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ABSTRACT

The static dielectric constant of an ionic liquid is not measurable by conven-
tional methods because the samples are largely short-circuited by their intrin-
sic electrical conductance. It is, however, possible to determine this quantity
by recording the frequency-dependent dielectric dispersion curve in the micro-
wave regime, followed by extrapolation to quasi-static conditions. This review
compiles the information on static dielectric constants available from such
experiments, and discusses trends in the cation and anion dependence. The
results classify most aprotic ionic liquids as moderately polar solvents with
dielectric constants of the order of ¢ = 10-12; protic ionic liquids, however,
exhibit much higher values.

9.1 INTRODUCTION

Many innovative applications of ionic liquids benefit from the possibility of
optimising their solvent properties by cation and anion variation [1-3]. Such
modifications can dramatically affect the outcome and rate of chemical reac-
tions. An understanding of these phenomena requires the characterisation and
understanding of solvation, solvation dynamics, and their effects on reactants
and transition states. The frequency-dependent dielectric response and its
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zero-frequency limit—the relative static dielectric permittivity or “static
dielectric constant” —reveal important facets of these properties [4, 5].

The dielectric response can be probed by dielectric relaxation spectroscopy
(DRS), which measures the response of the dielectric polarisation of a sample
to an electric field [6, 7]. In uncharged volatile organic compounds (VOCs),
dielectric relaxation is driven by rotational motions of dipolar species, hence-
forth briefly denoted as “dipolar” processes. In electrically conducting systems,
the dielectric response is also affected by translational motions of the charged
species, henceforth denoted as “ionic” processes. In the case of complex ions,
which possess an electric dipole moment, the dielectric response is partly
dipolar and partly ionic.

In the case of VOCs and ionic liquids of low viscosity, a large portion of the
dipolar and ionic dynamics driving dielectric relaxation occurs on the nano-
second to sub-picosecond timescale, which corresponds to the microwave and
far-infrared (FIR) regions of the dielectric spectrum. While the microwave
region is captured by well-established experimental techniques [6], FIR
methods are currently only available in a few specialised laboratories.

The range of broadband microwave spectra roughly extends from 1 MHz
to several tens of gigahertz. The location of the dielectric modes in this regime
usually depends on the viscosity 7 of the sample. Because high viscosities form
barriers for most applications, interest usually focusses on low-viscosity ionic
liquids [1-3]. For low-viscosity VOCs at ambient conditions, 7 is typically of
the order of 1 mPa s (=1 cP), and the slowest component of dipolar dynamics
occurs on the timescale of a few picoseconds. Thus, the relevant dielectric
modes are usually centred at the upper edge of the microwave regime, say,
above 10 GHz. By contrast, under ambient conditions, the lowest viscosities
of ionic liquids are of the order of several tens of mPa s [1, 3], which is one to
two orders of magnitude higher than the viscosities of simple VOCs. Accord-
ingly, modes in ionic liquids are shifted to lower frequencies.

Although the basic DRS techniques are the same for VOCs and ionic
liquids, two features render applications to ionic liquids particularly difficult
[4, 5]: first, the direct current (DC) electrical conductivity contributes to the
dielectric spectrum and superimposes upon the processes of interest. Second,
conducting samples give rise to polarisations at the interface between the
liquid and the sample cell, usually called “electrode polarisations.” Both effects
rapidly increase with decreasing frequency, obscuring low-frequency spectra
[4, 5, 8]. Despite these aberrant perturbations, DRS has for a long time pro-
vided unique information on the structure and dynamics of conducting elec-
trolyte solutions [5]. We have shown in a pilot study of ethylammonium nitrate
[9] that DRS can be beneficially applied to ionic liquids as well.

As a particularly interesting aspect, the low-frequency tail of the dielectric
spectrum of an ionic liquid provides experimental access to its static dielectric
constant, € [10, 11]. For conducting media, standard capacitance methods for
determining ¢ fail because the ionic liquid short-circuits the sample cell. If a
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sufficiently large segment of the frequency-dependent dielectric response is
covered, ¢ can be determined by zero-frequency extrapolation [10].

This overview spotlights the achievements made so far in characterising and
understanding dielectric properties of ionic liquids, and on the challenges
remaining, with a major focus on studies from the author’s laboratory.

9.2 A GLANCE AT DIELECTRIC THEORY OF ELECTRICALLY
CONDUCTING SYSTEMS

For VOCs, the interpretation of dielectric spectra benefits from experience
over many years [7], and the outcomes of experiments usually match quite
well with intuition. The dielectric behaviour of ionic liquids is more subtle. To
avoid misconceptions, such as the belief that the static dielectric constant of
an ionic liquid is infinite [12], a glance at the dielectric theory of electrically
conducting systems is mandatory before discussing the dielectric properties of
ionic liquids in detail.

DRS measures the interaction of a sample with an oscillating, low-amplitude
electric field. The field-induced dielectric polarisation reflects the fluctuation
of the total, that is, macroscopic electric dipole moment, M(¢), of the sample
(bold quantities denote vectors). The fluctuations of M(¢) can be of different
origins:

1. In VOCs, M(¢) fluctuates due to orientational motions of the molecular
dipoles, while translational motions do not contribute directly. Note that
there are indirect translational contributions because collision-induced
and interaction-induced high-frequency contributions will affect the mac-
roscopic electric dipole moment. These features render DRS as a key
method for studying the orientational dynamics of VOCs [7, 13]. The
results are readily described in terms of a frequency-dependent dielectric
permittivity.

