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Germany

Abstract - High frequency permittivity of non-aqueous electro-
lyte solutions and their solvents is discussed in the framework
of time domain and frequency domain methods. Evaluation of data
is performed on the basis of models presupposing one or more
relaxation processes. Depression of the solvent permittivity,
relaxation times of the solvent molecules, and dispersion
amplitudes and relaxation times of ion—pair relaxation are
investigated with regard to actual theories underlying these
phenomena. Information is obtained on structural and dynamical
properties of classes of electrolyte solutions based on rotic
H-bonding, dipolar aprotic, and low permittivity solvents and
mixtures of solvents.

INTRODUCTION

During the last decade new technologies have attracted the interest of chemical
engineers in non—aqueous solutions, intensively studied nowadays because of
their wide range of physical properties. Up to now the dielectric properties
of these ion conducting systems have been almost unexamined, despite their
fundamental importance. Chemists are keen to obtain information on the struc-
ture of solutions which can be provided by permittivity measurements. Theore-
ticians hope to get more insight into the dynamic and transport roperties of
electrolyte solutions from a knowledge of relaxation times and dielectric
decrements.

Dielectric data of electrolyte solutions result from the application of elec-
tromagnetic fields to the systems investigated. The phenomenological descrip-
tion of the interaction between electromagnetic fields and material systems
is based on a set of equations composed of four differential equations

± ± ± ± ± ± ± ± ±rot H = I + D/t; rot E = —B/3t; div D = p; div B = 0 (ia-d)

and three material equations

D Ko I = KE; = (ie-g)
Equations (la) and (ib) are the Maxwell equations; equations (ic) and (id) are
the Poisson equations of the electric and magnetic field; the material equations
link the electric vectors (eletric displacement) and (eletric field
strength), the magnetic vectors B (magnetic flux density) and H (magnetic
field strength), and the electric current density t and field strength of
conducting systems with the help of material properties c(relativepermittivi-
ty), (relative permeability) and K specific electric conductance); is
the permittivity of vacuum (c0 = ( c )1); p is the permeability of vacuum,
c is the speed of light; p is the charge density of the electric field.

Starting from a phenomenological description, the response of an electrolyte
solution to a varying electromagnetic field can he separated in an ohmic
current density t of specific conductance K and a displacement current density
/t measured by the relative permittivity K (eqs. (la), (le) and (if)); the
relative permeability p of the solution is not involved. The ohmic contribu-
tion is a consequence of charge transport by the movement of the free ions
whereas the displacement current contribution originates from the macroscopic
dipole moment of the solution characterized in the phenomenological description
of dielectric properties with the help of the dielectric polarization (dipole
moment of the solution per unity of volume).
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TABLE 1. Recent studies on high frequency permittivities of
protic and aprotic solvents and their electrolyte
solutions showing no ionic relaxation processes

salt concentration method ref. salt concentration method ref.

Methanol:E5=32.6;T5=50.2ps fd (36)

E5=32.49;T1=54ps;T2=5.2ps fd (36)

Formamide:

E5=109.5;.T5=36.9ps fd (33)

LiCl 0.25—2.0 '1 fd (5) Nal 0.2—0.7 N td (ii)
0.06—0.32 N fd (6)
0.025-0. 1 N E only (8)5Lii 0.06—0.32 M td (6)

NaCl 0.06-0.16 M td (6)
0.02—0.2 14 fd (36)

N-Methylformamide:

E5=l81;T5=l23ps td

NaI 0.2-0.7 N td
(11)

(ii)

NaBr 0.25 N fd (5)
0.013-0.51 N fd (36)

NaI 0.25 M fd (5)

Dimethylformamide:
E 37.1;T =13.lSps td
5 5 (11)

0.06—0.32 M td (6) Nai 0.04—0.4 N td (ii)
0.05—0.41 N fd (36)

NaC1O 0.023-2.28 N fd (36)
KI 0.25 M fd (5)

0.06-0. 32 M td (6)
Et NC1 0.025 M, 0.1 M E only (8)
Bu4NBr 0.02-0.51 M fd (36)
Bu4NI 0.05—0. 37 N fd (36)
BuNCl04 0.005-1.3 M fd (36)

Dimethylacetamide:

E5=38.6;T5=lSps td

Nal 0.04-0.7 M td

Dimethylsulfoxide:

c5=47.1;T5=19.4ps td

Nal 0.04-1.0 M td

(ii)

(ii)

(11)

(11)

Ethanol:c =24.3;T =165ps fd (70)

=24.3;T=163ps;f6.5ps fd (79)5
Ethanol/Water (OS3/o of EtOH)
KC1 0.03—0.5 N fd (79)

1—Propanol: =20.0;T =370ps fd (10)

LiCl llO/o fd (10)

