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Abstract - The microwave dispersion and absorption spectra are discussed
for various protic and aprotic electrolyte solutions and their solvents over
jarge frequency ranges, in general 0.9-90 GHz. Wider frequency ranges
are covered for water (0.9-409 GHz) and for methanol, N-methylformamide,
and N, N-dimethyiformamide (ail 0.9-293 GHz). The roie of insufficient fre-
quency coverage is critically discussed.

Permittivities and relaxation times of the underlying relaxation processes
are compared for electrolyte solutions of the hydrogen-bonding solvents
water, methanol and higher alcohols, formamide, N-methyiformamide, and
the dipolar aprotic solvents acetonitrile, propylene carbonate, dimethyi-
sulfoxide, and N,N-dimethylformamide. The hydrogen-bonding mode at
=1 ps is not affected by the addition of alkali metal and tetrabutviammo-
nium salts, in contrast to the bulk and the internal relaxation of the H-
bonded chains; NHy* in methanol produces peculiar effects.

For 1:1-electrolytes ion-pair formation is detectable in all solvents of
static permittivity below 50; the concentration dependence of the corre-
sponding relaxation time permits separation into rotational and kinetic
modes of ion-pair formation and decomposition,

INTRODUCTION

Dielectric relaxation studies on liquid systems are an efficient tool to investigate the struc-
ture of solutions and the dynamics of molecular interactions. Examples of application are the
determination of orientation-correlation functions of simple dipolar liquids permitting the
test of liquid state models [1] or the investigation of solvation dynamics and charge trans-
fer kinetics [2]. Biochemistry is interested in the study of water/ion/biomolecule interac-
tions [3.4]. Physical chemistry of electrolyte solutions receives a wealth of information on
the effect of ion-ion, ion-solvent and solvent-solvent interactions on structure and dynamics
[5,6,7]. In this contribution recent results of systematic studies on aqueous and non-aque-
ous electrolyte solutions are reported revealing the broadness of cognition about such sys-
tems available from a sufficiently large frequency coverage in the microwave range, but also
pinpointing common features of different solvent classes.

FREQUENCY DEPENDENCE OF PERMITTIVITY AND ELECTRIC
POLARIZATION

Dielectric relaxation data are obtained from the application of a time-dependent electric field
to a sample and registration of its response to the perturbation which is given by the
Maxwell relations. The observable quantity is the electric polarization

B(t) = eole - 1) E(t) (1)
where £, and. £ are the permittivity of the vacuum and the refative permittivity of the
sample, respectively; E(t) is the strength of the applied electric field.

N
At molecular level P(t) is_the consequence of two effects. A first contribution to P, called
orientational polarization i-’)u, stems from the alignment of the permanent molecular dipole mo-
ments {j which are orientated in the applied field against thermal motion. The motion of
charged particles affecting the electroneutrality of the solution,and effects arising from chem-
ical reactions which involve dipole moment changes are subsumed to this contribution. The
second contribution to B, called induced polarization Py, stems from the induction of _a di-
pole moment [ jng in every molecule of type i due to its polarizability oj: Hj,jng=¢j E.It is
enerally assumed that %H and -ﬁa are linearly independent. I_ga follows changes of the field
(t) without delay in the time scale of dielectric experiments up to far-infrared frequencies,
in contrast to %u. Therefore the induced contribution can be characterized at microwave fre-
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quenc'ies by a constant, quantity, the so-called infinite frequency permittivity eo(s.eq.(2a)).
The time evolution of 3u(t) (s.eq.(2b)), and hence also that of P(t) is characteristic for
molecular reorientation, charge migration, and chemical reactionsin the liquid.

- -

By = cole—1E; P, = c,(c—tc0) B (2a,b)

Two experimental approaches are possible to the search of information, time- and frequency-
domain methods. For either method experimental difficulties arise from the time scale for mo-
lecular motions in liquids, ranging from about 0.1 ps to several nanoseconds. This interval
corresponds to frequencies in the microwave region from a few megahertz to several tera-
hertz. Figure 1 informs about frequency regions and respective processes contributing to
the permittivity of electrolyte solutions and their solvents.
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In a time-domain experiment a field jump is applied to the sample at time t,=0. The orienta-
tional polarization of the sample relaxes to its new equilibrium, controlled by a step re-
sponse function Fg"(t]

- < B.(0)- B,(t

Pu(t) = Pu(0)- FJ"; FIf' = (—..ﬁ—(-—)-ﬂ (3a.b)

(£u(0) - u(0)) ,
Thé response function is characteristic for the underlying processes. In the case of a first
order law for the polarization decay
df, P = 5

—E = R = Bo)-expl
this is the exponential decay function Fgr(t) = exp(-t/1) with relaxation time 1 . Usually, how-
ever, more complicated functions are found which must be deconvoluted into normal modes.

