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High frequency permittivity and its use in the
investigation of solution properties
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Regensburg, D-8400 Regensburg, Germany

Abstract - Recent results from permittivity measurements at microwave to
far-infrared frequencies are reported for various liquid electrolyte and
non-electrolyte systems. They enfarge our knowledge on processes which
produce (by their complex interplay of orientational, intramolecular,
kinetic, H-bonding, diffusional and migrational modes} the properties of
pure solvents, solvent mixtures and solutions.

Protic solvents show three relaxational processes: re-establishment of the
perturbed solvent structure, "intramolecular' rotation of solvent molecules
as monomers and in H-bonded chains or networks, and very short relaxa-
tion times of about 1 ps due to H-bond dynamics. Aprotic solvents display
a more or less continuous relaxation time distribution. Solvent mixtures
show a particular behaviour related to the properties of their constituents.
The addition of salt affects the relaxation times of the solvents, but no
new modes are generated by free ions. In contrast, ion pairs and other
solute complexes act as dipoles and display specific relaxation processes.

information from high frequency permittivity measurements is used to
explanation and calculation of solution properties required by fundamental
and applied research.

INTRODUCTION

The application of an electric field E (E, electric field str ngth) to a liquid yields the polar-
ization P of the liquid (eq.(1a)) consisting of two parts, %L.l and P, (egs.(1b,c)), separable
by measurement. The time-dependent orientational polarization f’)“ is the result of the align-
ment of dipole molecules by the local electric field against thermal motion. The induced polar-
ization Py is an intramolecular effect due to the action of the internal field on molecular po-
larizabjlity, following changes of the electric field without delay up to far-infrared frequen-

cies. Py and Py are linearly independent. Their separation is aghieved by the introduction of
the so-called "jnfinite frequency permittivity" €w to which only Py contributes.
P = 50(5—1)E; ﬁp = 50(5—€w)ﬁ3 Po = €o(60 —1) E (1a,b,c)

in eqs.(1) g4 is the permittivity of the vacuum, ¢ is the relative permittivity of the liquid.

FREQUENCY DEPENDENCE OF PERMITTIVITY

With increasing frequency of an electromagnetic wave passing through a dielectric, situations
are reached in which the polarity change of the electric field causes significant variation of

the field strength within periods that are characteristic of molecular motions, such as dipole
reorientation, ionic mobility, etc. Then polarization lags behind the electric field and energy
is dissipated in the system. Energy dissipation is commonly treated with the help of complex
numbers for the electric and magnetic field vectors (E, B, H, B) and for the physical prop-
erties permittivity, permeability and conductivity of the sample.

Figure 1a shows the idealized frequency dependence of the real part €' of the complex per-
mittivity £{w), the dispersion curve: Figure ib shows the corresponding imaginary part €',
the absorption (loss) curve characterizing the energy loss. The decrease of ¢' from static
permittivity to £, accompanied by a broad absorption band in the &' diagram is character-
istic for the reorganization of the liquid structure. This relaxation process reduces P from
its static value to zero. The processes in the IR and UV region, affecting Py are resonant
transitions.

Appropriate combination of the Maxwell equations yields the wave equation for a travelling
1473
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wave of circular frequency wlw=2mv, v=linear frequency) in a medium of complex permittivity
£{w), permeability u{w) and conductivity k{w)

V2A+ A =0 (2)

where A is either the electric field strength E or the magnetic field strength H. both of
which propagate in the medium with equal propagation coefficients

2
. w
B = Biwie); K = e = (£) (32.5)
0
ko and cg are the propagation coefficient and the speed of light in vacuum. For the investi-
gated electrolyte solutions and their solvents, the relative complex permeability p(w) equals
unity. The quantity
i(w)

iw) = é(w)—1—= ()
WE,

called the generalized permittivity of the sample [1] is - in the strictest acceptance of the
Maxwell equations - the only measurable quantity for electrically conducting systems. For
non-conducting systems (k=0),it is reduced to the complex permittivity £(w). It is known
from experiments that the frequency dependence of conductance is very small (Debye-
Falkenhagen effect). For lack of better information.it is neglected at high frequencies, and
generally the assumption is made that «"{w)=0, «'{w)=k'(0)=x; « is the specific conductance
at quasi-static (very fow) frequencies of the investigated electrolyte solution