CaCl2•2H20 lO/o fd (10)

Ca(N03)24H20 l_25w/O fd (10)

Al(N03)3•9H20 1—25w,'o fd (10)

Propylene carbonate:
E =64.9;T5=42.2ps fd

E5=64.9;Tf41 .2ps;T2=14.7ps fds
Nal 0.05-1.0 N td

0.04—0.82 M fd
NaClO 0.01—1.59 N fd
Bu NI4 0.04-0.44 M fd
Bu'NCl0 0.01—0.53 N fd
Ca'Cl0 )4 0.15 N, 0.36 N fd

ZnBr2*420.15_0.60 N fd

(12)
(12)

(11)
(12)
(12)
(12)
(12)
(12)
(12)

TABLE 2. Recent studies on high frequency permittivities of
electrolyte solutions showing ionic relaxation processes

salt concentration method ref. salt concentration method ref.

Propylene carbonate-i ,2—Dimethoxyethane Dimethoxymethane

0 < c < 1.2 N

LiC1O4PC 0.2 N fd (13)

0.2 < x < 0.76
NaC1O4 0.5 N fd (14)

Bu4NC1O4
0.5 14 fd (14)

Propylene carbonate-Benzene

LiClO 0.1 M, 0.35 N fd
LiSCN4 0.1 N, 0.35 N fd

LiBF4 0.35 M fd

2-Methyltetrahydrofuran

LiAsF 0.02-0.05 M fd

LiBF46 0.05-0.1 M fd

(18)
(18)
(19)

(20)
(20)

3M<c <6M
LiC1O4 0.2 N fd (13)

i,2-Dimethoxyethane

Dimethyl carbonate

LiClO 0.1-0.3 M fd
LiAsF 0.05-0.25 N fd

(21)
(21)

LiC1O 0.05—0.25 N fd (13)
LiAsF4 0.03-0.1 M fd (15)
LiBF 6 0.03—0.092 N fd (16)

NaCl4 0.1—1.0 N fd (13)
0.1—0.4 N fd (17)

Acetone

Ca(N03)2 O.s—2O/0
4H20

td (22)

LEGEND to TABLES 1 and 2. M, mol dm3; /0, weight per cent; xpC or cpC, mole
fraction or concentration (mol dm3) of propylene carbonate; €, relative per-
mittivity of the pure solvent; = main relaxation time of the pure sol-
vent; T2, high frequency relaxation time of the pure solvent; methods: fd,
frequency domain; td, time domain; *with ionic relaxation process.
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÷ ±p = D -

According to eq. (la) only the sum of the conductance and permittivity effects
contributing to the response of the electrolyte solution can be experimentally
observed; assumptions must be made to enable separate discussions of these
effects. Both the material properties, K and ;, depend on temperature, pres—
sure, composition of the solution, and frequency. The commonly used assumption
is to consider specific conductance as a frequency independent quantity and to
equate it to its static value, c. ref. (1).

Dielectric polarization of an electrolyte solution results mainly from the
permanent and induced dipole moment of the solvent molecules. Permittivity
studies thus can probe solvent-solvent and ion-solvent interactions and yield
information complementary to studies of thermodynamic or transport properties
on electrolyte solutions; in some cases ionic contributions to the electric
moment can be detected which are the consequence of ion association into pairs
and higher aggregates. Unique results are obtained from measurements at fre—
quencies in the dispersion region of permittivity which yield relaxation times
characteristic of structural rearrangerLients and which are essentially inacces—
sible by other methods.

Despite these possibilities investigations have been few in number on dielec-
tric properties of electrolyte solutions, especially the non—aqueous electro-
lyte solutions, which are the subject of this paper. Compilations of the
literature to 1975 can be found in articles and monographs (1—4); more recent
publications are quoted in Tables 1 and 2.

The reasons for the lack of information are the experimental oroblems: precise
measurements at low electrolyte concentrations (< 0.1 mol dm), expensive
equipment, and a lack of theoretical concepts which in turn require a knowledge
of permittivity data at very low concentrations. There is hope to escape from
this vicious circle through high frequency measurements carried out at low
concentrations (about 0.005 mol dnr3) with new precise measuring equipment.
Some of the results of this work are presented in this paper.

EXPERIMENTAL METHODS

Time-domain and frequency-domain methods

To begin with, a non-conducting system is considered. The application of a
static field produces an equilibrium polarization <> as the response.

- - -
<P > = K (K—i) E = <P > + <P > (3)0 a

in eq. (3) < > results from the aliqnement of the molecular ermanent moments
against themal motion; <> is due to the induced moments Pind ind =

which result from the polarizability a of the molecules.