L (42, b)

T

Obviously, the step response function, by its definition, eqs.(3), concerns a phase property,
namely the polarization g}‘(t) of the sample; the corresponding macroscopic relaxation time T
is related to the reorganization of the phase structure after a perturbation. The study of
molecular processes requires microscopic (molecular) relaxation times T'; for dipole reorien-
tation the microscopic relaxation time T' is defined by the orientationa! correlation function

(#(0) - E(t))
t) = eyreunnreperulit cos 8(t 5

é(t) (70) - 7)) (cos 6(1)) (5)
Actually there is no satisfactory general theory permitting the conversion of measured re-
laxation times T; to molecular relaxation times t'j. The estimation of the cross-correlation
effects due to tLe long-range nature of dipole-dipole interactions, necessary for a proper
conversion of F" to ¢, is still a matter of discussion. in cases where the reorientation of
the molecular dipole moment can be described by a rotational diffusion motion, the molecu-
lar relaxation time can be approximated with the help of the Powles-Glarum reiation

: 26+ €0

T 3 T '©)
There is no experimental technique permitting the direct measurement of Blt) by time-domain
measurements, so that apparatus functions, depending on the experimental arrangement must
be taken into account. A lucid introduction to the basic principles and problems of dielectric
time-domain spectroscopy (TDS) is given by Cole [8], recent developments can be found in
ref.[9]. With modern equipment, dielectric spectra in the range from 10 MHz to 10 GHz can
be recorded within a few minutes with an accuracy of several percent.

Frequency-domain methods probe relaxation processes by the application of harmonic fields
(t)=Eo exp f{iwt), of frequency v, w= 27mv. Dielectric relaxation leads to amplitude reduc-
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tion and phase shift of the propagating wave and hence of the frequency-dependent orienta-
tional polarization of the sample. A frequency-dependent complex permittivity £(v) is used
to describe the dissipative process; £{v)=c'(v)=-ic'"(v) is related to the negative time deriva-
tive of the step response function, called pulse-response function fgr(tj=(-aF%r(t)/3t), via

Laplace transformation
£v) = (e—ew) [ fyr(t) et at (7)
0
The first order process, eqs.(3), fgr= 1 lexp{-t/1), yields the Debye equation

V) = oo + £
® T 14w (8)
which is representable (Fig.2) by a three dimensional curve (e',e',v) or its projections in
the {c',v)-plane, the dispersion curve, in the (&",v)-plane, the absorption (loss} curve,
and in the (', &' )-plane, the Argand diagram. In Fig.2 (c-ts) is the dispersion amplitude
of the process; its relaxation time is calculabie from the frequency at the maximum of the

absorption curve or the frequency at the inflection point of the dispersion curve.

— €0

To deal with more complicated relaxation behaviour, splitting of the experimental complex per-
mittivity spectrum into a suite of distinct relaxation processes is attempted. It may be nec-
essary to use empirical relaxation-time distribution functions, such as the Cole-Cole {0sa <1,
B=1) or the Cole-Davidson (a=0, 0<B=1) equation to fit individual components (cf.ref.[10]).

n

. _ _ Z ]
E(V) = €e T+ (6 500) =~ [1 +(iwrj)1‘°’j]ﬂj {9a)
Here n is the number of separable dispersion steps j of relaxation time Tj and weight
€5 ~ €ooj L= e
g = y Eooj = €41 (9b,c)
€~ €

contributing to the total dispersion from the static value e=gq to £o=limy,we'.

The parameters «i>0 and B;<1 describe either a symmetric or asymmetric distribution of re-
laxation times for process j. In our experience it is aiways possible to fit such a semi-empi-~
rical relaxation model to experimental spectra, provided librational and inertial effects do not
contribute appreciably, i.e. v should not exceed 300-500 GHz. Admittedly, such models can-
not always claim a physical basis.

EXPERIMENTAL METHODS AND DEVICES

There is a variety of methods for the determination of complex permittivities in the frequen-
cy domain; a review is given by Kaatze and Giese [11]. A drawback of aii devices is the
limited frequency coverage. True broad band experiments can only be performed in the far-
infrared for frequencies above 300 GHz (5 cm~'} using dispersive Fourier transform spec-
trometry (DFTS) [12]. and on the low frequency side with time domain spectroscopy (TDS)
or newly emerging vector network analyzer techniques [13]. Actually the gap between about
10 GHz and 300 GHz must be bridged by conventional microwave equipment based on wave-
guides to get high quality data. Here, the major inconvenience is the limited range of fre-
quencies transmissable in a specified waveguide. In the authors' laboratory a set up of
five waveguide and one coaxial apparatus is used to cover the frequency range from 0.9 to
89 GHz. Difficulties also arise from machining the cell and the necessary surroundings with
sufficient accuracy. This is especially true for v>50 GHz.

