we define the term &,

0pm 100 gm 100 pm 0pm
& =K (LA T A )| = gt~ | = e~ 2. 6]
- eq Opm 100um )| — Oum 100 ym - Oum 100 ym :
X firee X free X firee ’ X free ‘

Which would take on a value of &=0 for no gradient, and a practical upper limit of &=10. Any
value beyond 10 would not only be physically unrealistic but would also not be quantifiable (vide
infra). The changes in & reflect changes in Xj.., which can be used to assess V-V and thus V- 7oz.

100pum

In the discussion that follows, we report pras Azor/7or to provide a facile means of relating

the experimental data to the quantities relevant to the gradient. Because zor depends on 7 for each
RTIL, the volumes of the RTIL anions differ, (V(BFs) = 50 A3, V(TFSI") = 169 A?%) and the neat
concentrations of the RTILs differ according to molecular weight and density, a given value of
Ator/ tor Will correspond to a value of & that depends on the specific RTIL system. From Eq. 2. 6,
for & varying from 10 to 0, Xje. will vary from 0.909 to 0.091. With this range of values, the
quantity AV/V = Ator/ tor can be calculated using Egs. 2. 2 and 2. 3 (Figure 2. 5). The quantity

AV]V is related to &by (Eq. 2. 7)
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v

Tor

Mgy _ AV _ [ X X"V
V _XIOO,um V

complex free

J [2.7]

where Vz; is the hydrodynamic volume of the RTIL ion that complexes with the chromophore (A"

in Eq. 2. 5, Ver = Veompiex — Viree). 1t is clear from Figure 2. 5 that Azor/ 7or depends sensitively on

both the ratio of the complexed chromophore to free chromophore and on the volume of the

complexing RTIL ion relative to the volume of the chromophore. The detailed relationship

between the RTIL, chromophore and extent of RTIL dissociation will depend on the specific

properties of the system, and the quantity Azor/7or can be related to pr. To establish the

relationship between A zor/ 7or and py, we must be able to estimate both the change in concentration

of the anionic RTIL constituent, A", over the gradient range and the average concentration of A™ in

the bulk RTIL medium. The former quantity requires we use the same K., as was used earlier (K,

=4x107 M) and the latter quantity requires we estimate the extent of RTIL dissociation. In the
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Figure 2. 5 Normalized anisotropy decay time gradient, Azor/ 7or, as a function of the change in
ratio of the complexed to free chromophore, £ The relationship between Azor/7or and pr
depends on RTIL density, molecular weight and constituent anion hydrodynamic volume. See

text for a discussion.
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absence of quantitative experimental data, we assume that the dissociation of all RTILs studies is
the same, at 25%. We recognize these are significant, but constant, approximations in this
estimate. With that caveat, and the experimental Azor/7or data, we show the variation in pr with
changes in RTIL constituent structure (Table 2. 1). Even with the assumption that the extent of
RTIL dissociation is the same, the gradient is seen to vary because of the density of the RTILs and
the variations in hydrodynamic volume of the constituent species.

Table 2. 1 Dependence of the induced free charge density gradient (pr) on RTIL structure. The
gradient is reported in units of change in charge carrier concentration per distance (ppm/um) and
change in charge density per distance ((WC/cm?)/um). The relationship between concentration
and charge density depends on RTIL density and molecular weight.

RTIL n (cP) | Ator/tor & pr(ppm/pum) | pr((uC/em?)/um)
EMIM'BFs | 41%! 0.08+0.01 0.8 0.03+0.01 15+5
BMIM'BFs | 1126} 0.14+0.01 2.5 0.04+0.01 17+4
HMIM'BFs | 1746162 0.25+0.01 >10 0.08+0.01 30£3
BMIM'TFSI | 459! 0.10+0.01 0.2 0.18+0.09 41 £ 20
HMIM'TFSI- | 8192 0.19+0.02 0.5 0.524+0.14 112+ 30

Two points emerge from these findings. The first is that, in all cases, the magnitude of pr
is small, and this finding is consistent with intuition. Even in viscous media, it is not possible to
separate charge substantially on electrostatic grounds, and also that the magnitude of the ambient
charge on an ITO support must be relatively modest, and it is this charge that is the driving force
for the formation of the gradient in the first place. The second point is that the magnitude of the
gradient increases with increasing imidazolium aliphatic chain length and is greater for the TFSI
anion than for the BF4 anion. Both of these RTIL structural dependencies are consistent with the

structure-dependent changes in charge density for these RTIL systems. It is important to note that,
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despite the structural dependence we observe, Eq. 2. 6 indicates that there is no explicit viscosity-
dependence in our gradient measurements because the term Azor/7or normalizes for structure-
dependent variations in RTIL viscosity.

It is also important to consider that there is significant uncertainty in the above estimates
of prbecause we do not know quantitatively either K., for the chromophore-counterion equilibrium
or the extent of RTIL dissociation, and both these quantities may vary with RTIL identity. That
said, the trends we observe in these data are in agreement with chemical intuition in terms of charge
density of the RTIL constituents. Further work to elucidate more accurately the relationship
between RTIL constituent structure and pris in progress. A promising area in the arena of RTIL
constituent structure lie in the use of structurally regular series of both anions and cations to
elucidate the fundamental chemical factors involved in the ability to support a charge density
gradient over macroscopic distances.®*%> Recent advances in the design and characterization of
chiral RTILs indicates that structural control over second order nonlinear optical response is
readily achievable, opening the door to facile control over RTIL optical properties.®¢-¢°

The magnitude of pr achievable, especially as a function of applied support surface
charge,?” will play an central role in determining the potential applications for which these
materials are appropriate. It is our hope that experimental determination of pr in these systems
will also be of use in establishing how best to model this class of materials.

2.4 Conclusions

We report on the dependence of the free charge density gradient, py, that is formed in RTILs

when interfaced with a charged support. The gradient pris found to depend sensitively on the

identities of the RTIL constituents. The magnitude of pras a function of the RTIL constituent

identities lies in the range of 0.03 ppm/um to 0.5 ppm/um for the systems studied, and this
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information points the way toward RTIL design parameters to optimize pr. The magnitude of pr
is in all cases less than 1 ppm/um, consistent with chemical intuition and the magnitude of the
support surface charge. It is clear from Eq. 2. 6 that the volume of the dissociated RTIL ion relative
to the volume of the chromophore plays an important role in our observations. The gradient is
greater for TFSI™ salts than for BF4 salts, provided the assumptions made about chromophore

complexation equilibrium constant and extent of RTIL dissociation hold. We continue to evaluate
both of these quantities in order to provide more quantitative information on the magnitude of pr

in different RTIL systems.
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APPENDIX

The experimental signals acquired are the time-resolved emission transients polarized
parallel (/(#)) and perpendicular (/.(¢)) to the incident excitation light pulse. The induced
orientational anisotropy decay function, R(?), is the normalized difference between polarized

emission transients, /|(¢)) and /.(¢). 7or is the decay time constant of R(?).