2. In simple molten salts, such as NaCl, the individual ions lack a perma-
nent electric dipole moment, so that orientational polarisation is absent.
In the case of charged species, translational dynamics, however, affect
M(¢), leading to a frequency-dependent electrical conductivity [14].
Moreover, one expects interaction-induced high-frequency contributions
to M(¢).

3. Ionic liquids with dipolar ions share properties of VOCs and simple
molten salts; that is, relaxation is partly dipolar and partly ionic [15].

Because the dielectric modes lack specificity to these mechanisms, their
correct assignment is highly challenging. Molecular dynamics (MD) simula-
tions can assist interpretation, but adequate simulations are still scarce [15-18].
Dielectric theory [6, 7] starts with Maxwell’s equations, which have to be
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supplemented by materials equations, namely the frequency-dependent rela-
tive dielectric permittivity, Equation (9.1),

e'(W)=¢/(v)—ig(v) (> =-1), (9.1)
and the frequency-dependent electrical conductivity, Equation (9.2),
k'(v)=r'(v)—ik"(v). (9.2)

The real parts of the two quantities reflect the in-phase response of the sample
to the oscillating field; the imaginary parts reflect the out-of-phase response.
At finite frequencies, the dipolar and ionic contributions, x*(v) and £*(v), are
coupled and merge to a generalised dielectric function, Equation (9.3),

) =X (w)-ix"(v). (9.3)

Experiments probe the propagation of electromagnetic waves in the sample,
which can be expressed in terms of ¥*(v). The real part, ¥/(v), of the complex
dielectric function is denoted as dielectric dispersion.In essence, /() indicates
how far the sample polarisation is able to follow the oscillating field. The
imaginary part, ¥/(v), denoted as dielectric loss, reflects the absorption of
electromagnetic radiation by the sample. Dispersion and loss are linked through
the Kramers—Kronig relation [6, 7]. In principle, therefore, it is possible to
obtain the complete information either from the dispersion curve ¥'(v) or from
the loss signal >X”(v). However, for reasons of experimental accuracy, it is often
preferable to synchronously record and analyse both ¥'(v) and X"(v).

At zero-frequency, £*#(0) and x*(0) become decoupled, and are real quanti-
ties. The latter property enables the definition of the static dielectric constant
in terms of the zero-frequency limit, Equation (9.4),

e (0)=X(0)=¢, (9.4)

of the dispersion curve [6, 7]. The corresponding zero-frequency limit of the
conductivity, Equation Equation (9.5),

£"(0) = k'(0) = kpc, (9.5)

yields the DC conductivity, which is measurable by standard conductance
methods. Because xpc is independently measurable, it is convenient to decom-
pose k*(v) according to Equation (9.6):

k' (V) = Kpc + Kex (V). (9.6)

The excess term, s, (), captures all the frequency-dependent contributions to
the conductance. This separation yields the working Equation (9.7) [6]:
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Y'(v)=¢'(v)—ie"(v) — ikpc/2mre. (9.7)

In the limit v — 0, the v '-dependent term in Equation (9.7), called Ohmic
loss, causes the measured imaginary part %”(v) to diverge. ¢, is the permittivity
of the vacuum. The Ohmic loss can be experimentally corrected for because
kpc 1s independently measurable. Alternatively, it can be extracted from the
low-frequency branch of ¥”(v), where only the v '-dependent contribution
survives.

The non-divergent parts, e’(v) and ”(v), in Equation (9.7) are of the form
defined in Equations (9.8):

e'(v) =€l (v)—irl (v)2mve, (9.8a)
and
e"(v) = e/(v) —irk (V) 27ve,. (9.8b)

Despite the conductance correction in Equation (9.7), the residual terms in
Equation (9.8a) and Equation (9.8b) still involve conductance contributions
that are related to frequency-dependent deviations from the DC conductance,
usually denoted as conductance dispersion. To a first approximation, it is
often assumed that in the megahertz/gigahertz regime, the conductivity is a
frequency-independent constant equal to xpc. In the latter case, the real
part, ¥/(v) =~ ¢/(v), and the conductance-corrected imaginary part, £”(v) =~
Y"(v) — kpc/2mvey, involve only dipolar contributions.

It is mandatory to note alternative, but fully interchangeable, representa-
tions of the experimental spectra in terms of the complex conductivity, Equa-
tion (9.9),

k' (v) = i2mvee” (v), (9.9)

or in terms of the dielectric modulus, defined as the inverse permittivity [19],
Equation (9.10),

M (v)=1/"(v). (9.10)

These representations are widely used for describing relaxation in solid and
glassy ionic conductors [6, 20]. In the latter case, the permittivity £*(v) and, in
particular, its real part, ¢’(v), are seldom considered, although they can shed
light on interesting facets of the data not captured by the alternative repre-
sentations [21]. The preference of the permittivity formalism in most studies
of low-viscosity ionic liquids is founded in the key role ascribed to dipolar, as
opposed to ionic, relaxation mechanisms in the microwave regime [4, 5]. In a
few cases, the conductance [22, 23] and modulus representations [24] have
been applied to ionic liquids as well.

In concluding this theoretical digression, some key features may be
pinpointed:
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1. By contrast to VOCs on the one hand, and simple molten salts on the
other, the dielectric response of an ionic liquid has both dipolar and ionic
components.

2. In the limit of ¥ — 0, the measured imaginary part, >”(v), of the complex
dielectric function shows a divergence founded in the contribution from
the DC conductivity. This divergence can be removed by correction for
the Ohmic loss, but the corrected spectrum is still affected by conduc-
tance dispersion.