Due to the demanding technical problems, complex permittivity measurements at intermediate
frequencies, between 20 GHz and 300 GHz are scarce. However, there is an increased in-
terest in this region since inthe corresponding time scale, 0.5-5 ps, the transition occurs
from fast librational motionsto the slow diffusive mode; inertial effects should contribute to
the spectra, and fast processes connected with hydrogen-bond dynamics or intramolecular
reorientation take place. For liquids of moleculeswith high dipole moment, such as methyl
chloride, also an excess absorption was found, which is not understood at the moment[14,15].

For electrolyte solutions the ohmic current, characterized by the specific conductance at
static fields, k, poses an additional problem in the determination of complex permittivities.
From the solution of Maxwell's equations follows that only a generalized complex permittivity
A{v) is experimentally accessible. 1 summarizes the effects of ohmic and displacement cur-
rents, which both depend on the frequency of the electric fieid.
i&(v)

2nve,

However, the dispersion of conductivity is very small. Actually, for the lack of better in-
formation, the generally accepted procedure to separate n{v) is to assume frequency inde-
pendent conductivities, k'(v)=k and «'{v)=0, so that

(v) =€@); ") =W+

Av) = é(v) + (10)

2rve, (11a,b)
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The static conductivity « can either be treated as an adjustable parameter or, as it is done
in our laboratory, determined in a separate experiment with high precision (<0.1 %) [18].
Due to the proportionality in v=1, the conductivity term poses a severe problem for the de-
termination of €' at low frequencies, as it can be seen in Fig.3.

in the authors' laboratory the equipment covering the range 0.95-89 GHz, based on the meth-
od of travelling waves, is optimized for the high dielectric losses commonly found in electro-
lyte solutions [7,16].1t was successfully used to study systems with static permittivities
ranging from 186 (N-methylformamide) down to 7 (in methanol/tetrachlormethane-mixtures).
For frequencies up to 40 GHz, the accuracy is better than 1.5 % for n' and 2.5 % for n''; for
the E-Band machine (60-90 GHz) approximately 3 %, depending somewhat on the system
studied, is realistic for both n' and n'. The time window accessible with this equipment is
from about 1.5 ps to 200 ps, if no additional information from other sources is available, but
reasonable relaxation parameters up to 360 ps and down to 0.7 ps could be extracted in fa-
wurable cases [19,20].

ACCESSIBLE FREQUENCY RANGE AND RELAXATION MODEL

From the preceding discussion it is evident that the frequency range accessible to the experi-
ment will critically affect the choice of the relaxation model, which is suitable to fit the data.
This is exemplified for methano!l in Table 1 which summarizes the results obtained in our lab-
oratory with increasing frequency coverage. The second column of the table shows the re-
laxation model which yields the best fit of the data between 0.95 GHz and the upper frequen-
€Y Vmax: In Fig.4 the loss curves calculated with the parameters of Table 1 are compared
with the experimental data.

30 : 14 L
! 12
20 | 1
8
2 ! ¢ 6
- U
5 10 —N 4 \
: E 2 t
© N\ i O l I Illn
£1=¢6 ; 1 2 5 10 20 50 100200
0 , 30 40 frequency
£ GHz
Fig. 3. Argand diagrams of 0.06 M (curves 1, Fig. 4. Experimental loss data (¢} of methanol
2) and 1.38 M (curves 3,4) solutions of at 25°9C and spectra (curves 1 to U4) calcu-
BuyNBr in acetonitrile [17 ]. Curve 1 and 3 lated with the parameters of Table 1. For
show the experimentally accessible data n'' explanation see text.

vs. €'; curves 2 and U are the correspond-
ing diagrams c¢'' vs. ¢' after conductance
correction (eqgs.(11)). The broken lines
(from left to right) are the individual con-
tributions of solvent or ion-pair relaxation
and conductance.

Obviously, the number of dispersion steps increases from n=1to n=3 with increasing vpax.
This is not necessarily a criterion for the approach to the "true" relaxation behaviour. Table
1 shows that the dispersion amplitudes Aej=gj - €j+q of the fast processes, j=2,3, are smalil
compared to the dominating slow process and thé difference between the relaxation frequen-
cies., vi=1/(2 'rr'rj),is comparable to the half-widths of the corresponding ioss curves. In such
a situa{ion the result of the fit, especially for the intermediate dispersion step. critically
depends on the quality of the data.