R(1) = L(O-1,(1)

= OYSIG = R(0)exp(—t/7,;)

The anisotropy decay time constants ( zor) are obtained from fitting the raw data of R(¢) by
using ExpDecay]1 fitting model in Microcal Origin v9.0. The equation used for fitting is y=yo +
Ar*exp (-(x-x0)/t1), and y offset is set to be 0 (yo=0). We show several sets of raw data and of

R(?) for a series of distances from the ITO support, for cresyl violet in EMIM ™ BF4~ (Figures A. 1-

A. 5) and BMIM'TFSI" (Figures A. 6-A. 10). For all data, the slight perturbation in signal at ca.
12 ns after /=0 is pulse leakage from the cavity dumper on the dye laser. We have verified

experimentally that its presence does not affect the regressed decay times significantly.
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CHAPTER 3. Characterizing the Structure-Dependence of the Induced Free Charge
Density Gradient in Imidazolium and Pyrrolidinium Ionic Liquids
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3.1 Introduction

Room temperature ionic liquids (RTILs) are salts that exist in liquid state at room
temperature.! They typically consist of large organic cations of low symmetry and either organic
or inorganic anions.> RTILs have a wide range of applications, including their use as substitutes
for conventional solvents in some organic syntheses because of their low vapor pressure and high
thermal stability.>* RTILs have been used to dissolve biopolymers,>© and as green reaction media
for synthesis and catalysis processes.”” RTILs can also be used as lubricants, dispersing agents
and antistatic agents.!!> RTILs have also found application in supercapacitors, batteries and fuel
cells, improving the energy density of these devices.!16

Despite their wide range of applications, there remain questions regarding fundamental
issues such as the extent of dissociation, exchange dynamics and the existence of organization in
RTILs that extends over length scales well beyond that which are characteristic of liquid
solvents.!”?° Our group has investigated the existence of a free charge density gradient (py) in
RTILs induced by support surface charge.!” 3033 We have demonstrated the existence of pr in
several 1-alkyl-3-methylimidazolium RTILs, with a characteristic persistence length of ca. 50
um.?% 32 The sign of the gradient can by controlled by the polarity of the surface charge of the
surface in contact with the RTIL.3! The magnitude and spatial extent of prdepends on the identity
of RTIL cation and anion as well as the support surface charge density.’? The gradient pr is not
known to exist over distances beyond the electric double layer in ionic solutions. In order for pr
to exist in RTILs, individual charged species must be screened sufficiently to prevent efficient
recombination due to Coulombic forces and/or charge mobility of discrete ions must be

characterized by low mobility. The work we have performed to date has focused on imidazolium-

based RTILs and in that work we have evaluated the dependence of pron the identity of the anion
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and on the imidazolium aliphatic chain length. We have not, however, investigated RTILs that
use other cations, and that is the purpose of the work we report here.

Another widely used class of RTILs are formed using 1-alkyl-1-methylpyrrolidinium
cations. While the pyrrolidinium cation bears passing resemblance to the imidazolium cation (Fig.
1), it’s lack of unsaturations provides the opportunity to evaluate the role that unsaturations play
in the ability to support pr. This is a significant question because the quantity pr is related to the
polarizability of the medium, and the role of the imidazolium cation in determining the RTIL
polarizability is not known. It is known that changing the alkyl chain length of the RTIL cation
can alter the degree and nature of ion pairing in RTILs,** a factor that influences their
physicochemical properties such as density, thermal stability, ionic conductivity, hydrophobicity
and viscosity.*>3% We have found that oy depends on imidazolium cation aliphatic chain length.
We expect that the alkyl chain length will also influence the magnitude and spatial extent of prin
pyrrolidinium ionic liquids.

To characterize pr, we measure the fluorescence anisotropy decay of a trace cationic
chromophore as a function of distance from an indium doped tin oxide (ITO) support surface to
probe prin the RTIL. We do not vary the surface charge density of ITO, but have chosen this
material because it is known to carry a positive surface charge for pH values below six.** We
characterize prfor three different pyrrolidinium ionic liquids and compare the results to those seen
for imidazolium ionic liquids. The pyrrolidinium RTILs we wuse are I-butyl-3-
methylpyrrolidinium bis(trifluoromethylsulfonyl)imide (BMPyrr TFSI), 1-hexyl-3-
methylpyrrolidinium  bis(trifluoromethylsulfonyl)imide ~(HMPyrr'TFSI), and 1-octyl-3-
methylpyrrolidinium bis(trifluoromethylsulfonyl)imide (OMPyrr*TFSI).  The imidazolium

RTILs we use are 1-butyl-3- methylimidazolium bis(trifluoromethylsulfonyl)imide (BMIM TFSI
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) and 1-hexyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide (HMIM TFST") (Figure 3.
1). Understanding how pr depends on RTIL constituent identity will aid in understanding the
molecular properties that influence the ability to support a charge density gradient over

macroscopic length scales.

\® o
~ N
; / F5C \\O O// CF;

1-Octyl-1-methylpyrrolidinium (OMPyrr) Bis(trifluoromethylsulfonyl)imide(TESI)

\®/\/\/\
N PN
Q TN \/_/ N/\/\/\
1-Hexyl-1-methylpyrrolidinium (HMPyrr*) 1-Hexyl-3-methylimidazolium (HMIM*)
N

1-Butyl-1-methylpyrrolidinium (BMPyrr*) 1-Butyl-3-methylimidazolium (BMIM*)

Figure 3. 1 Structures of the RTIL constituents used in this work.

3.2 Experimental Section

3. 2.1 Materials
The pyrrolidinium ionic liquids BMPyrr*TFSI', HMPyrr*TFSI" and OMPyrr TFSI™ are

40-41 with slight modifications. The preparation of

synthesized following methods reported earlier,
BMPyrr*Br and its subsequent conversion to the TFSI™ salt are described below. The two
remaining pyrrolidinium RTILs are prepared by parallel means using the appropriate
bromoalkanes.

The synthesis of BMPyrr'Br begins by combining 50 mL of ethyl acetate with 15.93 g

(0.187 mol) of 1-methylpyrrolidine in a dry 250-mL round-bottom flask. This solution is cooled

68



in an ice water bath and, once cooled, a small molar excess (30.76 g, 1.2 equiv., 0.225 mol) of
freshly-distilled 1-bromobutane is added dropwise over the course of 30 min by addition funnel
with magnetic stirring under flowing N>. Following addition of 1-bromobutane, the reaction
mixture is removed from the ice bath and stirred overnight at room temperature followed by
additional heating at 60 °C for 24 h. After cooling to room temperature, the resulting white to off-
white solid product is filtered on a cooled water-jacketed medium sintered glass frit and washed
several times with cold ethyl acetate (5 x 20 mL). Residual solvent is removed by rotary
evaporation and, if the product is not pristinely white, the product is further recrystallized from
acetonitrile or ethyl acetate and dried under vacuum overnight to obtain a white powder of
BMPyrr*Br in 85-90% yield.

To perform anion metathesis, 35.43 g (0.159 mol) of BMPyrr'Br is dissolved in 70 mL
water in a 250-mL round-bottom flask. Rapid addition of a solution comprising 50.36 g (1.1 eq.,
0.175 mol) of Li'TFSI" dissolved in 70 mL of water resulted in almost immediate biphase
formation. After vigorous stirring (300-400 rpm) overnight, the stirring is discontinued. After the
mixture has been quiescent for at least 1 h, the upper aqueous layer is removed and discarded and
the lower RTIL layer is rinsed several times with distilled water (5 x 50 mL) to remove the water-
soluble LiBr byproduct. The final product is dried by rotary evaporation for at least 6 h at 60 °C
to obtain BMPyrr"TFSI" as a colorless liquid (yield: 85-93%). The remaining pyrrolidinium RTILs
are prepared similarly.