3. The real part, ¥'(v), is not affected by the DC conductivity and is non-
divergent. Because the static dielectric constant is defined by the zero-
frequency limit of ¥/(v), it is well defined and finite, while in VOCs only
dipolar processes contribute to ¢, for a conducting liquid € involves ionic
contributions.

9.3 PHENOMENOLOGICAL DESCRIPTION OF DIELECTRIC
SPECTRA OF IONIC LIQUIDS

9.3.1 Microwave Spectra

The vast majority of DRS studies concern the microwave regime, where
experimental methods are well established and now largely benefit from
general progress in measurement technology. Above all, the availability of
vectorial network analysers up to several tens of gigahertz facilitates methods
such as the coaxial reflection technique, applied by us [4]. Although the
experimental methods are the same for VOCs and ionic liquids, the Ohmic
loss and electrode polarisation render dielectric studies of conducting ionic
liquids challenging.

As a prototypical example for low-viscosity ionic liquids [4, 25-29], Figure
9.1 shows the measured real and imaginary parts of the complex permittivity
of [C,mim][OTf] at 25°C [30]. Visual inspection of 3X"(v) reveals the v~ diver-
gence of the Ohmic loss. Distinct relaxation processes only become visible in
the conductance-corrected spectrum, ¢”(v) = ¥"(v) — kpc/2wve,. At low fre-
quencies, €”(v) is a very small fraction of ¥”(v), thus imposing a low-frequency
limit for an accurate extraction of ”(v).

In the simplest case, dielectric relaxation is exponential in the time domain,
as for example predicted by the well-known Debye model of diffusive reori-
entational dynamics. Exponential relaxation is commonly denoted as the
“Debye process” [6, 7]. Fourier—Laplace transformation of an exponential
relaxation process in the time domain leads to a Lorentzian spectral shape of
the corresponding permittivity contribution in the frequency domain, Ae*(v),
which is characterised by the relaxation amplitude S and the Debye relaxation
time 7, Equation (9.11),

Ae'(v) = SI(1+i2mvTp). (9.11)
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Figure 9.1 Real part (dielectric dispersion) ¢'(v), total imaginary part (dielectric loss)
>"(v), and conductance-corrected imaginary part £”(v) = ¥"(v) — kpcf2mve, of the
frequency-dependent complex dielectric function of [C,mim][OTf] at 25°C. The
increase in ¢'(v) at low frequencies relative to the dashed line reflects the onset of
electrode polarisation effects.
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However, compared with the predictions from Equation (9.11), the decay of
¢’(v) and the loss signal ”(v) are largely broadened. For low-viscosity VOC:s,
such a broadening is not typical.

Another special feature of dielectric spectra of ionic liquids concerns
the existence of pronounced high-frequency processes. For v — oo, the
intermolecular dynamics ceases, but dielectric dispersion is still affected by
non-relaxing intramolecular contributions, mainly due to ion polarisability.
Izgorodina et al. [31] have shown that calculated ion polarisabilities correlate
well with the optical refractive index of the sample, n, so that in case of ionic
liquids, the polarisability contribution does not differ substantially from that
of VOCs.

In most VOC:s, high-frequency extrapolation of the measured dispersion
curves ¢'(v) yields a high-frequency limit of ¢, = n* = 2, as predicted by the
Maxwell relation [7]. By contrast, microwave spectra of ionic liquids usually
extrapolate to values well above n® [4, 9, 25-27]. The difference ¢, — n’
indicates that microwave experiments do not capture the complete intermo-
lecular dynamics, presumably due to processes in the terahertz regime. This
conjecture [9] is now well confirmed by experiments in the terahertz regime
[32-37]. Taken together, microwave spectra of ionic liquids are rationalised
by a broad low-frequency mode, superimposed by weak wings of terahertz
processes, and in some cases by weak modes at intermediate frequencies.

In analogy to well-established procedures for describing spectral broaden-
ings in viscous VOCs [6, 7, 13], in initial work on ionic liquids [4, 5] it was
tempting to parameterise the low-frequency mode by an asymmetrical dis-
tribution of relaxation times, adopting the Cole-Davidson (CD) model [6, 7,
13]. There is, however, mounting evidence [27, 33] that, after proper correc-
tion for high-frequency processes, a symmetrical distribution of relaxation
times according to the Cole-Cole (CC) model [6, 7 13] is more apt. The CC
function, Equation (9.12),

Ae'(v) = SI{1+ (2mvr)' ), (9.12)

implies a symmetrical broadening of the Lorentzian signal characterised by an
exponent 0 < a < 1. In the Debye limit, « = 0. Such a spectral shape is mainly
suggested by a comparative analysis of dielectric and optical Kerr effect
(OKE) spectra [27, 33].

There are other approaches for spectral parameterisation of broadened
processes. Non-exponential relaxation in the time domain is often described
by the Kohlrausch-Williams-Watts (KWW) stretched exponential function [6,
7,.13]. The KWW function has, for example, been used for representing time-
dependent relaxation functions of ionic liquids deduced from MD simulations
[16,38]. Unfortunately, it does not possess an analytical Fourier—Laplace trans-
form, which complicates the analysis of spectra in the frequency domain. For
ionic liquids, correlations of the KWW parameters with those of the CC/CD
distributions were considered by Schroder and Steinhauser [38].
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Some comments on the chosen parameterisation are mandatory:

1. Because both the CD and CC models are empirical, their application is
neither founded in theory nor does the spectral shape guide molecular
interpretation.