The application of high frequency fields entails dielectric dispersion, as
a consequence of the finite time needed, to build up a new equilibrium value
of <p>. Dispersion is always coupled with energy absorption. Induced polariza-
tion < > fluctuates very fast leading to the well-known absorption spectra
in the and DV regions, whereas the relaxation time of < >,in polar solvents
characteristic for molecular reorientation,is normally in tie pico- and nano-
second range.

Two experimental techniques are distinguished, the time—domain and frequency—
domain methods.

A field jump at time to, to = 0 in Fig. ia, yields a step-response function
of polarization Fp(t) (1)

F(t) = <(o)(t)>/<(0)(0)> (4)

The step—response function of the orientational polarization F is of the
relaxational type, i.e. monotonously decreasing with time, see Fig. la.

- ± iwt
Application of a harmonically varying field, E = E0e , of sufficiently high
frequency (in the microwave region of abut 100 NHz to 300 GHz) will result in
a phase shift of polarization against E(t), Fig. ib, and an amplitude re-
duction with regard to static <eq> The amplitude reduction is expressed
through the real part K' (w) of the complex permittivity (w)
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(w) = C' (w) — ic"(w) (5)

where w, w = 2irv, is the circular and v the linear frequency of the electro-
magnetic wave. The loss factor " (w) measures the energy dissipation (E,we0E")
in the solution, and is related to the phase shift (tan =

IEI=1E0/

N

((o))

0 II::Q
(a) t

Fig. 1. Methods for the determination of complex permittivity.
(a) time domain method: (b) frequency domain method:
Application of a jump in application of a harmonic field
the field strength El and E(t) = exp(iwt) and measure-
masurement of the response ment of amplitude and phase of

= <(0)> F(t) the response
<(t)> = c((w) — ) (t)

Time—domain measurements determining the step-response function and frequency—
domain experiments yielding complex permittivities are linked, c. refs. (1,9),
vLa. the relationship

(w) = + (c_E)J _dF(t)/dthJe1Wtdt1 (6)

In eq. (6) c is the permittivity of the sample when only induced moments
contribute to polarizability.

A variety of methods, for both the time—domain and the frequency-domain, have
been developed for the experimental determination of complex permittivity data
of liquids in the microwave region. Detailed information of these is given in
references (23-28).

The major advantage of the time-domain techniques is the possibility of probing
the dielectric properties of a sample in the frequency range between several
MHz and 10 GHz within a few minutes. If the conductance is not too high (10,
11,29) time-domain measurements now seem to be competitive in accuracy (about
5 % in c' and E') with frequency-domain methods up to about 3-4 GHz.

From 1 to 100 GHz frequency-domain techniques using the method of travelling
waves introduced by Buchanan (30) yield superior results. In this method an
electromagnetic wave transmitted by the sample is probed interferometrically.
However, these measurements are expensive and time—consuming owing to the
unavoidable use of narrow band wave guide devices.

For conducting systems like electrolyte solutions the same techniques can, in
principle, be used. Experimental problems are greater because of the additional
conductivity loss and the response of the solute/electrode interface at low
frequencies (2). Some methods giving precise results for low loss liquids
cannot be used, e.g., cavity resonators.

As already stressed only a generalized permittivity t0t(w) can be measured.
This is the sum of the contributions from ohmic and displacement current
contributions.

t0t(w) =(w) +(w)/(iwc0); =E'(w); ="(w) —K/(wE0) (7a,b,c)

Eq. (7a) is obtained by combining eqs. (la), (le) and (if); eqs. (7b) and (7c)
result from the assumption of frequency independent specific conductance.

Methodof travelling waves

In our laboratory five experimental arrangements of the travelling-waves
method are used covering the range from 0.95 to 40 GHz. Details of this

(b)
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equipment are given in refs. (3,36) based on the 'know-how' acquired with
preceding apparatus (31—34). Purification of solvents, preparation of solutions,
and measurements are carried out under a positive pressure of solvent satura-
ted nitrogen gas such that the solutions are screened against evaporation and
are never exposed to the atmosphere (3,4,36).

The real and imaginary parts of permittivity at frequency v are obtained from
the measurement of the medium wave length Xm and the attenuation exponent a of
the samples

c' (w) = (±)2 - ()2 (c)2 t(w) = (2)2 (8a,b)

In eqs. (8) c is the speed of light, and k is the cut-off wave number of the
wave guide in the measuring cell. c

With this equipment precision is better than 0.4 % for c' (w) and 0.8 % for
E"(w) at all frequencies; reliable standards are lacking for a good assess-
ment of accuracy.

130 115
20 10

10 5

0 0

(a' ._J_.
GHz (b)

Fig. 2. Dispersion (a) and absorption (b) curves of methanol
solutions of NaC1O4 at 25°C (36): 1, pure methanol; 2, 0.02 N;
3, 0.05 M; 4, 0.10 N; 5, 0.19 Fl; 6, 0.42 N; 7, 0.84 M.