From the pioneering work of Garg and Smyth [23] it is known that the higher linear alcohols
{1-propanol to 1-dodecanol) exhibit three distinct dispersion steps. Such a behaviour is also
found for ethanol and 2-propanol where the parameters also show a reasonable dependence on
chain-length [19]. One may argue whether the use of Debye equations up to 10 em™1 is
possible; irrespective to this doubt, the fit allows a continuous match of microwave and far-
infrared data, as shown in Fig.4. No further relaxation process is probable in the frequency
range studied. The small discrepancy between the zero-frequency permittivity of the 3-Debye
fit, €=32.50, and the static permittivity value of methanol determined with conventional tech-
niques, £4=32.63 [18 ], could be an indication for a small relaxation time distribution for the
main dispersion step. However, this small effect can only be clarified by additional experi-
ments below 0.9 GHz. A serious argument for the assumption of three dispersion steps of
Debye type for methanol is, that only this model permits a consistent interpretation of elec-
trolyte data [16].
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Table 1: Dielectric relaxation parameters of methanol at 259 C

71 T2 73 Vmaz
curve |  model € — €& — € — €| — |ref
ps ps ps GHz
1 | Cole-Cole | 32.64 50.2* 5271 12 |{21)
2 2 Debye [32.49 51.4 5.89 5.2 4.07 18 | [5]
3 2 Debye |32.47 51.0 574 3.3 3.68| 40 | [6)
4 3 Debye [32.50 51.5 591 7.09 4.90 1.12 2.79| 293t [19]
* a1 = 0.014 t including far-infrared data from ref.[22}

Table 1 shows that the parameters ¢ and 11 of the main dispersion step of pure methanol do
not change appreciably with the number of relaxation processes. For electrolyte solutions the
situation is different. In the case NaBr in methanol, for instance, the dielectric decrement
§e=-limesgld e g/dc). showing the initial slope of the solvent permittivity s plotted vs. ¢

(c electrolyte concentration), remains constant at §.=(42+ 2) dm mol~1, whereas for NaClOy
the decrement shifts from &.=41 dm mol~1 to §.=(33.1 1.3) dm mol~1 when going from a
Cole-Cole fit up to 12 GHz to a 3-Debye fit up to 89 GHz. This discrepancy must be consid-
ered when §.-results from experiments with different frequency coverage are compared in a
discussion on solvation and kinetic depolarization. Analogous considerations apply for the re-
laxation times.

RELAXATION MODEL AND SOLVENT STRUCTURE

A possible interpretation of the relaxation behaviourof methano! is suggested by the struc-
ture of the liquid, which is dominated by winded chains of hydrogen-bonded molecules [19].
The fast time constant, 13, is related to the dynamics of the hydrogen bond and originates
from a flipping motion of "free" OH groups between two acceptor sites and/or the breaking
and reforming of a given bond in a transiational motion. indeed for methanol a hydrogen-
bond lifetime in the order of 1 to 2 ps is suggested by molecular dynamics simulations of
Haughney et al. [24]. 17 is compatible with the reorientation of single alcohol molecules at
the chain ends and/or monomers. This is supported by NMR experiments which yield a char-
acteristic time for the rotational motion of 6.6 ps [25], whereas 10.2 ps are obtained with
quasielastic neutron scattering [26]. The main relaxation process with the relaxation time T4,
is cooperative in nature. The rate is determined by the low probability for an end-standing
molecule on a polymeric alcohol chain to find an appropriate donor or acceptor site on an ad-
jacent chain. This process leads to a change in polarization, since the vectorial sum of the
involved dipole moments will change markedly. Such a mechanism does not only apply to the
alcohols, but also to N-methylformamide, water and formamide [20]. Due to the higher num-
ber of donor sites, which is reflected in the two-dimensional structure of formamide and the
spacefilling network of water, cooperative process, 11, and molecular reorientation, 13, are
not resolved and only two dispersion steps can be found. The short relaxation time of water,
Tp=1.02 ps is close to the life time of a hydrogen bond, tyg=0.54 ps, deduced by Conde
and Teixeira [27] from Rayleigh scattering experiments,

For the time constant of fast relaxing liquids an increasing frequency coverage may lead to

a substantial change of 1. For instance, for acetonitrile the analysis of data up to 40 GHz
suggests a Debye type relaxation with 71=3.48 ps. When going up to ypax=89 GHz the behav-
iour changes to a Cole-Cole distribution with 14=3.21 ps due to the high dielectric loss in
the E-Band region. Such an increased absorption at high frequencies, resulting in an asym-
metric band shape, is also found for DMSO and propylene carbonate [20]. A reason for this
excess loss may be the mechanism of cooperative adiabatic reorientation in clusters suggested
by Gerschel et al. [14,15] ; additional far-infrared data are necessary to clarify the problem.