The imidazolium ionic liquids BMIMTFSI- (>98%) and HMIM'TFSI- (>98%) are
purchased from Sigma-Aldrich. All RTILs are purified as detailed below before measurements.
Activated charcoal (powder, -100 particle size, Sigma-Aldrich) and isopropyl alcohol (99.50%,

Macron Fine Chemicals) are used as received. The stock chromophore solution (ca. 5104 M) of
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cresyl violet perchlorate (CV™, Eastman) is prepared by dissolution of the chromophore in ethanol
(299.5%, Sigma-Aldrich). Water is obtained from a Milli-Q filtration system (Millipore). Indium
doped tin oxide (ITO) coated glass slides (10 Ohm/sq, Nanocs) and silicone rubber sheet (MSC
Direct) are cleaned as described below prior to use.
3. 2.2 RTIL Sample Cell Preparation

The sample cell preparation has been described in detail elsewhere.>® The closed sample
cell confines the RTIL between two glass slides coated by ITO. ITO-coated slides are cleaned by
sonication in detergent (Sparkleen 1, Fisher) solution, Milli-Q water, then isopropyl alcohol for 15
min at each step. The cleaned ITO coated slides are removed from isopropyl alcohol and dried for
30 min at 200 °C. The ITO coated slides are cooled to room temperature in a desiccator and then
placed in a UV/ozone cleaner for 20 min. The cell spacer (O-ring, ca. 1 mm thick) is cut from a
silicone rubber sheet, which is cleaned by sonication in detergent solution and Milli-Q water for
15 min each, then dried by N> flow.
3. 3. 3 Purification of RTILs

The method of RTIL purification has been reported previously.*> The RTIL is stored over
activated carbon for three days. Then, the RTIL is filtered by syringe filter with a Durapore®
poly-(vinylidene difluoride) (PVDF) membrane (0.22 um sterile filtration, Millex) to separate the
RTIL from the activated carbon. The RTIL is then heated for 3 h at 90 °C while stirring and
purging with ultrapure Ar (99.9995%, Linde) to minimize water in the RTIL. The water content

in purified RTILs is ca. 50 ppm, measured by Karl Fischer titration (Mettler-Toledo C10S).

3. 3.4 Preparation of CV*-RTIL Solutions
The CV*-RTIL solution is prepared by transferring 100 pL of the CV* stock solution (ca.

5x10 M) into a vial and placing it in an oven for 3 h at 150 °C to evaporate the solvent ethanol.
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After removal from the oven and cooling in a desiccator, 1000 uL purified RTIL is added into the
vial to dissolve CV*. The CV*-RTIL solution (ca. 5x10~> M) is then stirred overnight before use.
To minimize water contamination, all glassware is dried for at least 24 h at 150 °C before use.
3. 3.5 Characterization of the Charge Density Gradient in RTILs

The fluorescence anisotropy decay of the cationic chromophore CV* is measured as a
function of distance from the ITO support surface to probe the induced free charge density gradient
(py) in the RTILs. A detailed description of the confocal scanning TCSPC imaging system have
been reported elsewhere.’** We mechanically control the distance between the inverted confocal
microscope objective and sample stage to achieve depth resolution (<1 um). The time-resolved
emission intensity decays are acquired by time-correlated single photon counting (TCSPC)
electronics (Becker & Hickl) and the laser light source is a cavity dumped synchronously pumped
dye laser (Coherent 701-3, Pyrromethene 567 dye, 575 nm, 5 ps pulses, 4 MHz repetition rate, <
1 mW average power at the sample) excited by the second harmonic output (532 nm, 12 ps pulse
at 80 MHz repetition rate, 2.5 W average power) of a passively mode-locked Nd:YVOy laser
(Spectra Physics Vanguard). The instrument response function of this system is < 100 ps.
3.3 Results and Discussion

The purpose of this work is to characterize the dependence of pron the molecular structure
of the RTIL cation. We have reported on the dependence of pron the aliphatic chain length of the

imidazolium cation and on the identity of the anion.??

We characterize prin three different
pyrrolidinium ionic liquids, and compare those results to pr for imidazolium ionic liquids. All of
these RTILs have the same anion (TFSI'). We acquire polarized time-resolved emission intensity

data using the TCSPC instrumentation. The emission transients polarized parallel (/(¢)) and

perpendicular (/.(¢)) to the excitation polarization are used to construct the induced orientational
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anisotropy function, R(¢) (Eq. 3. 1).

Ry~ AO=LO
1O+20,0

= R(0)exp(—t/7yz) [3. 1]

For all of the data reported here, R(f) decays as a single exponential with a time constant, zor. The
information content of R(?) is well established.**->! The zero-time anisotropy, R(0) is a gauge of
the angle between the absorbing and emitting transition dipole moments, and the anisotropy decay

time constant, zor, is related to system properties through the modified Debye-Stokes-Einstein

equation (Eq. 3. 2).%

- vf
ro=6p ' =11 [3. 2]
o k,TS

Where 7 is the viscosity of the medium in which the chromophore is reorienting, V is the
hydrodynamic volume of the rotating entity,* fis the frictional boundary condition term* and S
is the shape factor to account for the ellipsoidal shape of the rotating entity.>® We have established
that the free charge density gradient, py, is related to the spatial variation in zor through the volume

of the reorienting entity, which is the weighted average of the free and complexed chromophore

(Egs. 3.3 and 3. 4),

V-TOR:[%jV-V:kV-V 3. 3]

B

vvr=v. V-X,  +V

free free complex

V-X

complex [3 4]
In RTILs, charged chromophores form complexes with the dissociated RTIL constituents of
opposite charge.’®3? The position-dependent change in the measured reorientation time constant

(V-7or) is a consequence of a concentration gradient of RTIL ionic (dissociated) species that results

from the presence of the surface charge on the support. This gradient is manifested as a gradient
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in hydrodynamic volume of the rotating entity (V-V). Thus, V- 7oz reflects the induced free charge

density gradient in RTILs (Scheme 3. 1).
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FSC/ \\O O// \CF3

CV-TFSI complex v’ TFSI

Scheme 3.1 Scheme of the dissociation equilibria of chromophore-RTIL anion complex.
Because the RTILs used here have a common anion, TFSI", the same chromophore-RTIL anion
complex is formed in all of the RTILs examined. The identity of the RTILs constituents determine
the viscosity of the medium and K., (Scheme 3. 1), as well as the extent of RTIL dissociation.>*
The concentration of dissociated TFSI™ will determine the amount of free CV" and complexed CV-
TFSI in the system. The magnitude of pr can be evaluated by measuring the variation of [TFSI]
with the distance from the charged support. The depth-dependent 7oz data for CV' in
BMPyrr*TFST, HMPyrr*TFST- and OMPyrr* TEST is presented in Figure 3. 2, and these results
are compared to the same information for BMIM "TFSI-and HMIM TFSI". As shown in Figure 3.
2, the observed pr does depend on the aliphatic chain length of both the pyrrolidinium and

imidazolium cations.

73



=  BMPyrr TESI

gs00k 7 *  HMPyrr'TFST
i 1 I 4+ OMPyrr'TFST
8000 |- 1. * BMIM TEST
! o * HMIM TFST
7500 B L ¢ + a 'y
i s bt to3 -
7000 - L T T
@ A [] [} =
& * -
~ 6500 [ A
B - ! 4 Y I
6000 ' R
5500 |
so0f Tt .,
4500 1 1 L 1 L 1 L 1 " 1
0 20 40 60 80 100

Distance from ITO support (um)

Figure 3. 2 Cresyl violet anisotropy decay time constants (zor) as a function of RTIL cation
alkyl chain length, with the same anion. Black squares represent for BMPyrr TFSI, red circles
are HMPyrr" TFST, blue triangles are OMPyrr TFSI, purple inverted triangles are BMIM*TFST,
and green diamonds are HMIM'TFST. For all data points, n=3.