As a typical example dispersion and absorption data of methanol solutions of
NaClO4 are given in Figs. 2.

Data analysis

Nowadays computer facilities are readily available and curve fitting is
usually done numerically; for special problems see refs. (2,37).

A comprehensive study in our laboratory on using the different dispersion
equations, Debye (38), Cole-Cole (39), Davidson-Cole (40), Havriliak-Negami
(41), Fröhlich (42), and Fuoss-Kirkwood combined with the Kramers-Kronig
relationship (78) yield the result that the assumption of a single relaxation
process, e., a Debye equation with a single relaxation time generally does
not reproduce high frequency permittivitites within frequency regions large
enough for the reliable interpretation of physical effects.

Superposition of relaxation processes is assumed when more than one molecular
process is involved in dispersion. According to Debye's model the dispersion
of permittivity c(w), for N relaxation processes with N relaxation times i.
and N weight factors g. is given by the relationships

N g. .—e N
E(w) = e+(c—E) ; g. —_ ; g. = 1 (9a,b,c)

j1 1+1WT j=1

In eq. (9a) i and c are the permittivities of the solution at zero and in-
finite frequencies, c.a. the upper (÷0) and lower (v-*) limit of permittivity.

1 10 1 10
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The weight factor g of the j-th relaxation region, eq. (9b), is given by the
ratio of its partia (C-C) and the total dispersion amplitude (C1-). The
over-all relaxation curve is a sequence of semicircles of radius (C—C)/2
having in common the point Cj_1, C on the C'—axis, see eq. (9c); CN =
Fig. 3 shows an example with three relaxation regions.

Fig. 3. Cole—Cole plot of the
system propylene carbonate
(xpC 0.20) -1 . 2-dimethoxy-
ethane-0.48 N NaClO4 at
25°C (14). a, c =
C(DME); b, C3 = C (liME) =
C (PC); c, C2 C ?PC) =
C(IP); d, C1 = CIP);

T(DME) = 9.8 ps; T2 =
T(PC) = 49 ps; T1 = T(IP) =
203 Ps

If the relaxation times T of a sequence of processes show only small diffe-
rences Cole—Cole plots, o other previously quoted methods may be successfully
used for the representation of the characteristic dispersion and spectral
functions of the relaxation time distribution; for examples see refs. (12,43,
44).

In our laboratory the appropriate parameters, C.., C, and of Debye
plots or the parameters of Cole-Cole plots, are evaluated with the help of
CURFIT (77) programs which find the minimum of the function

m C—C. CC'
2 1 1 i,calc 2 1 i,calc 2

x (— ) +( )
1=1

where m is the number of frequencies at which measurements are carried out, n
is the number of adjusted parameters, and G(Ci) and o(Cp are the standard
deviations.

The full lines in 1'igs. 2,3, and 7 are computer plots of the type sketched
above.

For a survey on dispersion equations and discussion of their features see ref. (1).

DISCUSSION OF PERMITTIVITIES AND RELAXATION TIMES

General aspects

The influence of the electrolyte on the dielectric properties of electrolyte
solutions is evidenced by one or more of the following effects,
(a) decrease of the static permittivity of tile solvent C5(0) as a function of

electrolyte concentration c yielding the 'solvent permittivity" C5(c) at
concentration c of electrolyte (C5(c) = C1, eqs. (9), if no ion—pair re-
laxation exists, else C5(c) = C2),

(b) generation of electrolyte relaxation regions as a consequence of ion
association yielding the "solution permittivity" C1{c). This is higher
than C5(c) (C1(c) = C1, eqs. (9), if such a region exists),

(c) shift of the solvent relaxation times T5 depending on electrolyte concen-
tration c,

(d) broadening of relaxation time distributions - increasing with electrolyte
concentration c,

(e) generation of relaxation times — related to the appearance of elec-
trolyte relaxation regions.

Effects of electrolytes on solvent permittivity

A characteristic feature of electrolyte solutions is the depression of the
static permittivity C5(c) of the solvent with regard to that, C (0), of the
pure liquid. In high and moderate permittivity solvents where eectrolyte
relaxation regions are not observed, C5(c) may be considered as the permitti—
vity of the electrolyte solution. Examples of permittivity depression are

I

12

8

I.

a
8 12 16 20

0 (4) o (Ci)

(10)
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given in Figs. 4a and 4b. The effect can be substantial as observed with a
1 M LiNO3 solution in N-methylformamide. This produces a depression of per-
mittivity from 181 (pure solvent) to 85 (solution) (3,33).