Ngae alu
— 247 E k
K 1000 T o |2 (5)

composed of ions of charge ezk and ionic mobility uk at molarity cik. Then it follows that

(W)

K
Alw) = é(w)—i%s—; Tw) = w); 7'Ww) = E"(w)+w—;() (6a.b,c)

Equation (5) may be used to replace « in eqs.(6a,c) by the low frequency conductance of
the sample measured at electrolyte concentration c.
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Fig. 1. Dielectric dispersion e'(v) and absorp- Fig. 2. Experimental data of acetonitrile at
tion £''(v) spectra for a polar liquid with a 259C for 0.955v/GHz < 40 (o) and spectra
single Debye relaxation process in the micro- calculated from the parameters of a Debye
wave region and two resonant transitions in equation fitted to the data (Table 1) [u48].
the IR and UV range; np is the refractive (1) dispersion (c'(v)) and (2) absorption
index in the visible spectral range. (e'*(v)) curve; (3} Argand diagram.

The dissipated energy per unit volume and time is

1

vy o= EEZ"‘)EU"" (7)
Theory of polarization shows that a periodically changing monochromatic electric fieid, E(t)=

oexpliwt), yields the frequency dependence of orientation polarization I_D)“(w,t) and induced
polarization Py (w,t)

ﬁ“(w,t) = &of€ — €co) E(t) Lio[fF (1)]; ﬁa(‘*’,t) = €o(€co — 1) E(t) {8a,b)
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where Lj,[fB(t)] is the Laplace transform of the pulse response function f§(t)

o= _OFF For = (Pu(0) - B,(1)) (9a,b)

a ' TP T (B(0)- B(0))

The step response function of the sample, Fg", controls the restoration of the orientational
contribution after a perturbation. For instanee, if a constant electric field applied to a di-~
polar sample is switched off at time t=0, the orientational polarization monotonically decreases
with time from f‘q = “(0) to its final equilibrium value ?‘P (2)=0 according to

Bi(t) = B Fy (10)

The step response function of reorientation is of relaxational type: F2"(0)=1; FO'(«)=0.

Data analysis of microwave permittivity spectra begins with an assum;?tlon as to the type of
the underlying step response function. If the polarization decay follows a first-order kinetic
law, e.g. in the case of a single reorientation process

_d_%‘_t(_t) = k-B,(t); P,(t) = B.(0) exp(—kt) (11a,b)
it follows from a comparison of eqs.(10),(11) and (9) that
o t
= (‘?) P fE = -exp( t) i LulfF] = (L+iwn)™ (12a,b,c)

The reciprocal rate constant k of the process is its relaxation time, t=k~1. The combination
of eqs.(8a) and (12c) yields the frequency dependence of permittivity for this process,
called the "Debye relaxation process"

. _ €E—€fo0 ., _ E—€Ex . 1 _ (€ —€c0)wT
éw) = e°°+1+iw-r’ gw) = Eoo+m, e'(w) = __1+w- ) {13a,b.c)

Figures 2 show the projections of the three dimensional curve (e',e',v) given by eq.{13a)
in the {e',v)-plane (eq.(13b), dispersion curve (1)), in the (¢'',v)-plane (eq.(13c), absorp-
tion curve (2)), and in the {¢'.c'")-plane (Argand diagram (3)) for the reorientation of aceto-
nitrile in the frequency range from 0.95 to 40 GHz, where acetonitrile is one of the rare
cases that follow a single Debye relaxation process, see Table 1. Figures 2 impart the know-
ledge of the relaxation parameters €, £, from the Argand diagram, and 1, 71=1/wcpjt, from the
maximum of the absorption curve or the inflection point of the dispersion curve. The quanti-
ty £1-€» of the Argand diagram is called the dispersion amplitude of the relaxation process.

