8646

J. Phys. Chem. R001,105, 8646-8650

Dielectric Spectroscopy of the Room Temperature Molten Salt Ethylammonium Nitrate
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The complex permittivity of ethylammonium nitrate has been measured as a function of frequency between
3 MHz and 40 GHz at eight temperatures between 288.15 and 353.15 K. The spectra are well represented by
a sum of a conductivity term and a relaxation spectral function that reflects an unsymmetrical relaxation time
distribution. Parameter values are given for the E&avidson term and the KohlrausekVilliams—Watts

model. Molecular mechanisms in conformance with an unsymmetrical relaxation time distribution are discussed.
The dominant relaxation process with a relaxation frequency in the accessible range can be explained by the
formation of a small amount of dipolar ion complexes. The values for the extrapolated high-frequency
permittivity indicate a further relaxation process, well above the frequency range of measurements, which is
likely to reflect modes of motions of the cation and anion lattices relative to one another.

1. Introduction

Dielectric spectroscopy is one of the oldest techniques for

studying dynamical processes in liquidsd has frequently been
applied for monitoring dynamical phenomena in electrolyte

2. Experimental Section

We have measured the complex permittivity of a liquid
sample of EAN (melting point 287.3 K) which was synthesized
and dried as described elsewhér€he measurements were

solutions?=5 Here, we extend such measurements to fluid molten performed at frequencies= w/2x in the range between 3 MHz

salts of high electrical conductivity by studying dielectric

and 40 GHz and at temperatures between 288 and 353 K. The

behavior of the room temperature fused salt ethylammonium complex relative permittivitye* (v) is given a3 (i2 = —1)

nitrate (EAN) from the melting point at 287 K to 353 K. In the

context of designing new classes of solvents, room temperature

molten salts have recently become of major intefest.

EAN has occasionally been used as a sdlotesolvent in
solution chemistry. Its viscosity (35 cP at 26)° is typical for
many molten salts with low melting point8.The electrical
conductivity’ indicates the quite high dissociation. Nevertheless,

e*(v) =€) —i€'(v) =€, + Ae*(v) + oliegw (1)

€« 1S the high-frequency limit of the real part, associated with
electronic and atomic displacement polarizations, Aat{v)
= €*(v) — € is the frequency-dependent part of the complex
permittivity. The static permittivity (dielectric constardy is
defined as the zero-frequency limit of the real part, ke =

one expects some association due to hydrogen bonds betweea'(v—0) = ¢, + A€'(v—0). For conductive systems the

the ethylammonium cations and the nitrate iénslt has been

imaginary part shows a divergent low-frequency response

argued! that these hydrogen bonds are capable of inducing a proportional too/iegw, Whereo is the static (dc) conductivity

network structure which in some respects mimics the three-

dimensional hydrogen-bonded network of water.

Dielectric spectroscopy of fused salts in the fluid region is
an almost untouched field. The available work is limited to
highly viscous systems near their glass transittoResults for
more fluid systems include data for mixtures of Ca@jnd
KNO3'3 and the highly viscous room temperature fused salt tri-
n-octylmethylammonium chlorid®& Morabin and Tet® have
reported on the permittivity of molten alkali metal nitrates near

andeo denotes the electrical field constant.

Depending on the frequency range, the dielectric spectra were
recorded by four different techniques. All methods yield data
triples{¢' ,¢",v} of the real €') and imaginary{"') parts of the
complex permittivitye* = €' — i€"" at the frequency. At low
frequencies, 3 MHz v < 3 GHz, input impedance measure-
ments were performed at @mgen using a special sample cell
of the cutoff variety and a network analyzer systénm the
intermediate frequency range two techniques were employed.