3b

26

22

F_
S:-1-s

3
57

65

60

55

50

0.25 a50 0.25 Q5 0

(a) 3 - (b)
mol dm

Fig. 4. Relative permittivities s5(c) of electrolyte solutions
at 25°C. (a) methanol solutions (36) , (b) propylene carbonate
solutions (12) of 1 , Bu4NC1O4; 2, Bu4NI; 3, Bu4NBr; 4, NaCl;
5, NaBr; 6, NaClO4; 7, Nal.

The comparison of Figs. 4a and 4b shows completely different behaviour of
methanol (amphiprotic hydroxylic) and propylene carbonate (aprotic protophobic)
solutions by inverse sequences of the salts arranged accordinç to increasing
decrements.

Permittivity depression is always non—linear

= (O) — c + cn; n = 2 or 3/2 (11)

and specific for the electrolyte compound, see Figs. 4 and, e.g., aqueous
solutions of alkali metal salts where permittivity depression increases in the
sequences Li > Na > K > Rb > Cs, and halides > nitrates (32,34,43).

The initial slope 3 in eq. (11), the so-called dielectric decrement, is the
quantity discussed in theoretical concepts of solvation (2,5,35,45-48) and
kinetic depolarization (49-52). It is obvious that precise measurements at low
electrolyte concentrations are required for the determination of reliable
values of 3.

Several models have been proposed for the interpretation of dielectric
decrements. These can roughly be classified in equilibrium approaches based
on the concept of dielectric saturation, and dynamical theories basedon kinetic
depolarization.

Dielectric saturation is a consequence of high field strength at the ionic
surface yielding strong polarization and "irrotational bonding' of solvent
molecules surrounding the ion. Solvation models based on this idea were
proposed permitting a calculation of solvation numbers from dielectric decre-
ments (2,5,45—48); validity of the models is limited to dilute solutions.
Actually two models are in current use; both models restrict molecule orien-
tation to the next neighbours of the ion, the structure of the bulk solvent
remains unchanged.

Pottel et cii. (45,46) use the semi—empirical Bruggeman relation for a calcu-
lation of the 'effective' volume fraction of the solvent. Comparison with its
'analytical' value yields solvation numbers Z0. Z0 equals 6.9 in water and
16.4 in methanol for a 0.25 M solution of LiCL (5. These numbers probably
have little significance. Application of the model to low concentrations of
NaClO4 and Bu4NC1O4 solutions in methanol show a strong dependency of the
calculated solvation numbers Z on concentration (36), thus Z = 13.5 at
0.01 mol dm3 and Z = -10 at g•18 mol dm3 for Bu4NC1O4 soluions.
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Lestrade et al. (2,47) use the Kirkwood-Fröhlich equation where the Kirkwood
g parameter is assumed to be independent of electrolyte concentration, (3g/3c)
= 0, to calculate solvation numbers ZL vLct the number of molecules per unit
volume, qc, causing the limiting slope of permittivity depression 5, =
— lim

(3c5(c)/3t)
c-*O 2

p 2E5(O) +
ZL = (pp0+qc)/c; q =

c5(O) ((O)-(O)) (2E5(O)+(O))
(12a,b)

In eqs. (12) p is the number density of solvent in the solution of electrolyte
concentration c, p0 is the number density of the pure solvent.

At low concentrations (c < 0.1 mol dm3) solvation numbers ZL are found to be
independent of concentration. Examples are given in Table 3 for methanol and
propylene carbonate solutions.

TABLE 3. Solvation numbers from dielectric decrements

salt propylene carbonate (1 2) methanol (36)

ZL ZHO Z ZL ZHCW
NaBr — - 20.1 32.0 3.9
Nal 5.5 3.9 18.6 29.7 1.5

NaClO4
Bu4NBr
Bu4NI
Bu4NC1O4

6.0
-

3.8
4.3

4.4
-

2.3
2.8

14.1
3.2

—2.0
-9.0

20.1
20.4
3.5
3.2

3.2
5.8
0
0

Solvation numbers ZL (Lestrade et al. (2)); Z (Pottel at al.
(46)); ZHO and are ZL numbers corrected br kinetic
depolarization waEh the continuum (eq. (13b)) ormicroscopic
(eq. (13c)) model; ZL, Z1j0 independent of concentration; Z,
ZHCW at 0. 1 mol dm3.

Solvation numbers of propylene carbonate solutions (12) seem to be quite
reasonable, similar values for ZL are also found for other aprotic solvent
systems (2). Solutions of protic solvents, methanol (Table 3), ethanol (47)
and also water (53), show very large Z1 attributed by Badiali (47) to solvation
of the cations by alcohol multimers. This is in contrast to the results of
Jorgensen et al. (54) who find, from computer simulations, a tight fitting
first solvation shell of six methanol molecules around the sodium ion but
almost no interaction at larger distances.