THE INFLUENCE OF ELECTROLYTES ON SOLVENT PERMITTIVITY

Typical for electrolyte solutions is the lowering of the static solvent permittivity eg, specific
for the dissolved electrolyte, Fig.5, which can usually be fitted to a polynomial of the type

es(c) = €5(0) —8erc+ B:c* n=20r3/2 (12)

Besides volume effects (®), which may become important for saits with big ions such as tetra-
butylammonium perchlorate in acetonitrile, Fig. 5b (curve 4), the dielectric depression is
caused by irrotational bonding (IB) of the ions and by kinetic depolarization (KD). The the-
oretical concepts developed for the contributions of iB [28,29] and KD [30,31] apply at the
limit of infinite dilution, so that data of good quality at low electrolyte concentrations are
needed to determine reliable values of & for the discussion. Actually no unifying theory of
the dielectric decrement is available, although a promising approach to this problem has been
proposed by Patey and coworkers, see ref.{32] and literature quoted therein.
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Fig. 5. Static permittivity of the solvent, €5, as_a function of electrolyte concentration at 25°C

it is generally assumed that the aformentioned effects contribute additively to the experimen
tal decrement

b = 62 + 6B 4 oKD (13)

Kinetic depolarization arises from the opposite directions in which ion and surrounding point
charges, making up the solvent dipoles, move in an external field. In the continuum theory
of Hubbard and Onsager [33 ] the resulting torque on the dipoles leads to a decrease of sol-
vent permittivity, Aeg=eglc)-e5(0), which is proportional to the specific conductance k of the
sample, and also to a decrease of ionic mobility. In an improved form of the theory [30], Agg
can be written for a Debye-type relaxation of the solvent as follows

= £ _ ,53(0)"500(0),7'3(0)
Agg = € k) € = 00) ..

The parameter p characterizes the hydrodynamic boundary conditions of slip (p=2/3) or
stick {p=1) ionic movement. An extension to superimposed Debye processes such as found for
mixed solvents and extensive tests on literature data of ionic mobilities were made by

Ibuki and Nakahara [34,35]. According to eq.(14) the depolarization factor £ of the contin-
uum theory does not depend on the nature of the ion, in contrast to experimental resuits[5].
To overcome this problem Hubbard, Colonomos and Wolynes [30], suggested a microscopic
theory which predicts a pronounced dependence of £ on the ionic radius, with the slip re-
sult of eq.(14) as the limiting case for large radii. Actually only results for water and meth-
anol are available. For a consistent discussion of §c-data of various solvent systems we will
therefore confine our analysis to the continuum approach.

(14)

irrotational bonding is due to the high field strength in the vicinity of the ionic charge which
leads to a symmetric polarization (dielectric saturation) of the surrounding solvent dipoles,
resulting in a decrease of the number of molecules which are able to reorientation in the ex-
ternal field. This effect is correlated with solvation; however, 'solvation numbers" obtained
by this method are not necessarily equal to results from other methods, especially scattering
data or computer simulations, since the directing force of the ion extends beyond the first
coordination sphere.

According to Lestrade et al. [29], a solvation number Z) can be calculated with the help of
the relations

. — g8t Po . 253(0)+€go
2L = (p—po+qc)/6, q = 55 65(0) (26,(0)-{-500)(6,(0)—600) (15a,b)

in eqs. {15) p is the number density of the solvent at electrolyte concentration c, pg is the
number density of the pure solvent. &§t= 6% - §4B is the dielectric decrement corrected for
kinetic depolarization {see eq.{14)). Using slip boundary conditions, this approach yields a
consistent series of ionic "Lestrade numbers" for the few electrolytes in methanol studied so
far in the complete frequency range of our laboratory: Z| (COl3)=0, Z_(BuyN")=0, Z_(NH{)=0,
Zi (Na*)=7, and Z__(Br~)=7. A Lestrade number of zero for the ammonium ion seems surpris-
ing, because this ion is able to form hydrogen bonds to the solvent, but our finding is cor-
roborated by the relaxation times and infrared studies [36].

For aqueous solutions, again with p=2/3, Lestrade numbers Z| (CI")=Z| {ClOy)=0, ZL(SO%[)M-L,
Z{ (Na")=5, Z| (Mg2*)=15, and Z| {Cd2*)=12 are obtained.