600 K at a frequency near 10 Hz, taken as a measure for theThe method employed in Bochum at<lv < 20 GHz is based

static permittivity of such systems.

on the analysis of reflected wav&sA second technique applied

Theoretical work on the dielectric behavior of molten salts in Gottingen at 5.3< v < 18 GHz is based on a travelling
is scarce as well. Doucet et&lhave developed a framework wave method. The wave transmitted through liquid-filled
for treating the dielectric polarization of molten salts, but no circular waveguides was balanced against a reference wave, and
working equations were derived. Some theoretical scenariosthe interferometer signal was automatically recorded at varying
come from work on concentrated electrolyte solutfomsd on sample lengtB! From 18 to 40 GHz manually operated
relaxation processes in ionic glasses and supercooled lig-microwave bridges consisting of standard waveguide devices
uids1217.18 Before developing more adequate theories for were used?
dielectric relaxation in fluid molten salts, a detailed experimental ~ The experimental error in complex permittivity data depends
characterization seems mandatory. on the frequency and the method of measurement. In addition,
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Figure 1. Real part and negative imaginary part, excluding conductivity
contributions, of the complex permittivity spectrum of ethylammonium
nitrate at 298.15 K. Figure symbols indicate different methods of
measurements. The curves are graphs of the-odidson relaxation
spectral function with the parameter values given in Table 1.
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there are specific experimental difficulties in measurements with
highly conductive media, where the sample is largely short-
circuited by its high intrinsic conductivity. Because we employed
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o =0, 8 = 1) % the Cole-Cole tern?® (CC, 8 = 1), and the
Cole—Davidson terr’ (CD, o. = 0). It was found that the CD
term, which presumes an unsymmetrical relaxation time distri-
bution, nicely applies for the measured spectra (Figure 1). The
need for an unsymmetrical distribution function is obvious from
the asymmetric shape of the measuegtl) in Figure 1. The
pulse-response function belonging to the CD spectral function
is given by ¢cp = thn)%8

_1
ol (B)

with T" denoting the Gamma function. The parameters found
for the CD relaxation spectral function are collected in Table
1.

A double Debye term model turned out to be less appropriate
for the present spectra. A satisfactory description of the
measured permittivity data was, however, obtained with the
Hill2° (H) relaxation term, which is defined by the negative
imaginary part:

(i)f“ exp(-t7c)

Tep,

feo(t) = 4)

" €5 €,

- (1 + (wTH)ZS)(Wn)/ZS

(5)

The parameters, n, ands (0 < m, n, s< 1) determine the

different methods of measurements and different specimen cells,shape and width of the relaxation time distribution. Since the

systematic errors are unlikely to be unnoticed. For the total
permittivity €*, for most of the frequency range, the errors are
+0.5 for both the real and the imaginary part. At low
frequencies, where the conductivity contribution dominatés (
(eow) = 2 x 10* at 4 MHz and 298.15 K), the error is somewhat
larger. Hence also larger is the error in the remaining dielectric
contributioned” = € — ol(eow) of the negative imaginary part
of the permittivity after subtraction of the conductivity contribu-
tion (+£2, Figure 1).

3. Results

Permittivity Spectra. As a typical example of permittivity
spectra, Figure 1 shows results for the measdresd<’ data
at 298.15 K as a function of frequency. For simpliciy(w) is
corrected for the conductivity term. The data &) ande" (v)

were simultaneously parametrized, treating the static conductiv-

real part of the Hill spectral function is not available analytically,

it was calculated numerically, utilizing the Krameri€ronig

relations. The low-frequency branch of the Hill term is

determined by the parameter We found that choosingh =

1 well represents this branch, which implies that at low

frequencies the spectral function resembles a Debye term.

Correspondingly, we fixed this parametermat= 1 in all fits.
Another suitable relaxation function is based upon the

Kohlrausch-Williams—Watts approacl (KWW), for which

the pulse response function is defined as

P #)"_1 expl-(Ur)f] = — (D)t

Tkww (TKWW ©)

with the dielectric decay functiod®(t) given by a stretched
exponential

fraww () =

ity o as an adjustable parameter. Several relaxation spectral

functionsS*(v) = S(v) — S'(v) were examined. These functions

D(t) = exp[=(Urkww)’] (7)

were fitted to the measured data using a nonlinear Marquardt

algorithn?3 to minimize the reduced variance:
N s'(Vn) - EH(Vn) z

oe"(v,)

5 1

S(Vn) - 6'(Vn) 2
= +
N—P—-1&

Se"(v,)

)

Hereinv, (=1, ...,N) denotes the frequencies of measurement,

P is the number of adjustable parameters of the model relaxation

function S, and the inverse experimental error®d(v,) and
1/0€" (vy) are used as weighing factors.