2. The statistical quality of the CC and CD fits does not allow a clear-cut
conclusion in favour of one of the models [27]. The rationale is founded
in the fact that the wings of high-frequency processes obscure the spectral
shapes.

3. The change in parameterisation indicates the importance of low-
frequency contributions that are not accounted for by the CD model,
which approaches Debye behaviour at the low-frequency side. It is likely
that these long-time processes are founded in the micro-heterogeneous
structure of the ionic liquids [33].

4. The two models exhibit different asymptotic behaviour as v — 0. As an
aberrant consequence, some reported dielectric constants need re-
evaluation.

9.3.2 Terahertz Spectra

Only a few groups have so far studied the sub-picosecond part of the dielectric
response. Sub-picosecond dynamics can be probed by conventional FIR spec-
troscopy [36, 37], but the experimental capabilities now greatly benefit from
advances in femtosecond laser pulse technology [39], which permit probing of
the femtosecond dielectric response by terahertz time domain spectroscopy
(TDS) [32-35].

The terahertz spectra exhibit a wide range of behaviour. As an example,
Figure 9.2 shows the conductance-corrected dielectric loss spectrum of ethyl-
ammonium nitrate, where a strong microwave process [9] is supplemented by
a mode near 1.7THz [35]. At higher frequencies, FIR spectra identify further
processes [35, 37]. The comparatively simple spectrum contrasts, for example,
to the spectrum of [C,mim][BF,], where many overlapping relaxation pro-
cesses render the dielectric loss remarkably persistent up to the terahertz
regime [5, 32].

9.4 MOLECULAR PROCESSES AFFECTING THE DIELECTRIC
RESPONSE

9.4.1 Dipolar Processes

Depending on the timescale, the dielectric response of an ionic liquid can be
driven by dipolar as well as ionic mechanisms. The lack of specificity to these
mechanisms renders the assignment of the dielectric modes difficult. Interpre-
tations typically resort to general knowledge about the structure and dynamics
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Figure 9.2 The “complete” conductance-corrected dielectric loss spectrum ¢”(v) of
ethylammonium nitrate at 25°C constructed from microwave [9] and terahertz-TDS
data [35]. The spectrum is deconvoluted into a broad-end low-frequency process and a
high-frequency process. The low-frequency process is fitted by a symmetrical CC relax-
ation time distribution. The high-frequency process is fitted by a damped harmonic
oscillator.

of ionic liquids [1-3], specifically designed MD simulations [15-18], compari-
son with other spectroscopic data [28, 33, 40], and long-standing experience
on dielectric processes in VOCs [7] and electrolyte solutions [5].

On very short timescales, dipolar processes are founded in the librational
dynamics of the molecular ions. The spectral assignment of terahertz modes
to librational processes is, however, difficult because a multitude of (transla-
tional) intermolecular vibrations of the ions in the cage of their neighbours
can contribute to the same spectral region. Compared with these intermolecu-
lar vibrations, contributions of librational motions to the dielectric spectrum
seem less relevant.

There is consensus that the dominant mode in the megahertz/gigahertz
regime mainly reflects the co-operative reorientation of dipolar cations [4,
25-29], as confirmed by comparison with magnetic relaxation data [28, 40],
OKE spectra [33],and MD simulations [16-18]. At a first glance, this dominant
mode resembles the reorientational relaxation of dipolar species in VOCs, but
some observations make a strong case against a detailed analogy:

+ Comparison of dielectric and OKE spectra [33] indicates that cation
reorientation occurs via large-angle jumps.

+ Hydrodynamic approaches, which successfully describe dipole reorienta-
tion in VOC:s, fail to rationalise the observed rotational modes in ionic
liquids [4, 27, 41], although they reasonably account for translational dif-
fusion of the ions [42, 43].
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+ For VOCs, non-exponential relaxation is usually observed in viscous and
glassy states, where it signals relaxation in a spatially heterogeneous envi-
ronment. In ionic liquids, non-exponential relaxation also occurs in low-
viscosity systems.

In ionic liquids, non-exponential relaxation seems to reflect spatial hetero-
geneity resulting from the existence of meso-scale hydrophilic and hydropho-
bic domains in the ionic liquid structure [1-3]. The existence of such domains
is key to the highly amphiphilic properties of ionic liquids, which can, for
example, incorporate apolar molecules in hydrophobic domains and polar
molecules in hydrophilic domains. By variation of the hydrophobic side chains
of 1,3-dialkylimidazolium ionic liquids, Mizoshiri et al. [29] have estimated the
local dielectric constant of hydrophilic domains in aprotic ionic liquids to be
of the order of ¢ = 20, and that of hydrophobic domains to be of the order of
€=25.

It is an open question how far these heterogeneous structures are related
to the observed jump reorientation and to the failure of hydrodynamic
approaches for ion reorientation. In low-viscosity VOCs, the low-frequency
modes normally reflect small-angle diffusive reorientation and are well
described by hydrodynamic approaches.

The failure of hydrodynamic models was noted in several papers [4, 26,
27] and recently studied in detail for ionic liquids containing the
tetra(hexafluoroisopropoxy)aluminate(III) ([Al(hfip),]”) anion [41]. Because
the viscosities of [Al(hfip),]~ ionic liquids are low, and cation modification
does not substantially change the viscosity [44], this novel class of ionic
liquids provides excellent candidates for testing hydrodynamic theories.