While the data shown in Figure 3. 2 demonstrate the presence of py, direct comparison of
the magnitude and persistence length of pris more facile when the data are normalized. We use
the quantity Azor/7or to facilitate the comparison, where the denominator term is taken to be zor
in the bulk RTIL, where prhas decayed fully. As shown in Figure 3. 3a, Azor/7or is larger in the
pyrrolidinium RTILs with longer alkyl chain (OMPyrr* TFSI" > HMPyrr* TFSI" > BMPyrr*TEST).
The analogous dependence is also seen in imidazolium ionic liquids (Figure 3. 3b). Comparison
of the pyrrolidinium and imidazolium RTILs with same cation aliphatic chain length (Figure 3. 4)
shows that Azor/7or is indistinguishable in magnitude and persistence length for BMPyrr*TFST
and BMIM*TFSI (Figure 3. 4a) but there appears to be a slight difference in the slope of the decay
of Azor/ tor for HMPyrr*TFSI- and HMIMTFSI- (Figure 3. 4b). We note that for all data points
in Figure 3. 4b, the values of Aror/7or for a given distance, d, are the same to within the

experimental uncertainty.
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Figure 3. 3 Normalized anisotropy decay time gradient (Azor/7or) of Cresyl violet, as a
function of distance from ITO support and RTIL cation alkyl chain length. (a) Black squares
represent for BMPyrr TFST, red circles are HMPyrr*TFSI and blue triangles are OMPyrr* TFST.
(b) Black squares are BMIMTFSI and red circles are HMIM "TFST". For all data points, n=3.
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Figure 3. 4 Comparison of the normalized anisotropy decay time gradient (A zor/ zor) of Cresyl
violet in pyrrolidinium and imidazolium RTILs with same cation alkyl chain length. (a) Black
squares represent for BMPyrr"TFSI™ and red circles are BMIM*TFSI". (b) Black squares are
HMPyrr* TFSI™ and red circles are HMIMTFSI". For all data points, n=3.
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From the data presented in Figure 3. 3 we can determine the magnitude of pr3? To
characterize the gradient, we need to establish the difference in amount of CV™ that is complexed
at d = 0 and the amount complexed at distances d where the pr= 0. Measuring such quantities
directly is not feasible, but they can be estimated by the change in hydrodynamic volume of the
reorienting entity. The calculation of hydrodynamic volume has been demonstrated to be reliable,
and from the volume change data (Eq. 3. 5) and an estimate of Keq for the CV*-TFSI" complex, we
can relate the concentration gradient in the RTIL anion over the decay of pr(Eq. 3. 6). We define
aterm & (Eq. 3. 5) for this purpose. Vz;is the hydrodynamic volume of the RTIL ion which forms

complex with the chromophore. In this work, Vzr= Virrsry = 169 A3 .46

Aty AV [ Xpur- X vy, s
TOR V complex X ;‘:')e()eﬂm ) VRI
_ 0pm _ 100 zem 100pm __ 0um
& =K (A Ty A Ty )| = e — | 3.6
xpw x| g x|
()= p; (0)exp(-x/d) 3.7]

The value of & reflects the concentration gradient in the RTIL anion, and we report our findings in
Table 3. 1. Several important points emerge from these data. The first is the point is that pris seen
to depend on the RTIL cation aliphatic chain length, but not on the identity of the cationic
headgroups (pyrrolidinium and imidazolium). In all cases, the gradient is modest. While the
values of pr do not match precisely those that were reported previously, this is not a surprising

result. The magnitude of the gradient necessarily depends on the surface charge density of the

support, a quantity that can vary from lot-to-lot for the ITO deposited on the support surface. The
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results reported here, however, are all acquired using the same lot of ITO-coated glass and are thus
comparable. The significance of these results is that prappears to be comparatively insensitive to
the identity of the cation headgroup for the two species reported here, but pris seen to depend more
sensitively on cation aliphatic chain length. Given that aliphatic chains are characterized by
modest dielectric constants, it would appear that the molecular-scale organization for these

systems, which is known to exist,>*-5¢

can influence the ability to support a free charge density
gradient. An important next step will be to establish an understanding of prin the context of the

molecular scale and longer-range ordering seen in RTILs.

Table 3. 1 Magnitude and persistence length of the induced free charge density gradient (o) in
imidazolium and pyrrolidinium RTILs.

Rk (cp) | Arowlon | & (mvaL) ((uC/cflj;)/um) (ludm)
OMPyrr*TFSI | 130°7 | 0.24+0.02 | 0.59 | (2.34+0.19)x107 2342 76+3
HMPyrr TFST 987 0.17£0.02 | 0.39 | (1.58+0.34)x107 15+3 75+1
HMIM'TFSI- 818 0.20+0.02 | 0.47 | (1.82+0.28)x107 18+3 66+6
BMPyrr* TFST 7837 0.14+£0.02 | 0.31 | (1.20+0.16)x107 12+1 74+3
BMIM'TFSI- 525 1 0.13+£0.01 | 0.30 | (1.30+0.16)x107 13+1 69+5

We also evaluate the spatial extent of p. The spatial dependence is given by Eq. 3. 7,3
where d is the e’! characteristic persistence length of pr. By fitting the experimental o to this
function, we can obtain the value of d. The data in Table 3. 1 also show that the persistence length
of pris the same to within the experimental uncertainty for all the RTIL structures reported here.
The apparent structural independence of d suggests a physical rather than a chemical basis for
determining pr. For dipolar systems the presence of an E field can serve to orient the dipoles and

the interaction between the E field and the dipolar constituents is described in terms of induced
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polarization. For systems that are not strictly dielectric media, but possess some density of carriers,
the spatial extent of the induced polarization will be attenuated. For RTIL systems characterized
by similar extents of dissociation,** one would thus expect the distance over which the induced
polarization would persist to be similar, as is the case for the pyrrolidinium and imidazolium
RTILs.
3.4 Conclusions

We have examined the cation structure-dependence of the induced free charge density
gradient (py) for pyrrolidinium and imidazolium RTILs. We find that the magnitude of prdepends
primarily on the cation aliphatic chain length and differs little with the identity of the charge-
carrying cation headgroup. An implication of these findings is that local organization in the RTILs
that is mediated by the nonpolar constituents of the cations plays a significant role in the ability of
these systems to support a charge density gradient over macroscopic distances. Conversely, we
find that the characteristic persistence length of pris similar for all RTILs examined here. This
finding could be accounted for by the extent of RTIL dissociation, which is similar for the RTILs
studied here. Taken collectively, these data provide additional insight into the physical and

structural factors that are most important in determining prin RTILs.
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CHAPTER 4. Charge-Induced Birefringence in a Room Temperature Ionic Liquid

Adapted with permission from:

Wang, Y.; Swain, G. M.;Blanchard, G. J. Charge-Induced Birefringence in a Room Temperature
Ionic Liquid. J. Phys. Chem. B. 2021, 125, 950-955.
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4.1 Introduction

Room temperature ionic liquids (RTILs) have found wide application, but gaining a
fundamental understanding of the forces, dynamics and molecular-scale organization within them
that are responsible for their interesting properties remains to be achieved. This family of materials
is typically composed of relatively large organic cations and either organic or inorganic anions.!

RTILs are used as substitutes for conventional organic solvents and aqueous electrolytes in a wide

3 6

range of applications,”? including as solvents for chemical syntheses,*® catalysis’® and

10-11 15-16 17-19

separations,'*!! and for energy storage in supercapacitors,'?!4 batteries'>-'® and fuel cells.

From a more fundamental perspective, several groups have reported structural organization
in RTILs, with the details and characteristic persistence length of the organization depending on
the technique used.?3° To date, there is no unifying model of the driving forces responsible for
such organization. Our group has reported on the existence of a surface charge-induced free charge
density gradient (py) with a spatial extent of ca. 50 um.?!-3* We have demonstrated experimental
control over the sign and magnitude of prthrough the charge density of the surface in contact with
the RTIL.>? The magnitude and spatial extent of prdepends on RTIL constituent structure.>* The
presence of such long-range organization in a fluid medium is unusual and requires a fuller
understanding.