The first-order process shown in Fig.2 can be easily identified with the relaxation process in
the microwave region of Fig.1. However, relaxation spectra are commonly more complex. Every
molecular process changing the orientational polarization P, of the samplie. which can be un-
derstood as the vectorial sum of all dipole moments per unit of volume, causes a relaxation
process of characteristic time constant Tj (relaxation time).

PERMITTIVITY AND DIELECTRIC RELAXATION PARAMETERS OF PURE
SOLVENTS

Table 1 gives a survey on relaxation parameters of selected solvents. Column 2 shows the
static solvent permittivities cg determined at low frequencies (v<10 MHz) with the usual equip-
ment for this frequency range where no energy dissipation takes place, column 3 the range
covered by the high frequency equipment and column 4 the assumption on the step function
made for the data analysis for which the results are given in column 5a to 5i. Column 6
shows the square of the refractive index ng (ep=np) measured by optical methods (refrac-
tometry) at the wavelength of Nap-line. Column 7 quotes the original literature. Columns U
and 5a to 5i are explained in the following text.

Perusal of Table 1 shows that the representation of high frequency permittivity data with
the help of a single Debye process (D4 in Table 1) is only possible for limited frequency
ranges and generally yields more or less correct data.To deal with the more complicated
relaxation behaviour, usually detected with a broader frequency coverage, the analysis

of the experimental data is based on a suite of distinct relaxation processes which may be
Debye processes (D1+D3 and Dq+Dy+D3 in Table 1} with discrete relaxation times or more or
less broad relaxation time distributions around the relaxation time Tj characterized by the
parameters aj >0 for symmetric and Bj<1 for asymmetric distributions.

E("‘") = &0 t+ (5 —500) S E—
,z; [1+ (iwr)i-2)fs
Equatlon {14a) contains Debye processes (oc =0, Rj= Cole-Cole processes (0sa 8;=1. CC
in Table 1), and Cole-Davidson processes (a =0, !)(B i1, CD in Table 1); n is f!he number of
separable dispersion steps j of relaxation tnme Tj. dlspersmn amplitude (a, gwj) and weight
. 8T Coj, - €1 =€; Eoon T €0
9T e e ! Sooj = 17 &1 P (14b,c.d,e)

{(14a)
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Figure 3 shows an example where three Debye equations corresponding to three relaxation
processes in the liquid must be assumed to reproduce the measured data.

Insufficient frequency coverage is responsible for many unsatisfactory data. On the other
hand, an increase in the number of dispersion steps is not a sufficient criterion for the ap-
proach to the real relaxation behaviour of the sample. Strong support can be obtained from
results of other methods probing dynamic properties, e.g.Rayleigh scattering, NMR relaxa-
tion or simulation studies; serious arguments for the assumption of dispersion steps result
from examination of how the assumed relaxation processes of a solvent are influenced by the
addition of electrolytes and non-electrolytes. A detailed discussion of the relaxation steps and
their underlying processes of the solvents studied in our laboratory is given in refs.[2,3,4].
The intention of the actual paper is the provision of reliable, critically selected permittivity
and dielectric relaxation data for the use of theoreticians and practising engineers. Suffice

it therefore to give some brief information on the different relaxation processes in Table 1,
which are arranged with regard to decreasing relaxation times. We prefer to assume

a relaxation time distribution (CC or CD) if there are no convincing and verifiable arguments
for a further splitting. At least for some systems where data had to be taken from the older
literature (especially TMU), a more complex relaxation behaviour must be expected in an ex-
tended frequency range. A systematic study covering the region 0.955v/CHz<89, of the di-
electric properties of common solvents and their electrolyte solutions is in progress in our
laboratory; this work will benefit from the construction of further equipment extending the
accessible range to lower and higher frequencies in the near future.

For liquids of non-hydrogen-bonding molecuies, one reiaxation processcan usually be found
{often with a distribution of relaxation times, cf. Table 1) due to reorientation of the
molecular dipoles.The processes at 1 ps for DMF and DMA (j=2) are due to hindered
intramolecular reorientation around the C-N bond.