Hydrodynamics links the single-particle reorientation time 7,,, of a particle
at temperature 7 to the bulk viscosity 7 of the surrounding medium, resulting
in the well-known Stokes-Einstein—-Debye (SED) equation, and its descen-
dants [45]:

Trot = 3Vernf TksT, (9.13)

where Vg is the effective (“hydrodynamic”) volume of the rotating particle,
kg is the Boltzmann constant, and fis a coupling factor that accounts for the
hydrodynamic boundary conditions at the surface of the rotating particle. The
effective volumes, Vi, obtained from the dielectric relaxation times (after cor-
rection for co-operative effects) are at least two orders of magnitude smaller
than the geometric volumes of the cations [41]. NMR relaxation data [40] show
that this failure is founded in the rotational dynamics of the cations, and not
special to dielectric relaxation. Instead of discussing this effect in terms of the
anomalously small volume, it could also be seen as a local viscosity that is
much smaller than that of the bulk. The results imply an almost frictionless
cation reorientation, which is consistent with the meso-structure, and may be
related to ion reorientation by large-angle jumps.
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Spectral contributions by dipolar anions are far more difficult to assess.
Halide ions and anions of high molecular symmetry, such as [BF,]” or [PF4]",
are dielectrically inactive. Other dipolar anions result in unexpectedly weak
dielectric modes, if these are detectable at all [4, 5]. An example is [C,mim]
[OTI], where a weak mode at the upper edge of the spectrum in Figure 9.1
accounts, at least in part, for the asymmetric shape of the loss curve ¢”(v) [30].

Notable exceptions are alkyl sulfates such as [C,mim][C,Hs;SO,], which
exhibit unusually high static dielectric constants [11]. Spectral analysis shows
that these are caused by a strong mode near 10 GHz, which is not present in
other ionic liquids [46]. While it seems inescapable to attribute this mode to
anion reorientation, the fast relaxation and the low amplitudes of anion con-
tributions in other ionic liquids are not clear.

Other candidates for dipolar relaxation are long-lived ion pairs (and higher
dipolar ion clusters). Ion pairing in ionic liquids is a much debated issue [1-3].
By analysis of the conductance—ion diffusion relationship, Watanabe and
coworkers [42, 43] have concluded that a notable fraction of ions contribute
to mass transport, but not to charge transport, as is expected for cations and
anions forming neutral ion pairs

In dielectric spectra, ion pairs should reveal themselves by intense modes
because oppositely charged ions at contact give rise to very high electric dipole
moments. [on-pair modes are well documented for salts in solvents of low and
moderate polarity, and make DRS a powerful tool for ion-pair spectroscopy
[5,47 48]. By contrast, there is no evidence for such modes in neat ionic liquids
[4,5]. Obviously, cation—anion configurations, which cause the observed reduc-
tion in the conductance of neat ionic liquids, do not survive on the timescale
of molecular reorientation, signalling lifetimes of less than ~10ps. Ion-pair
modes have, however, indeed been identified on short timescales in the tera-
hertz regime [36]. There is also no convincing evidence for contributions of
larger ion clusters. Note that such aggregates are dielectrically invisible, if the
ions are involved in symmetric clusters with low or vanishing total electric
dipole moments.

9.4.2 Ionic Processes

Ionic contributions to the dielectric response may result from ion migration,
as reflected by the frequency-dependent electrical conductivity x*(v). As
expanded upon in detail in the theoretical section (Section 9.2), it is convenient
to separate k*(v) into the Ohmic loss due to the DC conductivity and
residual effects due to conductance dispersion. The latter phenomenon is little
understood. Its relevance depends on the time/frequency range under
consideration:

+ In the terahertz regime, translational processes due to intermolecular
vibrations of ions in the cage of their neighbours are well established.
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+ In the microwave (megahertz/gigahertz) region, experiments and simula-
tions do not decisively indicate conductance dispersion. If present, the
measured dielectric loss will capture these ionic contributions.

+ In the kilohertz regime and below, electrode polarisation has so far pre-
vented any decisive experiments.

The relevance of intermolecular vibrations for dielectric spectra is well
established by terahertz-TDS/FIR spectroscopy. An illustrative example is the
mode at 1.7THz in Figure 9.2, which was assigned to an intermolecular bending
vibration in the hydrogen-bonded network of [EtNH;][NOs] [35, 37]. More
complex spectra, for example, of [C;mim][BF,], obviously reflect a superposi-
tion of many vibrational modes [5, 33]. It seems that in the terahertz region,
dielectric spectra are highly specific to the ionic liquids, presumably due to the
sensitivity of the intermolecular vibrations to local ionic liquid structures. The
presence of these translational modes in the terahertz regime is confirmed by
computation [15, 17, 18, 36, 38]. In VOCs, intermolecular vibrations are dielec-
trically inactive, except for interaction-induced contributions in the terahertz
regime, which can be significant [7].

As noted earlier, relaxation in the microwave regime should mainly reflect
dipolar reorientation of the ions. It may, however, be speculated that the broad
modes also cover conductance dispersion. Nevertheless, it seems that to a first
approximation, the conductivity in the megahertz/gigahertz regime can be
treated as a frequency-independent constant equal to the DC conductivity. The
same conclusion can be drawn from simulated dielectric spectra of ionic liquids
[16]. For molten NaCl [17], where the dielectric response is purely ionic and
conductance dispersion is not superimposed by processes due to dipolar ions,
MD simulations by Song [17] also do not signal conductance dispersion in the
microwave regime [17].