Figure 6 compares the effect of NaClOy on different solvents. In this graph the scaled static
permittivity of the solvent, t£.=egl(c)/eg(0) is plotted against the relative concentration of the
electrolyte, c.=c/cg: cg is the molar concentration of the solvent. For all systems the high-
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Fig. 6. Relative static permittivity of the sol- Fig. 7. Relative relaxation times of the main
vent, £.=eglc)/eg(0), as a function of the dispersion step, 1.=1g1(c)/1g1(0), as a func-
relative concentration, c.=c/cg, of NaCiOy tion of the relative concentration cp=c/cg of
at 259C in acetonitrile (curve 1 without, NaClOy at 25°C in acetonitrile (curve 1),
curve 1a with ion-pair correction, cf. the propylene carbonate (2, taken from ref.{37]),
text), propylene carbonate (2, taken from DMF (3), formamide (4), methanol (5), and
ref.[37]), DMF (3), formamide {4), meth- NMF (6).

anol (5), and NMF (6).

est electrolyte concentration is between one and two molar. Looking at the initial slopes, two
"classes" of solvents can be distinguished.

The addition of electrolytes to solvents forming chains of hydrogen-bonded molecules, meth-
anol (curve 5) and N-methylformamide (curve 6), causes a strong decrease of permittivity.
At a molar ratio of electrolyte vs. solvent of 1:20 £4(c) diminishes to abizut 50 % of the per-
mittivity of the pure soivent, reflected by a high Lestrade number of Z§''P=7.3 for the meth-
anol and Zf!IP=10.6 for the NMF solution. Obviously a drastic breakdown of the solvent struc-
ture occurs, proi')ab|y by a reduction of the average chain length, which - at least for the
alcohol, since Z£''P(CIO4)=0 - is mainly due to the cation.

At the opposite extreme, the simple dip?Jar liquid acetonitrile (curve 1)} is almost unaffected
by the solute; a Lestrade number of ZE 'P=2.4 is found. This may be due to the appreciable
amount of contact ion pairs (CIP, Kap=31 dm mol~1) which can be detected in this solvent, see
chapter 7. If the concentration of free ions - this quantity is accessible from the ion-pair
dispersion amplitudes - is used in the calculation of c,, the initial slope of acetonitrile
(curve 1a} is comparable to propylene carbonate &curve 2, Z§""P=u.14), dimethylformamide
(curve 3, Zf!IP=u,6), and formamide (curve 4, Z'"'P=4.3)." The similarity between PC {curve2)
and acetonitrile (curve 1a) persistsup to high ¢, values, where the permittivities of both
solvents seem to level in the range of 0.7 £4(0) to 0.8 £4(0).

In a discussion of the concentration dependence of the main relaxation time 144, hydrogen-
bonding liquids must be distinguished from dipolar aprotic solvents. The latter usually exhib-
it only one dispersion step, eventually with a relaxation time distribution [19,20], and 144
increases monotonously with concentration. This is exemplified in Fig.7 for NaClOy solutions
in acetonitrile (curve 1), propylene carbonate (curve 2), and DMF (curve 3], where the rel-
ative relaxation time 1,.=7g1(c)/751(0) is plotted against the relative electroiyte concentration
cp=c/cg. At least for electrolyte concentrations below 0.5 M - but in some cases over the en-
tire solubility range, e.g. LINCS in DMSO [16] - the microscopic relaxation time of the soi-
vent molecules 1y, calculated with eq.{16), is proportional to the viscosity n of the solution

for these systems. Such a behaviour is predicted by the modified Stokes-Einstein-Debye
equation [38]

X%
o= k_T-f-LC'” (16)

for rotational diffusion of single molecules as the relaxation mechanism. In eq.(16), V is the
molecular volume and f is related to the ratio of the principal axes of the rotational ellipsoid
representing the solvent molecule. The empirical factor C (C=1 for stick boundary conditions)
couples the microscopic viscosity felt by the reorienting particle to macroscopic viscosity.
From our dielectric relaxation studies on electrolyte solutions in the dipolar aprotic liquids
propylene carbonate [37], DMSO, DMF, and acetonitrile, we obtain C<0.1 for all solvents.
This suggests that the reorientational motion of the solvent molecules is much less affected
by ion-solvent interactions than the viscous flow.