Hydrogen-bonding liquids show a more complex behaviour. The slow process characterized by
11 is cooperative in nature; the return of the bulk structure to equilibrium is accompanied by
a marked change of the effective macroscopic dipole moment, leading to a large dispersion am-
plitude (e-g3) of the mode. The fast process at relaxation times around 1 ps, numbered j=2
for water and formamide and j=3 for the monohydric alcohols and NMF, is connected with
hydrogen-bond formation and decomposition

—H:X— = —H + X— (15)

The intermediate process (j=2) for the alcohols and NMF results from the reorientation of sol-
vent molecules situated at ends of the hydrogen-bonded chains and/or monomers. This mode
is not separable for the networks of water and FA [3.,4].

From the above discussion it is evident that a broad frequency coverage is necessary to ex-
tract reliable information from complex permittivity spectra. To obtain the full information on
the dynamics of the system, the inclusion of far-infrared data is desirable, although an upper
frequency limit of about 100 GHz already gives satisfactory results in many cases. From our
experience, we estimate that practically all liquids of medium to high polarity will exhibit a
non-exponential relaxation behaviour with deviations from a single Debye equation well before
the onset of librational modes.

The above considerations are of prime importance for theoretical and experimental investiga-
tions of the effect of solvent dynamics on chemical reactivity, a field which has attracted in-
creasing interest in recent years. For an introduction the reader is referred to the reviews
[21,22,23]. Implications in biochemistry are shown by Frauenfelder and Wolynes [24].

It has been shown [25] that the observed rate constants kgpg Of electron transfer reactions
can be conveniently expressed as

ks = KP Kel Un exP["(AG;s + AGL) / RT] (16)

where Kp, isthe equilibrium constant for the formation of the precursor state prior to electron
transfer, Kg| is the electronic transmission coefficient, v, the nuclear frequency factor. AGgg
and AGjg are the outer-shell (solvent) and inner-she!l (bond distortion) activation barriers
associated with the reaction. The infiuence of the solvent on the reaction rate emerges from
the frequency factor v, and the outer-shell barrier AGgs both of which depend on the
frequency dependent dielectric properties of the solvent.

For reactions with negiigible AG?s,continuum theory, based on the assumption of a single
Debye type relaxation process of time constant T for the solvent, predicts v, to be propor-
tional to the "longitudinal relaxation rate" T|:1,T|_:(€m/€)"[ [26]. However, experimental re-
sults [27,28,29,30] do not corroborate this first-order approach, but imply a more com-

plex behaviour with non-exponential solvent relaxation. This point is also stressed in the
theoretical work of Hynes [31], who discusses the importance of the fast relaxation modes
for the high rate constant kgpg observed in alcohols.
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Fig. 3. Argand diagram calculated from a fit Fig. 4. Velocity correlation coefficients fq1 of
of three superimposed Debye equations methanol/tetrachloromethane mixtures [39] as
{solid line) to experimental data (e} of a function of the cooperative relaxation time

methano! at 25°C for 0.95sv/GHz<293 [3]; 19 of the alcohol at 25° C [38].
far-infrared data are taken from [32]. The

broken lines indicate the contributions of

the individual relaxation processes with in-

creasing relaxation time from left to right.

PERMITTIVITY AND DIELECTRIC RELAXATION PARAMETERS OF NON-
ELECTROLYTE SOLUTIONS

Investigation of the self- and hetero-association of molecules, i.e. the dielectric relaxation
behaviour of apolar and polar solutes in hydrogen-bonding solvents, is another field which
has attracted increased interest in the last few years. In this paper we shall confine our
attention to the properties of solvent mixtures. For applications in the field of biophysics,
the reader is referred to the monograph of Grant and coworkers [33] and to ref. [34]
for more recent results.

For mixtures of 1-hexanol with n-heptane. a gradual decrease of the relaxation time of the co-
operative process 11 is found and interpreted as gradual monomerization of the alcohol [35].
This is in contrast to results obtained for ethanol/cyclohexane systems [36], NMF/tetra-
chioromethane [37], and methanol/tetrachloromethane [2,38]. Here, the siow relaxation time
of the polar component increases on initial dilution, pointing to a stabilization of the hy-
drogen-bonded entities by the added apolar component. For methanol/CCly mixtures, a linear
relation is found in the concentration range studied [38] (Fig.4) between 17, the coopera-
tive relaxation of the hydrogen-bonded alcohol chains, and the velocity correlation coefficients
of methanol fq{, obtained from self-diffusion coefficients [39]. This leads to the conclusion
that self-association of the alcohol molecules dominates the dynamic behaviour of this system
down to low methanol concentrations.