Conductance dispersion in the megahertz/gigahertz or sub-megahertz
region may be expected on grounds of the retarded response of the ionic
environment to the motion of a central ion. This effect, occasionally denoted
as “space charge polarisation” [12], resembles the ion cloud relaxation pre-
dicted in the case of dilute electrolyte solutions by Debye and Falkenhagen
(DF), as early as in 1928 [49]. Meanwhile, DF theory has been extended to
concentrated solutions [50, 51]. Debye and Falkenhagen have conjectured that,
in an electric field, the Debye-Hiickel (DH) ion cloud cannot follow immedi-
ately a moving ion and becomes asymmetric, which retards the motion of the
ion. In an oscillating electric field, this effect depends on frequency.

Ion cloud relaxation is experimentally well established for solutions of
multiply charged macro-ions, such as polyelectrolytes like DNA, where it gives
rise to a strong mode in the kilohertz region [52, 53]. Ion cloud relaxation of
much lower magnitude —and located in the megahertz regime (~25MHz)—
has been observed in the case of ionic micelles [54, 55]. In electrolyte solutions,
such as NaCl—H,O, ion cloud relaxation is theoretically expected in the
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megahertz/gigahertz regime, but it is fair to say that the reported evidence is
very weak [56-58], presumably due to very low amplitudes in systems of low
nett charge.

The predictive power of these results for neat ionic liquids is very limited.
The concept of a DH-type ion cloud implies a monotonously decreasing charge
density of the counterions around a central ion, as opposed to the oscillating
charge density of charge-ordered layers of cations and anions in ionic liquids
[3]. There is a DF-type theory for dielectric processes in solid and glassy ion
conductors [59] that successfully rationalises conductance dispersion in terms
of the structural relaxation of the environment after the jump of an ion to a
different position [60]. It does not seem possible to infer from this theory the
magnitude and timescale of conductance processes in the fluid regime of ionic
liquids of low viscosity.

9.5 RELATION TO SOLVATION DYNAMICS

The characterisation and understanding of the dielectric response are crucial
for an understanding of the solvation dynamics of ionic liquids, which plays a
key role in reactions involving charge rearrangements. Solvation dynamics can
be probed by solvation spectroscopy (time-resolved fluorescence spectros-
copy), which uses solvatochromic dyes for observing the solvent reorganisa-
tion after excitation of the probe’s dipole moment by photons [18,61]. Solvation
dynamics should be closely related to the dielectric response.

Maroncelli’s group has used dielectric continuum theory for computing
solvation spectra of ionic liquids from dielectric spectra. By contrast to suc-
cessful calculations for VOCs, such models have failed for ionic liquids [62].
This shortcoming may be due to several reasons, such as the lack of knowledge
on the high-frequency (terahertz) portion of the spectra, limitations of con-
tinuum dielectric theory, or a different relevance of translational versus rota-
tional dynamics for the dielectric and solvation responses. Song [17] has
recently proposed a DH-type continuum model for ion concentrations up to
neat ionic liquids, which offers the prospect of a better understanding of the
role of the dielectric response in charge-controlled chemical reactions.

9.6 THE STATIC DIELECTRIC CONSTANT OF IONIC LIQUIDS

Dielectric relaxation spectroscopy is especially useful for determining static
dielectric constants of conducting liquids [10, 11]. For VOCs, the prominent
role of ¢ for assessing and modelling solvent properties is well recognised. The
definition of € in terms of the zero-frequency limit of the frequency-dependent
dielectric dispersion curve yields a recipe for determining ¢ of conducting
liquids, where conventional capacitance methods fail. Because ¢ is the sum of
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TABLE 9.1 Reported Experimental Static Permittivities of [C,;mim][BF,]

Method Frequency € Reference
DRS 200MHz-20 GHz 14.0 (11.7) [10]
DRS 200MHz-89 GHz 14.6 (12.2) [31]°
DRS 1MHz-20GHz 14.1 [28]
Terahertz-TDS 100-1200 GHz 6.7 [37]
Waveguide 2.45GHz 8.7 [62]
Voltammetry 50kHz 68.89 [63]
Capacitance 1-3MHz 1600 [64]

“ Recalculated from Reference 16.

the amplitudes of all contributing dielectric modes, in contrast to most other
polarity probes, one can trace the mechanisms of the underlying processes.
Such procedures have been exploited for more than 50 years for characterising
static dielectric constants of electrolyte solutions, as, for example, documented
in the 1973 monograph by Hasted [63].

For obvious reasons, static dielectric constants of ionic liquids measured by
DRS are at least by an order of magnitude less accurate than data for VOCs
obtained by conventional methods. Table 9.1 compares ¢ values for [Cymim]
[BF,] at, or near, 25°C. To obtain a common basis, DRS results in earlier
studies have been re-extrapolated in terms of the CC model. On this common
basis, the results of three independent DRS experiments [10, 28, 32] agree to
within 4%. By comparison, extrapolation of ¢ from terahertz-TDS data [34]
does not capture the complete dielectric response. A single-point experiment
at 2.45 GHz [64] does not reflect static conditions. Voltammetry [65] and capac-
itance measurements [66] have also yielded unreliable results.

As a matter of concern, in DRS experiments, “static” refers to processes on
the nanosecond timescale. Even in the most favourable case, where the disper-
sion curve was not perturbed by electrode polarisation down to 3MHz [9],
static conditions only refer to processes on a timescale shorter than 100ns.
While the absence of slower dynamics seems plausible for rotational motions,
low-frequency translational contributions due to conductance dispersion
cannot be excluded a priori.