The theories of kinetic depolarization (49-52) link the decrease of static
permittivity AE, AE = E (0) — c5(c), to ionic motions. Hubbard, Colonomos and
Wolynes (51) showed tha the corrected original continuum theory predicts
proportionality of A and specific conductance

— (0) T(0)
LE = K; = p E(O) (13a,b)

The constant of proportionality is solely determined by the dielectric data
of the solvent and the friction factor p characterizing hydrodynamic boundary
conditions; p = 1 for sticking, p = 2/3 for slipping movement of the ions.

Linear relationships Ae V.K are usually found, as seen in Fig. 5. Ranges of
linearity may cover large concentration ranges, despite the theoretical limi-
tations of eqs. (13) to low concentrations, e.g. up to 4 mol dm3 for aqueous
solutions of KC1 (53). Only Nal solutions in DMSO seem to be an exception (11)
to this.

Eqs. (13a,b) are fulfilled quantitatively for solutions of water and 303 in
concentrated sulfuric acid (55). In general, however, the experimental de-
polarization factor exo exceeds the value predicted by eq. (13b) and is
specific for solvent an solute, see Fig. (5), in contrast to the theory.

To overcome this difficulty corrected solvation numbers were calculated (5,6,
12,35,45) based on the superposition of kinetic depolarization and dielectric
saturation. The result is reasonable for aprotic (12) but not convincing for
protic solvents. Methanol solutions yield concentration dependent solvation
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numbers at low concentrations and the results are not self—consistent for a
series of salts in this solvent. For example, the bromide ion would have a
solvation number of zero in NaBr and 5.8 in Bu4NBr (36). Another solution of
the problem is given by Felderhof (52) who takes into account the proper volume
of solutes.

The microscopic model of Hubbard, Colonomos and Wolynes, also published in ref.
(51), permits the calculation of depolarization factors from reduced ionic
decrements A+ and A and transference numbers t and t_ (+, cation; —, anion).

= (T5(O)/E0) (tA + t_A_) (13c)

Up to now reduced ionic decrements are available only for water and methanol
as a function of ionic radii. A consistent series of decrements is found for
the methanol solutions in Table 3 if the effective radius of Na+ is set to the
sum of the ion radius and the diameter of an orientated methanol molecule,

= a(Na+) + s, c. the chemical model of methanol solutions (44).

A unified theoretical treatment is desirable for a better understanding of the
dielectric permittivity of electrolyte solutions which takes into account both
static and dynamic effects. An interesting approach to this problem is provided
by Patey et ct. (56-58). They used HNC theory in a way originally suggested by
Friedman (59). Up to now calculations have been performed only for a waterlike
model solvent.

(a)

__?.____
(b)

Sm

Fig. 5. Dielectric decrements, A = E (0) — (c), of (a)
methanol (36) and (b) propylene caronate (2) solutions at
25°C of 1, Bu4NC1O4; 5, NaBr; 6, NaC1O4; 7, Nal. The broken
lines show the calculated decrements, eqs. (13a,b), for
stiction (st, p = 1) and sliding friction (sl, p = 2/3) of
the ions.

The preceding discussion concerns the decrease of solvent permittivity as the
result of ion-solvent interaction. Another effect is discussed in the hera-
ture. Debye and Falkenhagen (60) predicted the dis:ersion of conductance caused
by the relaxation of the ionic cloud around a reference ion. Consequently, the
separation of permittirity and conductance according to eqs. (7) should result
in an increase of the static permittivity of the electrolyte solution. With
reference to the work of van Beek and Mandel (8) several authors take this
effect into account when interpreting experimental results (7,57). However,
no significant contribution of the Debye-Falkenhagen effect is detectable
within the experimental accuracy of complex permittivity measurements (6,11,
29,36,53), see also Cavell's argument (61). Nor do conductance measurements
yield conclusive results in the expected frequency range (62). Hence, the
splitting of the total complex permittivity ot as in eqs. (7) is justified.

Fr all systems studied up to now the high frequency permittivity surpasses
nIR, (nIR refractive index from IR measurements) reflecting contributions from
short time motions. Suffice it to say that is independent of the nature and
the concentration (Ci. Fig. 2a) of methanol electrolyte solutions within limits
of error, c. (36), in contrast to solutions of inert solutes like MeOH/CC14—
mixtures where a minimum in is found (63).
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Effects of electrolytes on solvent relaxation times

Dielectric relaxation times and their continuous or discontinuous distributions
are an important source of information on dynamic processes in solution. A
major drawback to an exhaustive determination of relaxation modes is the
limited frequency coverage of the experimental equipment. It is not unusual
that the description of a system appropriate for a given data set has to be
corrected if the frequency range is expanded. For methanol a Cole—Cole plot
is optimal for data below 12 GHz. Inclusion of data up to 18 GHz or more into
the data analysis requires the superposition of two Debye processes, -t.e. the
discussion of two distinctly different relaxation times instead of a continuous
relaxation time distribution around a critical relaxation time (36) . However,
the main relaxation times of the solvent, T5(O) or T1(O), do not change signi-
ficantly with the frequency range used for their calculation and the appear-
ance of high frequency modes, a. Table 1, and their relative shifts with
electrolyte concentration remain almost unaffected.