Systematic studies of n-alcohol/water mixtures have been performed by Gestblom and Sjsblom for
alcohol-rich systems(<0.15 weight-% H;0) at frequencies between 0.03 GHz and 10 GHz [40]
and by Mashimo et al. [41] over the entire mixing range at 0.01<v/GHz<15. Both groups ob-
served amarked decrease of 71,which is interpreted as a breaking up of the alcohol structure.
This finding is corroborated by experiments up to 40 GHz with ethanol/water mixtures at the
water-rich side [2], where a strongly reduced cooperative relaxation time of the alcohol 1'{is
found; T'1=Tl(2€+€w)/(3€) is the molecular or microscopic relaxation time with a minimum

at 25 weight-3 ethanol. Interestingly, t's, the microscopic relaxation time attributed to water
in the mixture shows a maximum at the same ethanol concentration,where the time constants
1'1 and Tt'y are practically equal, see Fig.5. This finding, together with thermodynamic data
[42,43], indicates a high degree of interaction between water and alcohol in a structural ar-
rangement with optimum space filling at this composition. It was found that the enthalpies,
ATH®, and entropies,ATS®, for the transfer of KCl from water to ethanol/water mixtures
are strongly influenced by the dielectric behaviour of the solvent [44].

Hydrophobic hydration is an important phenomenon in the understanding of water-organic
molecule interaction and is investigated by dielectric spectroscopy. Kaatze and coworkers
[45,46] have extensively studied aqueous solutions of substituted pyridines and related com-
pounds. They found that both relaxation time and permittivity of the water in the hydration
shell are increased when compared to the bulk solvent; this suggests a more ordered struc-
ture around the solute molecule. A clear distinction of the hydration shell permittivities of
hydrophobic and hydrophilic ester surfaces was also found in kinetic investigations on ester
solvolysis reactions [47].
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Fig.5. Microscopic relaxation times in ethanol Fig. 6. Concentration dependence of the static
water mixtures as a function of alcohol weight permittivity of the solvent, £€1. for aqueous
fraction EgroH at 25°C [2]. 1: low frequen-  solutions of CdCly (curve 1), CdSOy (2),
cy process of ethanol (1'4); 2: relaxation and Cd(ClOy); (3) at 25°C {38]. Curves 1ta
time of water (t'3). and 2a show the static permittivity of the

electrolyte solution, ¢, for CdCi; and CdSOy
respectively; €-e4 gives the contribution of
the ion-pair relaxation process for these
solutions.

PERMITTIVITY AND DIELECTRIC RELAXATION PARAMETERS OF
ELECTROLYTE SOLUTIONS

The addition of electrolyte to a solvent yields three effects

- change in the dispersion amplitudes and relaxation times of the solvent relaxation pro -
cesses

- appearanceof anew relaxation region at the low frequency side of the (c',e'',w)-diagram
whenever ion-pair relaxation of associating electrolytes occurs

- superposition of a contribution of electroiyte conductance, «/(eqw), which may be eliminated
according to eq.(6) with the help of separately measured static conductances x vs.
c(v<10 kHz; c: electrolyte concentration). In the following discussion, only conductance-
corrected diagrams will be used. For complete diagrams including the conductance contribu-
tions, see ref. [48].