For a free charge density gradient to exist in a fluid medium, the individual charges must
be screened from one another and/or their mobility must be sufficiently limited to make
recombination inefficient. For RTILs, there is some ambiguity regarding the extent of dissociation
of ion-paired species. Comparatively short-range force measurements indicate that the extent of

dissociation is very small, while other treatments that consider the “ionicity” of the RTILs arrive

at an estimate that is orders of magnitude different than what is obtained from force
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measurements.?* 3> This issue is important to understanding the existence of a free charge density
gradient in RTILs because it bears on the polarizability of these materials. Free ions (monopoles)
exhibit very different polarizabilities than ion-paired (dipolar) species. In the work we report here,
the dielectric response of RTILs and how it is influenced by the magnitude of pris described. The
dielectric constant, €, is organization-dependent and related to the molecular polarizability through
the Clausius-Mossotti relation.’® For the RTIL studied here we access the real part of the
(complex) dielectric constant, the refractive index n = £'/2.37 The extent to which the surface charge
density, oz, induces prand thus a change in 7 is the question of interest here. We characterize the
pr-dependent refractive index of an imidazolium-based ionic liquid, 1-octyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide (OMIM'TFSI), with an apparatus that uses the RTIL as an
optical element. We demonstrate a usefully large modulation of » with modest changes in oy, and
describe the relationship between prand n.
4.2 Experimental Section
4.2.1 Materials

1-octyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide (OMIM*TFSI, >99%,
Alfa Aesar) was purified as described below prior to use. Ethanol (299.5%, Sigma-Aldrich),
butanol (299.9%, Sigma-Aldrich), isopropyl alcohol (IPA, >99.5%, Sigma-Aldrich), ethylene
glycol (299%, Fisher Scientific) and activated carbon (powder, 100 mesh particle size,
decolorizing, Sigma-Aldrich) were used as received. Water was purified with a Milli-Q filtration
system (Millipore). ITO-coated single depression concave glass slides (slide size: 25 mm x 75
mm x 1 mm, concave region: 16 mm diameter and 0.5 mm maximum depth, Amscope) and

microscope cover glasses (22 mm x 22 mm x 0.175 mm, Globe Scientific) were cleaned as detailed
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below.

4. 2.2 RTIL Purification

OMIM'TFSI" was purified by using the RTIL purification method described previously.®
Briefly, OMIM*TFSI is stored over activated carbon for 3 days and removed by syringe filter with
a Durapore® (PVDF) membrane (0.22 pm sterile filtration, Millex). OMIM*TFSI is then stirred
and heated at 90 °C for 3 h while purging with ultrapure Ar (99.9995%, Linde) to remove water
in the RTIL. The purified OMIM TFSI" was stored in a glovebox (MB-200B, Mbraun). Water
content in the purified OMIM TFSI" was measured by Karl Fischer titration (Mettler-Toledo
C10S) to be 49 £ 2 ppm. All glassware was dried at 150 °C at least 24 h before use to minimize

the water contamination.

4.2.3 Sample Cell Preparation

We constructed a closed cell (Scheme 4. 1) to confine the sample between a transparent
conductive ITO-coated concave slide and a microscope cover glass. ITO-coated concave slides
and microscope cover glasses were cleaned as the same way described before.’> 1TO-coated
concave slides and cover glasses were sonicated in detergent (Sparkleen 1, Fisher) solution, Milli-
Q water, and IPA for 15 min at each step. The cleaned ITO-coated slides and cover glasses were
removed from IPA, rinsed with ethanol, and dried at 200 °C for 30 min. The cooled slides and
cover glasses were then cleaned using a UV/ozone cleaner for 20 min. Copper wires were
connected to the ITO surface by silver conductive epoxy (MG Chemicals). The epoxy was fixed
at 120 °C for 30 min. The RTIL is added to the concave region of the slide using a syringe, then

the cover glass is set in place.

4. 2.4 Characterization of Refractive Index

The intensity of a light beam (575 nm) was detected using an optical power meter
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(Newport) as a function of current passed through the ITO coating on the concave slide, described
above. A schematic of the optical apparatus is shown in Scheme 4. 1. The refractive index of the
medium in the lens-shaped sample holder determines the focal length of the device and thus the
amount of light that passes through an aperture in front of the detector. Calibration is accomplished
by using a series of solvents that do not support the establishment of a free charge density gradient

(Figure 4. 1).

RTIL |} ;

y
> - detector
1

Scheme 4. 1 Schematic of the sample holder and optical system used to measure changes in
with o.
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Figure 4. 1 Dependence of detected optical intensity as a function of refractive index of the
medium in the sample holder. For all data points, the error bars represent standard deviations
(x1o) for five individual measurements.
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4. 3 Results and Discussion

The primary purpose of this work is to establish experimentally the relationship between
surface charge-induced pr and change in refractive index, n, in an RTIL. The experimental
configuration (Scheme 4. 1) uses a sample holder for the RTIL that is in the shape of a plano-
convex lens, with the curved inner surface of the lens being coated with ITO, an optically
transparent conductor. In this configuration, the surface charge density, os, can be controlled by
the current passed through the ITO film. Because of the potential drop across the surface and the
microcrystalline nature of the ITO film, the drift velocity of the carriers (¢7) in the ITO film is very

small,*?

making current proportional to carrier density.
Given that we control surface charge density (o;) on a conductive surface in contact with
the RTIL, it is useful to consider whether or not electrochemical (Faradaic) processes contribute
to our data. It is important to note that there is no reference electrode in our system, and that we
achieve control over carrier density by using the ITO film as a resistor. As such, there is no direct
relationship between surface charge density (o5) and surface potential (V). The electrochemical
“window” for RTILs is characteristically large (ca. 5-6 V),*° and previous work, where redox-
active chromophores have been added to RTILs in the same experimental configuration, has shown
no electrochemical changes in chromophore optical properties.®? In addition, the effect we report
here is reversible and reproducible over many cycles. For these reasons, we believe that only non-
Faradaic surface charging processes are operative in our system.

Any change in the refractive index of the lens material will alter the focal length of the
lens, thereby changing the intensity of light that passes through the (small) aperture in front of the

optical detector. We observe experimentally the dependence of light intensity at the detector as a

function of current applied across the ITO surface in Figure 4. 2. These data require calibration of

91



the relationship between light intensity at the detector and refractive index of the medium that
forms the lens. We use five different liquids to evaluate the relationship between detected light
intensity and refractive index. The five liquids are water (n = 1.333), ethanol (n = 1.361), isopropyl
alcohol (n = 1.378), n-butanol (n = 1.399) and ethylene glycol (n = 1.432),%%43 and the relationship
between detected light intensity and refractive index is shown in Figure 4. 1. Using this calibration
information and the data contained in Figure 4. 2, we find the dependence of OMIM TFSI

refractive index on current through the ITO surface (Figure 4. 3).
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Figure 4. 2 Dependence of detected optical intensity as a function of the current passed through
the ITO film on the sample support surface. The error bars represent for standard deviations
(x1o) for five individual measurements.

We control oy by varying the current passed through the resistive ITO film, which
necessarily gives rise to Joule heating. We must therefore account for thermal contributions to the
change in refractive index observed for OMIMTFSI". We can determine the temperature of the
lens and RTIL using information reported previously to gauge temperature as a function of current

applied,* and we find that the maximum increase in temperature is 60 °C. The temperature-
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dependence of RTIL refractive index has been studied previously and, while it has not been
reported for OMIM'TFST, it has been reported for two related RTILs, BMIM'TFSI" and
EMIM*'TFSI".** The slopes of the temperature-dependent refractive indices for these RTILS are
the same, and we use this slope to estimate the temperature-dependent refractive index of
OMIM'TESI (dashed line in Figure 4. 3). The difference between the induced change in refractive

index reported here and that associated with Joule heating of OMIM'TFSI is due to the

dependence of pron o.

‘ ® From experiment

1.44 |- %% ------ T-dependence
1.42 +

% 1.40 - .

=
1.38 + +
1.36 }
0 100 200 300 400 500
I (mA)

Figure 4. 3 Refractive index (7average) as a function of the current (/) passed through the ITO
film on the sample support surface. The red dashed line is the temperature-dependence of the
refractive index of OMIM'TFSI- (Ref. 44).