For parametrization we applied various relaxation models.
We used a Havriliak Negam#* (HN) spectral function, defined
as

€, €

T (1 + (0z)" Y

)

Ae*

0<a<10<B=1 (3)

which includes as limiting forms the Debye relaxation term (D,

The KWW spectral function was calculated numerically from
the pulse response function as

Ae(v) = (65— €.,) [, expCiodfum®]dt  (8)
The description of the measured spectra by the KWW function
yielded practically the same reduced variance (eq 2) in the fits
as that by the CD function; e.g., at 268 y2(KWW) = 0.079
andy%(CD) = 0.082, whereas at 3% y3(KWW) = 0.071 and
¥%(CD) = 0.065. Hence from the deviations of the experimental
data from the analytical expressions, preference for either of
the two relaxation spectral functions over the other one is
impossible. The parameters of the KWW model are thus also
given in Table 1.

Auxiliary Data. Table 1 includes a series of auxiliary data:
(1) Static conductivitiesr were extracted from the dielectric
spectra. (2) Molar conductancAs= o/C, whereC is the molar
concentration, were determined from the conductivities and from
density data measured pycnometrically. (3) Shear viscosities
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TABLE 1: Parameters Describing the Complex Permittivity of EAN and Some Auxiliary Quantities for Data Evaluation

TIK
288.15 298.15 308.15 318.15 338.15 353.15

c/(mol-L~%) + 0.1% 11.26 11.21 11.14 11.10 10.99 10.90

d/(g cm3) + 0.1% 1.218 1.212 1.205 1.200 1.189 1.179

ol(S cmt) £+ 10% 0.024 0.028 0.033 0.039 0.047 0.061

AI(S cnT?/mol) & 10% 2.12 2.52 2.95 3.51 4.34 5.63

nlcP+ 2% 50.00 34.88 25.67 19.28

np £+ 0.5% 1.453 1.450 1.447 1.444 1.442 1.439

€(CD) &+ 2% 27.1 26.2 25.1 23.6 23.3 22.2

es(KWW) + 2% 27.8 26.3 25.1 23.7 23.7 22.4

€+(CD) & 10% 4.2 4.8 4.4 45 4.6 4.8

€xo(KWW) £ 10% 55 6.0 5.8 5.9 6.0 6.0

Tco/ps=+ 5% 179 140 127 103 69 60

Tkww/pS=+ 5% 78 64 55 44 33 28

B £ 10% 0.50 0.52 0.49 0.48 0.50 0.50

p £ 10% 0.69 0.71 0.70 0.70 0.71 0.72
TABLE 2: Arrhenius Parameters for the Static Molar parameter, but only a marginal improvement of the data
Conductance, Shear Viscosity, and Relaxation Times of the representation was found. Thus, we do not consider the HN
CD and KWW Fits representation in detail. For the same reason, the Hill spectral

Xo Ex/(kJ mol'™") function is not explicitly used in the following.