The dielectric relaxation time is a collective quantity related to the step
response function of polarization eq. (4). Direct access to molecular
motions is given vLa. the autocorrelation function of the molecular dipole
moment (t)

(t) = (14)

or the corresponding microscopic (or molecular) relaxation time (t) can
be related to Fp with the help of a complicated procedure, due to the long
range dipolar interaction forces of the molecules. For details of calculation
reference is made to the literature (1,64). With simple liquids the Powles-
Glarum relation (65,66)

2E +E T
cx 5

T (155 3 a
5 -,

may be used where g is the Kirkwood correlation factor; T5 often is correlated
with dynamic viscosity uLz the generalized Stokes—Einstein-Debye equation
(67)

T5 f5t.C + T° (16)

where V is the molecular volume of the relaxing compound, f is a stick para-
meter depending on molecular shape, C is an experimental parameter coupling
microscopic and macroscopic viscosity, and T5° is the experimentally determined
intercept with the T'-axis (=O), sometimes referred to as the free rotor
correlation time. A relationship of the type of eq. (16) was verified in
Bu4NI and Bu4NC1O4 solutions of propylene carbonate (12).

Associating liquids usually show complex relaxation behaviour. Their main
dispersion step (generally that with the longest relaxation time) corresponds
to the rearrangement of the liquid structure (1). A decrease or increase of
the main relaxation time with electrolyte concentration may be interpreted
as a structure making or breaking effect induced by the solute.

Solutions in methanol (68,69) and ethanol (69) were the first non-aqueous
systems studied. Older measurements of electrolyte solutions in these solvents
(33,47,68-70) as well as recent time domain results (6) were analysed with a
single Debye process neglecting high frequency contributions to orientation
polarization. No significant changes of were found in these investigations
on the addition of salts, in contrast to recent research.

For methanol the existence of a high frequency process with a time constant
T2 (T2 5 ps) beyond the main relaxation time T5 (T5 = 50 ps) is
clearly established (5,36) although the origin of T2 remains a matter for
discussion (63). For electrolyte solutions the data spread is too larce for
a detailed discussion of T2, but an increase in T2 with electrolyte concen-
tration is always observed (36).

Kaatze et al. (6) fitted their data by superimposing two exponentials. They
did not find a change in the low frequency relaxation time for 1 M solutions
of NaBr, Nal and KI, but complex behaviour was observed for LiC1 with minima
and maxima.



Dielectric properties of nonaqueous electrolyte solutions i087

Q25 Q5

(b)

Fig. . Main relaxation time Ts(c) of the solvent at 25°C in
(a) methanol solutions (36), (b) propylene carbonate solutions
(12) of 1, Bu4NC1O4; 2, Bu4NI; 3, Bu4NBr; 4, NaCl; 5, NaBr;
6, NaClO4; 7, Nal.

Our methanol relaxation times (36), Fig. 6a, result from such an analysis. A
striking feature is the salt specificity observed and the maximum of T (see
Fig. 6a) suggesting the competition between structure making and breaking
effects. It is interesting to note that for tetraalkylammonium salts the order
of relaxation times parallels that obtained for ion sizes whereas for the
sodium salts the order is the same as the sequence of molar refractions. The
domination of the structure breaking effects for the alkali metal salts can be
understood by strong cation solvation. A maximum of T1 was also found for
1-propanol solutions (10).

N-methylformamide as a protic solvent in its solutions of LiNO3 (32) and Nal
(11) shows decreasing relaxation times combined with considerable broadening
of the relaxation time distribution for LiNO3. This and the very large decrease
of static permittivity is in accord with the destruction by the electrolyte
of the linear molecular associates of the pure solvent (3,33). The relaxation
time of formamide, a solvent with H—bonded network similar to water, decreases
on addition of Nal (11), but increases with LiNO3 (33). This is in contrast
to water where increasing relaxation times are reported only for tetraalkyl-
arnmonium bromides (45) and alkali metal fluorides (43). At present information
on amides is too limited to allow discussion. However, these solvents with
their widely ranging structural properties are of interest in fundamental
research and deserve more attention.

Among the aprotic dipolar solvents of Table 1 only propylene carbonate has been
thoroughly re-investigated (12,14). The other non-H-bonded solvents were
treated with the help of single relaxation time dispersion functions. For all
aprotic solvents relaxation times increase with electrolyte concentrations,
and Fig. 6b shows the solute specificity of relaxation times for propylene
carbonate solutions (12); again the sequence of salts is inverted when compared
to methanol solutions.