We now turn to elucidating the relationship between prand the refractive index gradient,
Vn. The value of n that we extract from the experimental data is averaged over the thickness of

the lens. It is of interest to determine how # varies as a function of position within the RTIL and

establish the relationship between the change in average » and the change in n at the RTIL-ITO
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interface, n(0). To make this connection, we require knowledge of the functional form of prand
n. We do not utilize any chromophores in this work but, from past work using charged
chromophores to characterize p, we know that the spatial dependence of the gradient is given by

Eq 4.1 31-32, 34

P, (x)=p, (0)exp(—x/d) [4. 1]
where d is the e’! characteristic persistence length of oy, which we have determined to be ca. 50
um, and the thickness of the RTIL medium is ca. 500 um. From Maxwell’s equations,
p, =V-(cE) [4.2]
In Eq. 4. 2, E is the electric field resulting from the support surface charge, o5, and ¢ is the dielectric
constant of the medium. From Gauss’s law for a planar surface, E is invariant with the distance
from the support, on either side of the surface plane. While this is strictly true only for dielectric
media, we believe this approximation to be valid for OMIM*TFSI- based on the measured

4546 and the apparently limited extent of dissociation seen for this

dielectric properties of RTILs,
class of materials.?>* The free charge density gradient pr must thus reflect a gradient in g, the

(complex) dielectric constant. The dielectric constant, £ = n?, where n = (n+ik). For the RTILs
we consider, k, the extinction coefficient is zero (no attenuation), leaving &= n* (Eq. 4. 3).

p; =V-("E)=n’V-E+(Vn®)-E=(Vn’)-E [4.3]

The issue at hand is thus relating the quantities we determine experimentally to Va and for a system
in which #» is changing only along the x axis, perpendicular to the charged support (yz) plane.
Because the refractive index change is only along the x-axis, but not along either the y or z axes,

the effect we observe is, in fact, birefringence. We measure the change in n along the optical axis

and not perpendicular to it, and do not expect to observe a polarization-dependence.
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It is the change in » with x that is important, rather than the absolute value of n, and there

is a potential sign ambiguity because of the square-law relationship between prand n (Eq. 4. 4),

- |n(0) My | €XP (_x/ 2d ) [4. 4]

|n(x) ~ My
Where npui 1s the value of n for the RTIL for oy = 0. As seen in Scheme 4. 2, we measure
experimentally a change in n averaged over the thickness of the lens. The thickness of the lens is
ca. 10 times the persistence length of py, and from this information and the functional form of n(x)
we can characterize the change in n at the interface between the RTIL and the charge-carrying
support. We know the persistence length of pr (d), the thickness of the lens (/), and the value of
nuik, and from this information, we can extract the value of » at the interface, n(0). The relationship

between these quantities is schematized in Scheme 4. 2 and is described as follows.

Mpuik L Mk
\ x=2d ! /
”””””””” \f A, i
n !
A, AN
: naV(’l'Clg(’
x=0 x=1
—_—

X

Scheme 4. 2 Schematic of the refractive index gradient induced by os. The axis x is the optical
axis of the measurement and the vertical solid line of the left is the charged surface.

For the measured average value of n, naverage, to change from npui, the areas A; and A, must

be equal in magnitude but are of opposite sign (Eq. 4. 5).
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X_J. exp(—x/2d)dx = — xj_‘ exp(—x/2d)dx [4. 5]

x=0 x=2d

normalizing area in terms of refractive index changes relative to its bulk value (Eq. 4. 6),

x=2d

(”(0) Pk ) I exp(—x/2d)dx = (l - 2d) (naverage o )

x=0

[4. 6]

[-2d
(I’l(O) Ny ) = (1‘264d)(navemge _nbulk)

Using the experimentally obtained quantities we can thus determine 7(0), which we find to be
substantially different than np.ux (Figure 4. 4). The observed change in average refractive index
reported in this work appears more modest because of the relative values of d, the persistence
length of p;, and the lens thickness, /. By optimizing the dimensions of the lens such that d becomes

similar to /, the experimentally observed changes in n4verage Will be more pronounced.
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Figure 4. 4 Change in refractive index of OMIM TFSI" at support surface, An(0) (solid black
circles) and the average change in index (Anaverage), as a function of the current (/) passed through
the ITO film on the sample support surface, after correction for thermal contributions.
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The magnitude of the induced birefringence at the interface bears some discussion. The
change in refractive index can range up to ca. 25%, which is remarkably large, suggesting a change

in polarizability. From the Lorentz-Lorenz equation (Eq. 4. 7),%7-4

a{i)(’f‘l} [4.7]
47N )\ n" +2

For npur = 1.44 and n(0) = 1.19 (Figure 4. 4), « changes from 37.6 A% to 17.4 A3,

Importantly, this measure of pr does not provide information more specific than the molecular
polarizability volume. Given the structural complexity of the RTIL constituents, it would be of
interest to understand which moieties in the RTIL are responsible for the large observed change in
polarizability. Spatially-resolved Raman scattering measurement of OMIM TFSI" as a function
of oy and d should provide a detailed, molecular-scale understanding of the chemical functionality
primarily responsible for pr. These experiments are underway.
4.4 Conclusions

We report on the characterization of the refractive index gradient in the RTIL OMIM*TFSI
induced by a charged surface. This induced change in refractive index of an RTIL is proportional
to the current passed through the ITO film on the support surface. We also demonstrate the
existence of induced birefringence in OMIM TFSI, which supports the potential application of
RTILs as novel electro-optic materials. While the functional relationship between prand Vn are
understood, there has not been to date an experimental measurement that has related the
proportionality between these two quantities. This work serves to make that connection and to

demonstrate an alternative means of characterizing the effect of surface charge on RTILs.
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CHAPTER 5. Structure-Dependence of the Charge-Induced Refractive Index Change in
Room Temperature Ionic Liquids
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5.1 Introduction

Room temperature ionic liquids (RTILs) have received extensive attention, not only
because of their demonstrated utility in a wide range of applications, but also because achieving a
fundamental understanding of the factors that are responsible for observed bulk behavior remains
to be accomplished. Among the reasons for the interest in RTILs is that this class of materials
possesses a ca. 5 eV electrochemical window in addition to their ability to dissolve compounds
with a wide range of polarities. Careful examination of RTIL properties by a number of groups
has revealed the existence of long-range organization on a variety of length scales and it remains
to be determined how all of these observations can be reconciled within the framework of a single
model. The Shaw group has reported on structural organization in RTIL thin films that evolves
subsequent to the formation of the film. In that work, they reported that the structural organization
persists over distances of at least 1 pum, based on vibrational spectroscopic and second order
nonlinear optical data.!* The Fayer group has also reported variation in the order of RTILs over
distances in the hundreds of nm range in thin RTIL films based on their use of small vibrational
chromophores.*® Gebbie et al. have also identified organization in RTILs but on a much shorter
length scale, using force measurements, and based on their data they asserted that the extent of
RTIL dissociation was rather limited.!!! The Blanchard group has reported on the existence of
an induced free charge density gradient (py) in RTILs that persists over distances greater than 50
um.!'>16 While all of these investigations share the conclusion that organization in RTILs can
persist for distances vastly in excess of that seen in normal solution phase systems, identifying the
connection(s) between these different bodies of work as well as the molecular basis for this
organization, remains to be accomplished.

Among the issues that complicate the treatment of RTILs is a knowledge gap concerning
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the extent of their dissociation. The measurement of conductivity is one means to evaluate extent
of dissociation provided the bulk materials properties of the RTIL are known with sufficient
accuracy,!” and there is an emerging body of work that suggests the extent of dissociation is on the
order of 50% in many RTILs.!® This finding, which provides important insight into this class of
materials, also complicates their theoretical treatment because they are neither purely dielectric
materials nor conductors, and the applicability of Maxwell’s equations in either limit is not fully
justified.