Due to its cooperative nature, the principal relaxation time of hydrogen-bonding liquids is
intimately linked to the structure of these systems. From Figs.7 and 8 it is obvious, that the
effect of added electrolyte depends both on the solvent (Fig.7) and on the nature of the sol-
ute {Fig.8). According to the few data available, 157 of N-methylformamide monotonously de-
creases with increasing electrolyte concentration [39,40,16], whereas for methanol solutions
a maximum of t4q(c), although not very pronounced for sodium salts, seems to be charac-
teristic [5,9,16] (cf.Fig.7, curves 5,6). This suggests that the long range order in these
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Fig. 8. Relaxation time of the main dispersion Fig. 9. Intermediate,Ts2 (closed symbols),
of water, Tg1. as a function of electrolyte and fast solvent relaxation time, Tg3 (open
concentration at 25°C for CdSOy (curve 1), symbols), for methano! solutions of NaCiOy(a)
CdCl; {2), and Cd(ClOy)o (3). BuyNCIOy (¢ ), and NHyBr(O) at 25°C.

solvents through winding hydrogen-bonded chains is broken up in the amide, whereas in the
alcohol the bulk structure is relatively unaffected or even slightly stabilized at low concen-
trations. Such a result for the alcoho! is corroborated by simulation studies of Jorgensenetal.
[40], who find a strong interaction of the sodium ion with six solvent moiecuies in its pri-
mary coordination sphere, but no effect on the bulk structure beyond the first shell. At
high cp-ratios, the strong interaction of a Na*-ion with six methanol molecules prevents the
maintainance of the bulk solvent structure and the structure breaking effect of ion-solvent
interactions dominates.

Formamide solutions exhibit either a slightly decreasing (Nai [40]) or increasing relaxation
time tgq(c) (LiNO3 [39], NaClOy [16], cf.Fig.7, curve 4). The relative change is smaller,
about 10 % for 1 M solutions, than for dipolar aprotic and chain forming solvents; it is com-
parable to the behaviour of aqueous electrolytes, cf. Fig.8. Obviously, the cooperative dy-
namics of the two-dimensional (formamide) or three-dimensional (water) hydrogen-bonded net-
works is fairly insensitive to ion-solvent interactions in the concentration range studied; the
same conclusion must be true for their structure. Figure 8 shows the influence of the cation
on the cooperative dynamics of aqueous Cd-salt solutions. The increase of t51 for CdSOy or
the constancy for CdCly, both salts undergoing strong ion-pair formation, in contrast to
Cd(ClOy)y, is partially an effect of ion-pairing, but different rates for the solvent exchange
between buik and primary cation coordination sphere should be of similar importance. A con-
sistent theory is still lacking.

Characteristic for all hydrogen-bonding liquids studied over a sufficiently large frequency
range is the emergence of a fast relaxation process of Debye type centered in the 60 to 200
GHz region, which must be assigned to the dynamics of the hydrogen bond. The strongest
argument that this process is due to specific solvent-solvent interactions is exemplified in
Fig.9 for methanol. For ail systems studied so far, the fast relaxation time 153 is specific for
the solvent (1.02 ps for water, 1.12 ps for methanol, 0.78 ps for NMF, and 1.16 ps for
formamide), but independent of the concentration and the nature of the dissolved electrolyte.

The intermediate relaxation times 152 of methanol, 152=7.1 ps, and NMF, 152=7.9 ps, are com-
patible with the reorientation of single molecules. For monomers a dependence on viscosity
predicted by eq.(16) could be expected and this is indeed found for NaClOy solutions in
NMF [16], in contrast to methanol solutions. Due to the small dispersion amplitude, theerror
in Tg2may be in the order of 20 % {cf. the scatter of the NaClOy-data in Fig.9). Neverthe-
less, a significant maximum of 17 at low electrolyte concentrations is found for all methanol
solutions studied, except NHyBr, where the relaxation time is constant. It must be concluded,
that the intermediate relaxation process predominantly probes - at least for methanol - the
motion of molecules situated at the ends of hydrogen-bonded chains and the solvent exchange
in the solvation shell. This argument is corroborated by simulation studies [24] and resuits
from vibrational spectroscopy [42,43], which find only a negligible concentration of monomers
in the pure liquids. The fact, that the addition of ammonium bromide to methanol affects
neither Tg2 nor the dispersion amplitude, together with arguments from vibrational spectros-
copy [36], leads to the assumption that NHj-methanol interactions and methanol-methanol in-
teractions are of comparable magnitude and take place in the same time scale, governed by
the lifetime of the hydrogen bond, hence yielding Z|_ {NH})=0. The bromide ion is able to in-
duce a symmetrical polarization of the solvent (Z| (Br~}=7), with a residence time of a meth-
anol molecuie in the coordination sphere which is similar to its reorientation time.

ION-PAIR RELAXATION

For aqueous solutions of 1:2-, 2:2-, and 3:2-valent electrolytes it is well known that ion-
pair (IP) formation gives rise to an additional relaxation process on the low-frequency side
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of the solvent dispersion [28,44,45,7]. Such processes are also well known for 1:1 electro-
lytes in fow-permittivity solvents, such as ethers, which are intensively studied by the
groups of Petrucci [46] and Lestrade [29]. Recently ion-pair relaxation processes were also
found for 1:1 electrolytes in solvents of permittivities ranging from 32 {methanol) to 46
(DMSO): BuyNBr [17], LiBr, Nal, and NaClOy in acetonitrile (AN), BusNCIO4 in methano! and
DMF, LiNCS in DMSO [16].