The low permittivity and viscosity solvents of Table 2 exhibit no change in
relaxation time, possibly due to the spanning of too short a frequency range.
For these solvents the observed relaxation time is not always due to the
rearrangement of the whole molecule (14).

Information on relaxation times from rate processes are characterized by
activation parameters (23). Unfortunately, temperature dependence data are
lacking and the discussion of this important aspect is not possible at present.

Ion-pair relaxation

Electrolytes in low permittivity solvents (E < 10) are highly associated to
ion pairs and higher aggregates, see refs. (2,4,44 and literature quoted
therein). Electrolyte solutions of this type have considerable technological
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interest (44), for instance lithium salts with electron donor solvents are
commonly used in high energy batteries.

Due to the high concentration in these solutions of ion pairs, stable within
the time scale of the dielectric experiments, an additional dispersion region
is found at the low frequency side of the dielectric spectrum attributable to
the motions of ion pairs or higher aggregates. Ion-pair relaxation of trialkyl-
and tetraalkylarnmonium salts in apolar and low permittivity solvents was
extensively studied by Cavell et ct. (71,72) in the 1970's. Electrolyte
solutions relevant for lithium batteries were investigated by Lestrade t a1.
(13,48), and Petrucci t ct. (15—21).

The contribution of ion-pair relaxation to orientational polarization can
usually be described by a Debye equation with single relaxation time (see
Fig. 3) or by a Cole-Davidson equation with a large distribution parameter
(2). The dispersion amplitude of the electrolyte relaxation region compensates
partly, or sometiraes even overcompensates, for the dielectric decrement of the
solvent (see Fig. 3) so that addition of electrolyte would cause an increase
in solution permittivity.

Fig. 7. Absorption curves of
the system propylene carbo-
nate-i . 2-dimethoxyethane-
0.48 M NaC1O4 at 250C (14).
Curve 1, pure solvent system
(xpr = 0.42); curve 2, elec-
trolyte solution; PC, DME,
IP, bands obtained by analysis
of curve 2.

Absorption diagrams, " = f(ln w), yield ion-pair bands by band analysis and
dispersion diagrams, E' = f(ln w), confirm these results by the corresponding
dispersion steps. Fig. 7 illustrates the change in absorption by the addition
of NaClO4 (0.5 N) to a solvent mixture of propylene carbonate and 1.2-dimethoxy-
ethane (xpC = 0.42) and the decomposition of the absorption curve of the 0.5 M
solution into bands for DME, PC, and IP (14). With regard to the absorption
curve of the pure solvents (curve 1) the curve of the 0.5 M electrolyte
solution (curve 2) is shifted to lower frequencies due to the increase of
relaxation times of the solvent molecules. It is unsymmetrically broadened on
its low frequency side on the addition of salt with the appearance of the
ion—pair band. Further addition of DME causes the formation of a shoulder;
this situation is given for the solution (xPC = 0.20) of which the Cole-Cole
diagram is shown in Fig. 3.

The representation of an ion-pair relaxation region by a Debye—process with a
single relaxation time T1p is compatible with the model of a rigid dipole for
the ion pair. Analysis of the dispersion amplitude (ETP(c) - &(c)) can be
achieved with a modified Onsager-Böttcher equation (7t72).

—3 2
(2c (c)+i) (c (c) — E (c) ) N c . 10 pIP s = A IP _____ (17)EIP C

(l—ct1 f) 3kTE0

In eq. (17) cp is the concentration of ion pairs [mol dm3], ip and IP are
the dipole moment and the polarizability of the ion pair, f is the factor of
the reaction field; the other symbols have their usual meaning. Deviations from
linearity of the plot of the left hand side expression VS. ion-pair concen-
tration have been attributed to the formation of polar (17) or apolar (21)
quadruples. The latter associates are supposed to be dominant in solutions of
LiBF4 in dimethoxymethanewhereno solute dispersion was found (19).

The origin of the solute dispersion steps for Ca(N03)2.4H20 in acetone (22)
and for ZnBr2 in propylene carbonate (12) is more complex and requires further
study using different approaches for a greater clarification.

Models taking into account rotational and translational modes of ion-pair
motion (72-74) to explain deviations from Debye behaviour were criticized by

0
20 22 24 26 28 30

Ci) _________inHz
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Petrucci t te. (18).

Ion-pair relaxation in a high permittivity solvent is observed in the case of
aqueous 2—2 electrolytes (75,76). The solvent-separated ion pairs of MgSO4 and
CdSO4 were identified as the relaxing species from both the dispersion ampli-
tude and:the relaxation time (76). Also, an estimation of the rate constant
of ion—pair formation was possible from the concentration dependency of the
ion-pair relaxation time T1 (53).
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