We have reported recently on the induced birefringence in RTILs that is a direct
consequence of pr. What was not clear from first principles was the relationship between the
magnitude of prand the magnitude of the resulting gradient in refractive index (n). In the initial
report, we found that the refractive index of an imidazolium RTIL (BMIM*TFST") could, in fact,
be substantial. This is an important finding for several reasons. It provides a probe-free means of
evaluating prand demonstrates a simple way to characterize the polarizability of RTILs. In this
work we consider the dependence of the induced birefringence on the molecular structure of the
RTIL cation. We have examined two pyrrolidinium RTILs with pendant butyl and octyl aliphatic
chains, alongside their imidazolium RTIL counterparts possessing the same aliphatic chain
lengths. We find that the magnitudes of the induced birefringence are similar for the pyrrolidinium
and imidazolium cations, with the primary structural-dependence being the length of the cation

aliphatic chains.
5.2 Experimental Section

5.2.1 Materials
1-octyl-3-methylpyrrolidinium bis(trifluoromethylsulfonyl)imide (OMPyrr"TFSI") and 1-

butyl-3-methylpyrrolidinium bis(trifluoromethylsulfonyl)imide (BMPyrr*TFSI') were prepared
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followed the method reported elsewhere.! 1-octyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide (OMIM*TESI:, >99%) was from Alfa Aesar. 1-butyl-3-
methylimidazolium bis(trifluoromethylsulfonyl)imide (BMIMTESI", >98%) was from Sigma-
Aldrich. All RTILs were purified as detailed below before use. 2-propyl alcohol (=299.5%, Sigma-
Aldrich) and activated charcoal (powder, -100 mesh particle size, decolorizing, Sigma-Aldrich)
were used as received.
5. 2.2 Purification of RTILs

RTILs were purified by the method described previously.'?2° The RTIL is stored over
activated charcoal for 3 days and removed by a syringe filter (Durapore® (PVDF), 0.22 pum pore
size, Millex). The RTIL is then stirred and heated for 3 h at 90 °C while purging with ultrapure
Ar (99.9995%, Linde) to reduce water in the RTIL. The water content in purified RTILs is ca. 50
ppm, determined by Karl Fischer titration. All glassware is dried at 150 °C at least 24 h before
use to minimize water contamination.
5.2.3 Sample Cell Preparation

We have constructed a closed sample cell to confine the RTIL between a transparent
conductive ITO-coated single depression concave glass slide (slide size: 25 mmx75 mmx1 mm.
The concave region size is 16 mm in diameter and 0.5 mm maximum depth, Amscope) and a
microscope cover glass (22x22 mm, #1.5 thickness: 0.175 mm, Globe Scientific). The details of
the sample cell construction have been illustrated before.'® The ITO-coated concave slide and
cover glass are sonicated in detergent (Sparkleen 1, Fisher) solution, Milli-Q water, and 2-propyl
alcohol for 15 min each. The cleaned ITO-coated slide and cover glass are dried for 30 min at 200
°C and cooled in a desiccator. The cooled slide and cover glass are then placed in a UV/ozone

cleaner for 20 min. Copper wires are connected to the conductive ITO surface by silver epoxy
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(MG Chemicals). To cure the epoxy, the ITO-coated slide is heated for 30 min at 120 °C. The
purified RTIL sample is added to the concave region of the ITO-coated slide by syringe and the
cover glass is set in place.
5.2.4 Characterization of Charge-Induced Change in RTIL Refractive Index

The far-field image of the light beam passed through the RTIL lens is used to measure the
change of RTIL refractive index.!® The intensity of light passing through an aperture is detected
with an optical power meter (Newport) as a function of the current applied to the ITO film on the
concave slide. The light source is a dye laser that produces light at 575 nm (< 10 mW average
power). When the Gaussian laser beam passes through the RTIL sample in the cell, the shape of
the far-field image varies according to the refractive index of the RTIL.
5.3 Results and Discussion

The induced charge density gradient pris related to the refractive index gradient according
to Eq. 5. 1.1

p,=(Vn’)-E [5. 1]
We have characterized the cation structure-dependence of pr and found in that work that the
primary factor influencing pr was the cation aliphatic chain length.! In that work, we used the
rotational diffusion dynamics of a charged chromophore to evaluate py, whereas we use an entirely
different means of characterizing the gradient in this work. The conclusions of the two bodies of
work are the same.

The characterization of Vr in the four RTILs examined was done using the experimental
apparatus and procedure described previously.'® From our characterization of pr with rotational
diffusion measurements, we know that the characteristic persistence length for these RTILs is the

same for all to within the experimental uncertainty, ca. 70 pm. It is useful to note the
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complementary nature of these two measurement schemes. The persistence length of pris not
measured directly with the Vr measurements and, conversely, while the persistence length of pris
readily available from the rotational diffusion measurements, evaluating the magnitude of pr with
this approach is more involved.

As noted above, the RTIL sample cell is in the form of a plano-convex lens. We control pr
in the RTIL contained within the sample cell by controlling the surface charge (os) on the curved
inner surface of the sample cell. o5 is controlled by the current passed through the ITO film on the
RTIL support surface. The charge-induced change in n will alter the effective focal length of the
RTIL lens, thereby changing the intensity of the light beam in the far field. We detect
experimentally the intensity of light reaching the detector through a fixed aperture as a function of
current passed across the ITO film surface in the sample holder. To calibrate the system for
intensity of light measured as a function of refractive index of the medium within the sample cell,
we performed measurements for a range of solvents of different refractive index.!¢ This calibration
provides a direct means to evaluate the dependence of the average refractive index of the RTIL in
the sample cell as a function of current passed across the ITO surface. To gauge the effect of RTIL
structure on Vn, we have selected four RTILs which have a common anion but different cations
(Figure 5. 1). The relationship between detected light intensity and applied current for these RTILs
is shown in Figure 5. 2. With the calibration of the relationship between refractive index and light
intensity,'® we can evaluate the relationship between the average RTIL refractive index within the

sample cell and current passed across the ITO surface.
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Figure 5.1 Structure of the RTILs used.
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Figure 5. 2 Detected optical intensity as a function of RTIL constituent identity and the current
passed through ITO. Black squares represent for OMPyrr TFST, red circles are BMPyrr TFST,
blue triangles are OMIM*TFSI" and purple inverted triangles are BMIM ‘TFSI". For all data
points, the error bars represent for standard deviations for five individual measurements.
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In considering the data presented in Figure 5. 2, it is important to note that the manner we
use to control oy on the ITO surface produced Joule heating. Because the refractive index of any
material will exhibit a temperature-dependent refractive index, it is important to discern the
contribution to our experimental signals from Joule heating and those from induced Va. We have
previously reported on the temperature change of the RTIL BMIM*TFESI" as a function of current
applied.!® The temperature-dependence of RTIL refractive index has also been studied for a
number of other imidazolium and pyrrolidinium RTILs.?! We have calibrated our sample cell in
terms of Joule heating as a function of current applied.!*> With this calibration information, we can
thus determine the change of the RTIL refractive index caused by joule heating as a function of

the current across the ITO film (Figure 5. 3).
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Figure 5. 3 Change in the refractive index (n) of RTILs caused by Joule heating. Black line
represents for OMPyrr TFST, red line is BMPyrr* TEST, blue line is OMIM*TFSI" and purple
line is BMIM*TFST".
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Figure 5. 4 Refractive index (n) as a function of the current applied on ITO support for different
RTILs (data symbols). The dashed lines account for the temperature-dependence of the RTIL
refractive index via Joule heating. (a) OMPyrr*TFST, (b) BMPyrr*TFSI, (¢) OMIMTEST, (d)
BMIM*TFSI.