A 366 S cm2 molt 12.4 All these relaxation functions do not satisfy a rigorous

n 0.0018 cP 24.5 physical constraint

Tco 0.45 ps 14.4

Thoww 0.25ps 137 lim de” (v)/de’(v) = —oo (10)

V—0

were measured by a falling-ball viscometer. (4) Refractive
indicesnp were measured at the wavelength of the sodium D for the high-frequency limit' of the spectral function. In the
line using a standard refractometer. At 298.15 K our results absence of more complete models, we nevertheless used these

differ markedly from previously reported conductafhtand empirical relaxation functions for high-frequency extrapolation
viscosity?l-32data. We attribute the difference to uncontrollable of the spectra.
traces of water in the samples used earlier. Due to their obvious incompleteness, the extrapolated permit-
_ ) tivity valuese., differ markedly in the CD and KWW fits (Table
4. Discussion 1). The figures from both fits are however substantially higher
Electrical Conductivity and Viscosity. In the limited tem- thann? ~ 2.1 as estimated from the refractive index in Table

perature range considered here, the simple Arrhenius expressior}- 1here must exist at least one additional process at frequencies
beyond the range considered here. Within experimental uncer-

X=X expEJ/RT)  X=mn, UA tep, txpw ~ (9) tainty the dispersion ste, — n?is independent of temperature.
According to NgaP® data in the mega- and gigahertz range

proved to be sufficient to represent the temperature dependencdor a variety of ionic conductors in the supercooled, glassy, or
of the viscosity and electrical conductance. The activation solid state yield extrapolated high-frequency permittivities on
energieyx and preexponential facto¥ are given in Table 2. the order ok. = 8, indicating an additional regime of dielectric
The activation energy for the viscosity is substantially larger dispersion and loss at very high frequencies. Ngai presents some
than that for the molar conductivity, which is typical for many evidence, for instance by analyzing neutron scattering data, that
other molten salt¥ The conductance-viscosity (“Walden”) this additional contribution is associated with vibrational motions
products of EAN, NaN@ and KNG are roughly of the same  of the ions. It is thus an obvious attempt to relate the dispersion
order of magnitude. stepe, — n?, at least in part, to the motions of the cation lattice

In total, our conductance and viscosity data for EAN are not with respect to that of the anions, in analogy with lattice
substantially different from what is obtained with the alkali metal dynamics theories for ferroelectrié.
nitrates. This implies that EAN possesses a quite high ionicity  On the other hand, there is an alternative scenario for this
with some ion pairs present, as found with alkali metal nitrates high-frequency contribution. In wafér° and alcohols'#2there
as welll®We know from work on solutions of EAN in solvents  seems to be a regime of dielectric loss at high frequencies,
of low polarity” that ion pairing is substantially larger than for  possibly associated with the suggested lifetime of a hydrogen
comparable quaternary ammonium salts without residual pro- bond#? Irrespective of the fact that alternative explanations for
tons. Similar observations are were made for other ammoniumthis contribution are presently discusséd!“2one may argue
salts33 This enhanced ion pairing is attributed to hydrogen bonds that a similar process may also contribute to the high-frequency
between the residual protons of the cation and proton-acceptingpermittivity of hydrogen-bonded EAN. Both explanations for
anions. Such hydrogen bonds are also believed to exist in thethe high-frequency mode imply that this mode is not intrinsically
pure salt! At present, there is no clear evidence for effects of coupled to the primary relaxation process at lower frequencies.
such hydrogen bonds upon the conductance. Turning to the relaxation parameters, the relaxation time

Extrapolated High-Frequency Permittivity. We turn now distributions are comparatively broad. Within experimental
to results for the complex permittivity. As already noted, only uncertainty, the width of the CD distribution is characterized
asymmetrical distributions of relaxation times led to satisfactory by parametef; = 0.5, which shows no detectable temperature
description of the dielectric spectra. Specifically, we consider dependence. In terms of the KWW distribution, the observed
here the CD and KWW representations. The complete HN width, p = 0.70, is independent of temperature as well. Both
equation generalizes the CD expression by a further adjustablethe relaxation timescp and txww €exhibit an Arrhenius-type
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temperature dependence with practically the same activation Relaxation Time Distribution. There is at least one theory
energies (Table 2). The activation energies are roughly on thewhich may explain the distribution of relaxation times by a
same order of magnitude as that of the static conductance, butdipolar scenario. In Glarum’s defect diffusion matiel dipole

substantially lower than that of the viscosity. relaxes instantaneously upon arrival of a diffusing defect.
Extrapolated Static Permittivity. As the measurements have Glarum'’s ideas are built into a one-dimensional model, but were
been conducted down to sufficiently low frequencigg, ,Vmin later generalized to three dimensions by Hunt and Pof¥les,