The bulk reorientation process of the solvent, j=1 in Table 1 is affected by a decrease of the
solvent permittivity that is ion-specific and non-linear in electrolyte concentration

El(c) = 51(0)—5¢'C+,35'Cn (17)

with n=1.5 or n=2. The quantitiy §. is called the dielectric decrement, §g=lime,gl-3e1/3c).
As an example,Fig.6 shows the effect of cadmium salts on the permittivity of water, £q(c)
{curves 1-3}. A marked difference is found for the concentration dependence of €1 of the
1:2-electrolytes CdCly {curve 1) and Cd(ClOy}y (curve 3) due to the effect of ion pairing
detectable for the first system; the sulfate solutions {curve 2), where an ion-pair relaxation
process is afso found, show an intermediate behaviour. Figure 6 also shows the effect of
the ion-pair relaxation process on the total permittivity ¢ of CdCly (curve 1a) and CdSOy
solutions {curve 2a). It either increases monotonously or exhibits a maximum in the concen-
tration range studied.

A detailed discussion of the influence of ions on the solvent relaxation amplitude and relaxa-
tion times of various solventsis given in ref.[49]. Interestingly., positive and negative
changes of the characteristic solvent relaxation time 14 are observed, depending on the na-
ture of the ion-solvent interactions, but no influence of the ions can be detected on the re-
laxation time 13 (dueto H-bonding) in the chain-forming solvents methanol and NMF.

The dielectric decrement is the central quantity in theories of irrotational bonding of the

solvent molecules [51,52] and of kinetic depolarization [53]. These theoretical concepts apply
at the limit of infinite dilution, so that data of good quality at low electrolyte concentrations,
rarely found in the literature, are needed to determine reliable values of §¢ for the discus-
sion. Table 2 gives a collection of coefficients determined from fits of £q(c) in the concentra-
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tion range 0<c/mol dm'3§cmax with 1-5+10"2mol dm™3 as the lowest electrolyte concentration
investigated. For a discussion of irrotational bonding and related solvation numbers [52] and
of kinetic depolarization [53], the reader is referred to [U9] and the literature quoted therein.

Table 2. Coefficients of eq.{17) for the static per-
mittivity of the solvent in electrolyte solutions,
gqle), at 25°C

fvent lectrolyte e Be n | —Cmas
sotven CIectroVte | Imimol-1 (dm3mol-1)" mol dm~3
water NayS04 302 10+£2 1.5 1.0
MgCl 341 101 1.0
MgS0, 3241 1341 1.1
CdCl, 22.4+0.3 8.940.2 1.5
ggggo‘*)z 392‘21:2'7 121.23::[2)‘7 }(1) Tablg 3. Assgciation constants of ion-
4 : pair formation from dielectric relaxa-
CuCly 3942 172 11 tign data (Ka) and literature values
methanol | NaCl 56+5 66£13 |15] 0.14 Kyt at 250 C
NaBr 4242 2643 0.7 i
Nal 3942 2142 1.0 ectrolvt K4 Kt
NaClOy 33+1 1941 11 solvent | electrolyte | P dm?® mol-!
NH4Br 3314 1744 0.8
BU4NCI 4241 2441 0.8 water NazSO4 SSIP 1821 4.5[65]
BusNBr 4146 26+8 0.5 MgSO4 SSIP | 164425 174164}
BugNI 3042 1842 0.8 CdCl, CIP | 105465 8566]
BuyNCIOy | 21£2 10£2 0.8 CdSOy4 SSIP| 270490 | 245062
acetonitrile | LiBr 5.35+0.05 — 0 0.7 methanol | BuyNCIO4 | CIP | 44+17 | 47.1067
Nal | 7508 31£09 121 09 acetonitrile | LiBr CIP | 148+2 | 155—193*
NaClO4 '8.0:i:0.3 2.140.2 1.9 Nal CIP 1746 3.8—04%
formamide | NaClO4 2941 4.9+14 2 0.9 BuyNBr CIp 1741 17—22%
NMF NaClOg 15543 JE! 2 0.9 DMF NaClO; |SSIP| 1.9+1.3)3.240.7(%8
DMF NaClOy 17.04+0.8 4.240.8 2 1.0 DMSO LiNCS CIP ~ 3 ~ 1691
DMSO LiNCS 20.0+0.6 7.840.5 1.5 1.6 * re-analysis of conductance data from the literature

An important application of concentration-dependent solvent permittivities, eq.(17), is their
use in the calculation of thermodynamic properties of electrolyte solutions with the help of
“effective interaction potentials" [54,55,56,57] instead of mean force potentials at infinite
dilution used at the McMillan-Meyer (MM) level. MM modeis imply the use of the permittivity
of the pure solvent in the ion-ion interactions up to high electrolyte concentrations, in con-
trast to effective interaction models which use solvent permittivities £¢(c) depending on
electrolyte concentration.