The challenge is to discriminate electrode polarisation effects from sample-
specific low-frequency conductance dispersion. Electrode polarisation is appa-
ratus specific and can be identified (and sometimes reduced) by choosing a
suitable geometry and material of the sample cell. While in some experiments
electrode polarisation was observed at 100MHz or even beyond (see also
Figure 9.1) [4, 5], experiments by Nakamura and Shikata imply a lower bound
for meaningful spectra of 20MHz [28]. Input impedance measurements with
a special sample cell enabled us to record the dielectric spectrum of [EtNH;]
[NO;] to 3MHz without interference from electrode polarisation [9]. These
experiments do not provide evidence that processes in low-viscosity ionic
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liquids at the lower edge of the microwave regime are overlooked in experi-
ments above 100 MHz.

The situation is different in the kilohertz region and below, where electrode
polarisation rapidly increases with decreasing frequency. For example, in
impedance measurements extending below the kilohertz regime, electrode
polarisation has exceeded the sample-specific modes by up to five orders of
magnitude [8]. The resulting dramatic increase in the dispersion curve should
not be confused [12] with generic dielectric processes in ionic liquids. Perhaps
temperature variation, as performed by Kremer’s group [22, 23], can create
conditions where conductance effects can be distinguished from systematic
and spurious effects due to electrode polarisation.

Disregarding the speculations about low-frequency ionic processes, Table
9.2, Table 9.3, and Table 9.4 summarise static dielectric constants extrapolated
by the CC model [67], superseding values published in earlier work [11]. Typi-
cally, the corrected values exceed earlier results extracted by the CD model
[4, 10, 11, 26] by 10%, which does not alter the basic physical conclusions.

Table 9.2 and Table 9.3 show that, for some widely used aprotic ionic liquids
with weakly polar or non-polar anions such as [NTf,]~ or [BF,], the static
dielectric constants at 25°C exhibit moderate values of ¢ = 12—18. In these
cases, the main contribution to ¢ results from the dipolar cations. lonic liquids
with higher dielectric constants can be designed by using highly polar anions,
such as [C,HsSO,]~ (Table 9.3) [11, 46].

For protic ionic liquids based on monoalkylammonium, [RNH;]", ions, ¢
shows moderate increases relative to aprotic ionic liquids. On the other hand,
hydroxy-functionalisation of alkyl chains can lead to dramatic increases in ¢,
as seen by comparison of results for ethylammonium ionic liquids with results
for 2-hydroxyethylammonium ionic liquids in Table 9.4. The high static dielec-

TABLE 9.2 Cation Dependence of the
Static Dielectric Constants of Aprotic Ionic
Liquids at 25°C, Exemplified by Salts with
Bis{(trifluoromethyl)sulfonyl}amide
(INTf,]7) as a Common Anion

Cation €
[C,mim]* 12.0, 12.3°
[Csmim]* 13.3¢
[Cymim]* 14.0,/ 13.7°
[Csmim]* 15.0°
[Cipy]* 15.2¢
[Cympyr]* 14.7¢

“ Reference 30, data recalculated from spectra in
Reference 4.
» Reference 28.
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TABLE 9.3 Anion Dependence of the Static
Dielectric Constants of Aprotic Ionic Liquids
at 25 °C, Exemplified by Salts With [C,mim]*
as a Common Cation

Anion €
[N(CN),]~ 11.7¢
[NTL,]~ 12.0,0 12.3¢
[BF,]~ 14.5," 13.6¢
[SCN]~ 13.7%
[OTf]~ 16.5°
[C.H,SO;] 30.0”
[CHsSOs] 35.0, 35.5¢

“ Reference 27.
b Reference 30.
¢ Reference 28.
¢ Reference 46.

TABLE 9.4 Static Dielectric Constants of Some
Protic Ionic Liquids at 25°C [30]

Ionic liquid €

[C,H;NH;][NO;] 26.2
[C,H;NH;][HCO,) 315
[CsHNH;][HCO,] 23.0
[HOC,H,NH;][NO;] 60.9
[HOC,H,NH;][HCO,] 61.0
[HOC,H,NH;][lac] 85.6

Reference 30; part of the data supersede values quoted in
Reference 68.

tric constants of 2-hydroxyethylammonium ionic liquids resemble the high
values observed for water or strongly hydrogen-bonded VOCs, such as amides,
where dipole correlations cause a pronounced increase in ¢ [7].

The dielectric constant is an important measure of the solvation capability,
which may be compared with results deduced from other polarity probes. Well-
known polarity probes are, for example, UV-Vis and fluorescence spectra of
solvatochromic dyes, liquid-liquid distribution coefficients, inverse gas chro-
matography, and solvent effects on certain chemical reactions [69]. These
probes reflect different facets of the solute—solvent interactions. The resulting
empirical or semi-empirical polarity scales range from simple one-parameter
approaches to multi-parameter representations, for example, based on linear
free energy relationships [3, 11, 69, 70].
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Many polarity parameters for ionic liquids have been transcribed into effec-
tive dielectric constants using correlations between ¢ and other measures of
the polarity, which were established from data for VOCs. When the first experi-
mental values of the static dielectric constant of aprotic ionic liquids became
available [10], we immediately noted that these were lower than estimated
from most other polarity probes. The experimental values of the order of
¢ = 12—18 correspond to dielectric constants of alcohols of intermediate chain
length such as pentanol. Most other probes suggest values for ionic liquids of
the order of ¢ = 30—40, resembling those of polar VOCs such as methanol,
ethanenitrile, and dimethyl sulfoxide [11]. The difference results from the fact
that the static dielectric constant is a bulk property, while other polarity param-
eters reflect local probes, often purposely designed to map specific interactions
such as the hydrogen-bonding ability of the cation or anion. Obviously, the
dielectric constants do not correlate with these parameters.