= 10 ¥(2rtkww) %, the es values are well-defined by the  Bordewijk 8 and Cachet et &P The latter work was specifically
frequency-dependent complex permittivity data. Therefore, the designed to describe ion pair relaxation in electrolyte solutions.
€s values from the fits of the CD and KWW functions agree All models end up with an unsymmetrical distribution of
within the limits of experimental error (Table 1). Thevalues relaxation times. Specifically, Glarum’s original model involves
decrease markedly with temperatire a relaxation timer; for the rotational diffusion of the dipolar

Data for a mixture of 40% Ca(Ng + 60% KNO;'%*2show species and another time constagt characteristic for the
one relaxation term which extrapolatesete= 20, presumably  diffusion of defects. If both times are equal, the dielectric
due to configurations involving Kions. Data for alkali metal relaxation follows a CD distribution witjy = 0.5 and withz;
nitrates implyv = 10 GHz. Morabin and Tete have reported = 74 being the principal relaxation time. In fact, our spectra
€'(10 GHz)= 20 While the differing conditions do not permit  can be well represented by a CD relaxation time distribution
a detailed comparison with our results, these figures are fairly with g = 0.5 (Table 1).

consistent with what is observed by us. , Refined theories yield more complex expressions, although
Note that, in contrast to Naor K¥, the GHsNH5" cation the same qualitative behavior. #f is significantly larger than
possesses a nonvanishing ele4ctr|ca| dipole mopgm, Using 74, the model of Bordewij#€ and also the extension of Glarum’s
the Klrkwood—Frohllch thgorf for the static permittivity of a ideas to diffusion into three dimensidAgesult in a KWW
one-component dipolar liquid distribution function withp = 0.5 somewhat different fromp
= 0.7 resulting from the analysis of our spectra. Under certain
Na s 2 conditions the model of molecular reorientation in a fluctuatin
o= T 5 G (12) : | 9
KgTeg 2¢+ €, environment by Anderson and Ullmafinpredicts also an
unsymmetrical relaxation time distribution. Again two charac-
U = Ucation Can be estimated from the extrapolated static and teristic time constants have to almost coincide to yield the
high-frequency permittivity values and from the dipole con- unsymmetrical distribution, namely the reorientation trpand
centrationc,. In eq 11Na is Avogadro’s numberkg is the the structure relaxation timg, the autocorrelation time of the
Boltzmann constany is the Kirkwood orientation correlation  density fluctuations. Hence the existence of an unsymmetrical
factor?® c, denotes the concentration, apdis the dipole distribution of relaxation times is well in accordance with a

€, €

moment of the dipolar species in the liquid. Wigh= 1 one mechanism based on dipolar ion pair reorientation. Since both
finds ucation= 2 D, which is by far larger than expected for the the CD and the KWW model are suited to describe the
fairly symmetrical ethylammonium ion. experimental spectra within the limits of experimental error (and

An intriguing mechanism that might, however, contribute to with almost identical variance), no clear-cut conclusion can be
the static permittivityes of the molten salt is the formation of  drawn presently on the underlying relaxation mechanism.
dipolar ion complexes. If these complexes are sufficiently long-  Though it is an obvious attempt to explain the complex
lived, their thermally activated hindered motions result in a permittivity spectra of the EAN system by ion complexes, we
dielectric relaxation process as usually encountered in noncon-gre aware of possible alternative mechanisms. The Debye
ducting dipolar fluids. For simplicity let us assume an ion pair Falkenhagen (DF) theory of dielectric relaxation in dilute

equilibrium electrolyte solutiorfd implies that the free ions can themselves
give rise to a polarization without the existence of specific
C,HsN"H; + NO, ™ < C,HNH,;NO;™ dipolar complexes. In the DF theory the contribution to the