Effective interaction models based on some extension of the Debye-Hlckel theory were applied
in refs.[58,59]. HNC-calculations of the osmotic coefficient for methanol solutions of tetra-
alkylammonium and sodium salts are reported in ref.[60]. An example, Figure 7, comparing
the results from HNC calculations at MM-ievel and effective interaction potential level with
measured osmotic coefficients, illustrates the role of solute concentration dependent permitti-
vities. Unfortunately, the full set of data (vapour pressure, solvent compressibility, permit-
tivity) needed for a study of the influence of the concentration-dependent solvent permitti-
vity on HNC calculations of osmotic coefficients is only available for very few systems at
present.

ION EQUILIBRIA IN ELECTROLYTE SOLUTIONS

Formation of neutral ion-pair dipoles gives rise to additional relaxation processes on the low
frequency side of the dispersion, absorption and Argand diagrams. This feature is documen-
ted by many publications [51,6,52]. In preceding papers [62,63],we have shown that the
dispersion amplitudes of the ion-pair relaxation process yield association constants in agree-
ment with those obtained by classical methods such as molar conductance, e.m.f., heat of
dilution or vapour pressure measurements, cf.Table 3, and also permit the identification of
the type of ion pair in the solution. Table 3 compares association constants Kp determined
from ion-pair dispersion amplitudes with selected literature data K/k't-, mostly from conduc-
tance studies. The third column of Table 3 informs on the type of ion pair dominat-

ing in the solution. Here CIP stands for contact ion pair, SSIP for solvent-shared ion pair.
A-commonly observed concentration dependence of the ion-pair relaxation time is explained by
the superposition of twe modes, the reorientation of the ion-pzir dipole in the electric field
(diffusive rotational motion) and the formation and decomposition of the ion pair (kinetic mode)
[7]. permitting the determination of very fast rate constants of ion-pair formation (up to
k=5+109 dm3mol~1s"1) and dissociation (up to k=2:109s"1) (497,
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0.88 60
0.84 40
0.82 . T . !
e 20— —_— 3
¢ 0.80 g l v J
0 20 40 60 80
0.78 ,
c -—
0.76 Fig. 8. Argand diagrams of water (curve 1,
0 0.1 0.2 03 0.4 far-infrared data taken from ref. %50] and
m aqueous solutions of 1.07 mol dm™ CdCl;
=i (2) and 0.98 mol dm~3 MdCly (3) at 250 C
mol kg [38]. The broken lines indicate {(from right
Fig. 7. Osmotic coeffcients ¢ for BuyNBr in to left) the individual contributions of the
methano! [60]. Experimental curve (—) and ion pair, the cooperative processes ( 14,
results from HNC calculations at McMillan- cf.Table 1) and the high frequency process
Mayer (o) and effective interaction poten- ( 15 ) of water to the total dispersion given
tial level (9). by curve 2.

Recent extension of these investigations to the formation of charged ion-pair species such as
[NaSOy 1~ or [CdCl]1* open the field of complex formation studies for microwave permittivity
investigations. Figure 8 shows Argand diagrams of pure water and almost equally concentrated
solutions of MgCl; and CdCly, from which it foliows that MgCl; does not form ion pairs in
contrast to CdCly for which the dispersion amplitude indicates strong association to [ CdCl I}
higher aggregates such as [CdCl3]" should have little influenceon the spectra in the fre-
quency range studied.

CONCLUSION

Dielectric relaxation studies have proved to be an efficient tool for the study of molecular
processes in solutions when carried out over sufficiently large frequency ranges. Important
information, not accessible by other techniques, can be obtained and used to explain soivent
and solution properties, or to calculate properties of mixtures and solutions in the framework
of molecular theories.
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