Figure 3 shows Argand diagrams of BuyNBr solutions in acetonitrile at two concentrations[17];
it represents the generalized complex permittivity n'' vs. ' (curves 1 and 3}, egs.(9). and
the diagram €' vs. €' {curves 2 and 4) after conductance correction. The individual contri-
butions (from left to right) of solvent relaxation, ion-pair relaxation, and conductances to

the solution permittivity are indicated by broken lines.

Using Cavell's equation [47] with dipole moments u|p based on reasonable models for the ion

pair, it is possible to determine the ion-pair concentration cip from the experimental disper-

sion amplitudes e€-g3. e=eg

2+1 3kTe, (1—crpfip)?
3e 103N, /‘%P

In this equation ajp is the polarizability and f|p is the reaction field factor of the ion pair.

Comparing association c ntstants Kp estimated with the cip-data of the tested ion-pair models

with literature values K5 obtained by conventional methods, like calorimetric or conductance

studies, allows the identification of the polar species formed [49]. Some results are summa-

rized in Table 2, where CIP stands for contact and SSIP for solvent-shared ion pairs.

Except for NaClOy solutions in methanol, where the scattering of the data is large, due to
the very small IP dispersion amplitudes, additional information is available from the relaxa-
tion times t|p(c). Assuming rotational diffusion as the predominating relaxation mechanism of
the ion pair, an increase of T|p with concentration must be expected, since the viscosity in-
creases with increasing electrolyte concentration. Such'a behaviour-is found for LiNCS/DMSO
and LiBr/AN solutions; data analysis reveals contact ion pairs as the relaxing species.

erp = (e — €2) (17)

Surprisingly, an initial decrease of the ion-pair relaxation time with increasing concentration
was found for the majority of the investigated systems: BuyNBr, Nal, NaClOy in AN, and
NaClOy in DMF, MgSOy, CdSOy, CdCly in water, with a minimum of 1|p around 0.5 M to 1M.
This leads to the assumption that the kinetics of ion-pair formation

C* + A*- ';:—‘—? (Ip)*++*- (18)
21

controlled by the rate constants of formation, k{z. and decomposition, k¢, contribute to the
experimental relaxation times. An equation can be derived [51,52], which predicts a linear
dependence of the relaxation rate T|p~! on the concentration of free ions, (c-cip)

g = (rjp)™! + kz + 2kna(c - crp) (19)

The first term on the right side of eq.(19), tp' is the single particle correlation time of the
rotating ion pair; the second term is the relaxation time of the kinetic mode given by the ki-
netic time law underlying eq.(18). Indeed, this equation is reasonabiy followed up to the
concentration of relaxation time minimum. The rate constants of formation, Ky2- obtained from
the slopes are given in Table 2, together with the rate constants of decomposition ky1=kq2/Kp
calculated with the help of ion-pair association constants fromthe dispersion amplitudes of the
ion-pair relaxation process. In all cases, T|p' obtained from eq.(18) is compatible only with
that type of ion pair controlling the dispersion amplitude.

Table 2: Association and rate constants of ion-pair formation from
dielectric relaxation data at 25° C.

K4 Kt Fig-107° k- 107°
solvent | electr. IP
dm3®mol~! dm3mol~1s~!? g~t
water | MgSOq | SSIP | 164425 | 15648 1.840.1  0.011£0.001
CdSO, | SSIP | 27090 | 24504 2.340.4  0.009+0.002
AN LiBr | CIP |148+2 | 155-193) a)
Nal | CIP | 1746 | 3.8-24D 8+1 0.440.1
NaClO4 | CIP | 3143 | 15279 10.740.4 0.44:£0.04
DMF | NaClO4 | SSIP [ 1.9+1.3 | 3.240.7150 4.740.2 1.5+0.3

a) 77p constant  b) re-analysis of conductance data from the literature
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CONCLUSIONS

Important information, not accessible by other techniques, can be obtained when dielectric
relaxation spectroscopy of high accuracy is applied over a wide frequency range. For elec-
trolyte solutions and their solvents, the technique can successfully be used to probe struc-
tural effects and especially the dynamics of ion-ion, solvent-solvent and ion-solvent inter-
actions. Actually, the 0.9 to 89 CHz range accessible with the equipment of our laboratory
still limits investigations to selected solvents and prevents the study of the features outside
this frequency range, but we will overcome this restriction in the near future with new
equipment under construction.
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