dielectric spectrum reflects the deformation of ionic atmo-

with the forward k) and reversel) rate constants and the spheres. This contribution is superimposed on the steady motion
equilibrium constank = ki/k,. Estimating the distance between of the ions which gives rise to the static current. While DF
the cationic and the anionic charge of the ion as 0.34 nm, the theory applies at ion densities and conditions far away from
electric dipole moment of the ion pair js = 0.54 x 10728 those considered here, there have been attempts to generalize
Asm = 16.3 D within the polarizable liquid. the DF idea. For instance, Badiali et*&f have started from

Let us use this upper limit to estimate a lower limit of the the assumption that the ions were moving by Brownian linear
ion pair association constant needed to rationalize the observednotion, interrupted by collisions with other particles. Their result
dielectric constant. Applying eq 11 analogously shows that at points toward a bimodal distribution, and could fit the data of
298.155 K a concentration o€, = 1 mol/L of the dipolar ion many electrolyte solutions in apolar solvents at quite high salt
pairs is necessary in order to account for the extrapolated staticconcentration$.On the other hand, Farber and Petrbithave
permittivity es. The EAN concentration is about 11 mol/L (Table noted that the same data could be rationalized by the presence
1). Hence the small fraction of 0.08 of the ions, forming contact of ion pairs without resorting to DF-type ionic contributions.
ion pairs with lifetimes equal to or larger than the dielectric Badiali’s theory is not specifically bound to the presence of a
relaxation time, is sufficient to explain the comparatively high solvent, and may thus apply qualitatively to molten salts as well.
extrapolated low-frequency permittivity. This ion pair concen- A bimodal distribution is compatible with our findings only
tration corresponds to an equilibrium const&t= 0.007. If when the high-frequency relaxation mode is directly coupled
such model of ion pair formation is accepted, still about 92% to the primary relaxation process. Modeling shows, however,
of the ions may contribute to the dc conductivity of the molten that at least the wing of the high-frequency mode of Badiali's
salt. This is well in accordance with the conductance data theory must fall into the frequency range covered by us. Thus,
reported earlier. in the specific form, this theory is not confirmed by our data.
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Funke and Rieds have developed a jump relaxation model

for glassy and solid conductors which, in parts, adapts the DF

idea. In their model an ion jumps from a structurally relaxed
position to a new position of higher potential energy. Subse-
guently, the ion may move back to the original position, or the
structure of the surrounding ions may relax. Only in the latter

case is a contribution to the static conductance obtained. The
theory by Funke and Riess describes the major experimental

features of conductivity relaxation in glasses. Attempts have
been made to extend the theory to melts.

The theory rationalizes some essential features observed fo

EAN, although quantitative predictions are difficult. Funke’'s

f
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the relaxation function predicted by KWW behav#éin fact,

in many glassy and solid conductors KWW behavior with an
exponent of aboup = 0.65-0.68 is found. This feature was
first pointed out by Jonsch&?who denoted it as the “universal
dielectric response”. The expongrt= 0.70 found by us is very
close to Jonscher’s universal value. If the latter explanation
provides the correct model, it is noteworthy that the KWW
behavior is not specific to glassy and solid conductors, but
represents an intriguing feature of ionic conductors in the fluid
regime as well.

5. Conclusions

The microwave dielectric spectrum of the room temperature
molten salt ethylammonium nitrate exhibits relaxation charac-
teristics reflecting an underlying unsymmetrical relaxation time
distribution. This relaxation term can be explained assuming
the small amount of about 8% of the ions to form contact ion
pairs with lifetimes larger than the dielectric relaxation time,
which is on the order of 100 s (25 °C). Because of the
comparatively large extrapolated high-frequency permittivity
valuese, (N2 + 2.1 < e, < n? + 3.9), motions of the cation

and anion lattices relative to one another are likely to contribute
to the complex permittivity spectrum at frequencies above the

microwave region covered by our measurements.
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