The identity of the RTIL cation plays an important role in determining the magnitude of pr
in RTILs.!* The charge-induced change in n of the RTIL is related to pr and it follows that the
change in detected light intensity is dependent on the RTIL cation structure. These data are shown
in Figure 5. 4. The difference between the induced change in n of the RTIL reported here and that
associated with Joule heating (dashed line) is due to the dependence of pron ;. For each RTIL,

the induced change in n is averaged over the thickness of the sample lens. Determining the change

in n at the RTIL-ITO interface is important because it provides a gauge for what could be achieved

111



using a thin film format. We have related the included change in average 7 (#average) and the change
in n at the interface (7(0)).'® We know the functional form of pf(x)!* %15 and this can be related

to the functional form of n(x) (Eq. 5. 2),'®

= |n(0) My

exp(—x/2d) [5.2]

|n(x) My
where x is the distance from the surface, d is the e’ characteristic persistence length of py, npui is
the value of n for oz = 0. With this information, we can extract the value of 7n(0).'¢

We consider next the dependence of n(0) on surface charge density for the four RTILs.
The change in n(0) for RTILs as a function of the current applied is found to be different from the
change in naverage (Figure 5. 5). The relatively modest change in naverage 18 because of the relative
values of the lens thickness (/) and the prpersistence length (d). Larger change in n4verage could be
observed by optimizing the thickness of the lens to be similar to d.

By comparing the An for the selected four RTILs, it is clear that An varies with the identity
of the RTIL cation (Figure. 5). The magnitude of An for OMPyrr*TFSI™ (Figure 5. 5a) is larger
than that of BMPyrr"TFSI™ (Figure 5. 5b). This finding is consistent with the analogous data for
OMIM'TESI (Figure 5. 5¢) and BMIM TFESI" (Figure 5. 5d). Based on these findings, it is clear
that the RTIL cation alkyl chain length plays a larger role in determining pr and thus An than the

RTIL cation charged headgroup does.
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Figure 5.5 Change in refractive index of RTILs at the support surface (An(0)), and the average

change in refractive index (Anaverage), as a function of the current applied on ITO support, after
correction for thermal contributions. (a) OMPyrr*TFSI, (b) BMPyrr*TFSI, (c) OMIM*TFEST,
(d) BMIM'TFSI-.

The polarizability of a molecule depends on structure and orientation. In this case we
consider that the relevant molecule is the RTIL ion pair, not the dissociated ion(s). The optical
susceptibility of a material is likewise known to depend on molecular-organization within the
material. As discussed above, the induced change in # is significant for all RTILs studied here,
suggesting that these systems exhibit comparatively large polarizabilities. We can utilize the
Lorentz—Lorenz expression to evaluate polarizabilities and changes in polarizability for the

pyrrolidinium and imidazolium RTILs (Egs. 5. 3 and 5. 4).22-3
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We evaluate the structure-dependence of the charge-induced change in refractive index and

polarizability of RTILs (Table 5. 1). For both imidazolium and pyrrolidinium RTILs, the change
in « is more significant for RTILs with longer cation alkyl chain lengths. This finding may appear
to be counter-intuitive given the structures of the RTIL cations, but when taken in the context that
it is the paired RTIL ions that are primarily responsible for the polarizability in these systems, the
lack of knowledge regarding the detailed structure of the paired ions precludes a more detailed
discussion of this point. Empirically, we find the RTIL cation aliphatic chains play the primary
structure-dependent role in these systems.

Table 5. 1 Evaluation of the change in n and & of RTILs. The value of n(0) reported here is for
the data acquired at / = 500mA.

RTIL Fw P N a0) | ap Aa
(g/mol) | (g/cm?) (em™) n(0) | npun (A% | ( 1§3;k (A3

OMPyrr'TFSI | 478.52 | 1.270 | 1.599x10%' | 1.1705 | 1.4549 | 16.39 | 40.50 | -24.11

BMPyrr'TFSI™ | 422.41 | 1.390 | 1.982x10%! | 1.1924 | 1.3749 | 14.85 | 27.57 | -12.72

OMIM'TESI | 475.48 | 1.320 | 1.672x10%! | 1.1445 | 1.4388 | 13.37 | 37.54 | -24.17

BMIM'TFSI- | 419.37 | 1.437 |2.064x10%! | 1.2259 | 1.3871 | 16.61 | 27.24 | -10.63

5.4 Conclusions
We characterize the charge-induced change in refractive index for four RTILs, as a
function of the current passed across the ITO film in contact with the RTIL. The induced change

in n is along the E-field propagation axis, x, and there is no change in » parallel to the support
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surface (yz plane). The induced change in # is thus an induced birefringence in the RTIL, which
suggests the potential of RTILs to be used as novel electro-optic materials.’> We achieve significant
change in » with modest change in o;. The magnitude of An and A« is found to depend on the
RTIL cation aliphatic chain length, providing useful insight into the design of RTIL constituents
for the optimization of electro-optic effects. This work also demonstrates the connection between

the prand An in the RTIL, induced by the surface charge.
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SUMMARY

Room temperature ionic liquids (RTILs) have found wide range of applications because of
properties that are anomalous when compared to conventional solvents. Understanding the
molecular-scale dynamics and interactions that are responsible for these properties is the key to
utilize this family of materials most effectively.

We report on the induced free charge density gradients (py) in different RTILs. The
fluorescence anisotropy decay of a trace-level charged chromophore in the RTIL is measured as a
function of distance from the positively charged indium-doped tin oxide (ITO) support surface to
probe pr. We characterize the structure-dependence of this induced long-range organization in
RTILs and evaluate the magnitude of the gradient pr This gradient is found to depend sensitively
on the identities of the RTIL constituents. The magnitude of pr increases with increasing
imidazolium cation aliphatic chain length and is greater for the RTIL with
bis(trifluoromethylsulfonyl)imide (TFSI") anion than that of the RTIL with tetrafluoroborate
(BF4) anion.

We also characterize pr for different pyrrolidinium ionic liquids and compare the results to
those seen for imidazolium ionic liquids. We find that the magnitude of ps depends primarily on
the cation aliphatic chain length and differs little with the identity of the charge-carrying cation
headgroup. Animplication of these findings is that local organization in the RTILs that is mediated
by the nonpolar constituents of the cations plays a significant role in the ability of these systems
to support a charge density gradient over macroscopic distances. Understanding how this gradient
depends on RTIL constituent identity provides insight into which intermolecular interactions
mediate the effect and help to determine the range of utility for this effect, with such knowledge,

we can design the systems with specific, predetermined properties.
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In order to explore the potential application of psin RTILs, we relate pr to the dielectric
response. We establish experimentally the relationship between surface charge-induced prand
change in refractive index () in the RTIL. We design a RTIL sample holder that is in the shape
of a plano-convex lens, with the curved inner surface of the lens being coated with ITO, an
optically transparent conductor. The surface charge density (o,) of the RTIL support is controlled
by the current passed through the ITO film. The farfield image of light passed through the RTIL
lens as a function of oy is used to measure the charge-induced changes in n of the RTIL. We
demonstrate the existence of charge-induced refractive index gradient and birefringence in RTILs,
and suggest the utility of RTILs as novel electro-optic materials. This work also provides a probe-
free means of evaluating pr and demonstrates a simple way to characterize the polarizability of
RTILs. We also examine the cation structure-dependence of the charge-induced change in n. The
magnitude of An is found to depend on the RTIL cation aliphatic chain length, providing essential
information for design of RTIL constituents for the optimization of electro-optic effects. This
work also demonstrates the connection between the prand An in the RTIL, induced by the surface
charge.

Our focus has been on understanding the surface charge-induced free charge density
gradients in RTILs, and our group continue to work to identify the commonality and connection
between various long-range phenomena seen in RTILs. Making such connections will improve the
understanding of the long-range organization in RTILs and lead to more effective utilization of

these materials.
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