One of the challenges is to relate the static dielectric constant to the molec-
ular dipole moments of the ions. The static dielectric constant, or more accu-
rately the sum of the amplitudes of the dipolar contributions, is related to the
mean square fluctuation (M?) of the total electric dipole moment M(¢) of the
sample. (M) can be broken down into an effective molecular dipole moment.
Assuming, for simplicity, that only the cation contributes to the static dielec-
tric constant, as encountered in many cases, (M?) can be transcribed into an
effective molecular dipole moment g by the Kirkwood formula, Equation

(9.14) [7],
(M?) = N g = Ngxiis, (9.14)

where (i is the dipole moment of the isolated molecule and the Kirkwood
factor gk reflects orientational correlations of the dipoles. For VOCs, this type
of analysis has been performed in numerous cases [7].

Unfortunately, such procedures cannot be applied to ionic liquids in a
straightforward manner because the dipole moment of a charged particle is ill
defined [71]. It can be shown that the static dielectric constant and the mean
squared total electric dipole moment (M?) are invariant against the origin of
the atomic coordinates, but the molecular dipole moment i, and the Kirkwood
factor gx depend on the origin chosen [15]. It is therefore only possible to
calculate from ¢ an unambiguous value of the effective dipole moment. If one
applies standard procedures devised for VOCs, then one finds for aprotic ionic
liquids values of the order of per = 3-6D (1D = 3.3 x 10*Cm) [27], which
corresponds to highly dipolar VOCs. At a first glance, this seems to contradict
the observed low dielectric constants, but the low ¢ values just reflect the low
dipole densities caused by the large molar volumes of the bulky ions.

Again, there is no clear correlation of p.; with reported polarity parame-
ters. This finding is not surprising for those polarity probes that map specific
interactions such as the hydrogen-bonding (donating or accepting) ability
of the ions. However, there is also no clear correlation of . with values
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[70] for the semi-empirical Kamlet-Taft 7* parameter [72], which is said to
reflect the combined effect of electrostatic interactions and electronic
polarisability.

Finally, we mention yet another difference between ionic liquids and VOCs.
While, for VOCs, dielectric continuum theory provides a surprisingly good
representation of their solvation properties, it is often inadequate for assessing
solvation properties of ionic liquids on a quantitative level. A typical example
is the solvent effect on chemical reactions. Transition state theory yields an
expression for the rate constant in terms of two barriers, namely the intrinsic
reaction barrier, AG;,, and the solvent reorganisation barrier, AGZ,, [69]. The
latter is defined as the difference in free energy of solvation between the transi-
tion state and the reactants.

In a dielectric continuum approach, AGZ,, is given by the Born solvation
free energy, which depends on the static dielectric constant of the surrounding
medium through an expression of the general form (¢ — 1)/(e + 2) — (n* — 1)/
(n* + 2) [69]. Experimental static dielectric constants predict, for simple imid-
azolium salts, values of AG?, =~ 5—7 kJ-mol !, while experimental determina-

solv =
tions of AGY,, from fluorescence Stokes shift data yield AG,, =10—15kJ-mol '

solv

[73]; that is, electrostatics can account for only 30-50% of the solvent reor-
ganisation barrier.

9.7 CONCLUSIONS

In the microwave regime, the spectra of low-viscosity ionic liquids at 25°C
show quite common features. By contrast, terahertz spectra indicate a much
more specific behaviour, presumably because intermolecular vibrations are
highly specific to local interactions. The goal in writing this account has been
to spotlight these dielectric properties from the experimental perspective and
to highlight differences to dielectric properties of VOCs.

Although at ambient conditions the microwave portion of the dielectric
response is experimentally well characterised for many ionic liquids, funda-
mental questions remain. One pressing problem concerns the detailed origin
of the extraordinarily fast reorientation of the cations, and of the still faster
reorientation and low relaxation amplitudes exhibited by many anions. Another
challenge concerns the description of the dielectric response in terms of molec-
ular dipole moments because, for charged species, the electric dipole moment
cannot be defined in an unambiguous manner.

To complete the dielectric spectra of ionic liquids, it would be necessary to
extend the experiments at their low-frequency edge, say, below 1 MHz; however,
in this range, electrode polarisation and the high Ohmic loss so far have pre-
vented meaningful experiments. The question for processes at lower frequen-
cies is key to the extrapolation of the static dielectric constant of ionic liquids.
To the best of the present knowledge, there is no evidence for such contribu-
tions, so that the assumption of such processes is speculative.
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Space limitations have prompted us to limit the discussion to neat ionic
liquids of low viscosity near 25 °C. Exciting developments are expected from
an extension of DRS to a wider temperature range [32], which should also
provide a link to glassy dynamics [22-24]. For example, the temperature
dependence of the static dielectric constant needs accurate and systematic
characterisation. Another exciting perspective is founded in an extension of
DRS to mixtures between ionic liquids and VOCs, as some applications, such
as chemical reactions or separation processes, concern mixtures of ionic liquids
with VOCs [1-3, 48].

It seems that the proper characterisation and thorough understanding of
dielectric spectra of ionic liquids will keep experimentalists and theoreticians
busy for the foreseeable future.
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