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Dielectric Spectroscopy of Aqueous Solutions of KCI and CsClI
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Results of a dielectric relaxation study of the aqueous solutions of KCl and CsCrat &% reported using
measurements with a vector network analyzer ®.2/GHz < 20) and with waveguide interferometers (27

=< vIGHz < 89). Similar to previously reported data for NaCl, the spectra of both salts are well fitted by a
Cole—Cole equation, although a double-Debye model is competitive at intermediate CsCl concentrations.
The impact of the solute on the water structure, reflected in a decrease in the bulk-water relaxation time with
rising electrolyte concentration, decreases in the sequence-NKCI > CsCl and appears to be proportional

to the surface-charge density of the cation. The interactions @<l Cs with their hydration shells are too

weak to cause irrotational bonding of® molecules. It is argued that CsClI exhibits weak ion pairing, although
the data are not sufficiently accurate to determine the extent of association and the nature of the ion pair
formed.

1. Introduction Recently, some of us have publiskd detailed reinvestiga-
tion of the NaCl(aq) solutions using state-of-the-art instrumenta-
tion based on a vector network analyzer (VNA) over the
frequency range of 0.2 v/GHz < 20 and at concentrations

up to 5 mol kg'. That study enabled the determination of
effective solvation numbers for the dissolved ions and provided
insight into the dynamical behavior of NaCl(aq) solutions. The
present paper reports analogous measurements on KCl(aq) and
CsCl(aq) solutions at 25C over as wide a concentration range
as practical. This investigation has been stimulated in part by
recent observations suggesting that CsCl may be problematic
as a background electroly&€.By combining VNA and inter-
ferometric measurements, it has been possible to cover frequen-
cies up to 89 GHz.

All of the alkali metal chlorides are highly soluble in water,
producing strong electrolyte solutions that have been intensively
investigated by a great variety of experimental techniques and
also by computer simulatiods? These solutions form a
particularly useful series in which the cation size varies
systematically and, as such, they have also been widely
employed to test theories of ionic solutions. The alkali metal
chlorides have also been used extensively as “background”
electrolytes for controlling ionic strength in the study of
complexation and other equilibrta’

Most of the physicochemical and thermodynamic properties
of aqueous alkali metal chloride solutions, such as densities,
conductivities, activities, and so on, have been well character-
ized, often up to saturation concentratién&’ Nevertheless, _ )
many uncertainties remain about the nature of these supposedly?- Experimental Section
“simple” strong electrolyte solutions. To take just one example,
there are significant discrepancies between the coordination
numbers of the cations, as estimated by scattering measuremen
and computer simulations on one hand, and the hydration
numbers as determined by many other technidties.

Dielectric relaxation spectroscopy (DRB)}2which probes
the interaction of a sample with an applied electromagnetic field
expressed by the complex permittivify) = €'(v) — i€''(v) as
a function of the frequencyv] of that field, is a potentially
powerful technique for studying the solvation and dynamic
characteristics of electrolyte solutioHs1® Surprisingly few
DRS investigations have been reported for alkali metal chloride
solutions, mostly over limited ranges of concentration and/or
frequency” Furthermore, almost all of these studies are rather
old and, because of the technological limitations of the tites,
the data obtained were generally of low accuracy and limited
usefulness.

Target solutions were prepared volumetrically using calibrated

-grade glassware without buoyancy corrections. All concentra-
jons are expressed in molarity. The salts KCI (Ajax Chemicals,
Australia, AR grade, 99.8% purity) and CsCl (BDH, UK, AR
grade, 99.9%) were dried at 3C for ~4 h under vacuunmr¢1
kPa) and were stored in a vacuum desiccator. Densities required
' for the calculation of water concentrations were obtained from
the ELDAR databas®’, as were the conductivities of KCl(aq)
and CsCl(aqg), which were used for kinetic depolarization
corrections.

Dielectric spectra atmin < v < 20 GHz were obtained at
Murdoch University using a Hewlett-Packard model 85070M
dielectric probe system based on an HP 8720D VNA as
described previousl} Temperature was controlled by a Hetof-
rig (Denmark) circulator-thermostat t&0.02 °C with an
accuracy of better than 0.0%C. The value of the minimum
frequency of investigationymin, was determined by the con-

*To whom correspondence should be addressed. E-mail: hefter@ ductivity contribution to the loss spectrum (see below). As such,
chem.murdoch.edu.au. Richard.Buchner@chemie.uni-regensburg.de. it varied with concentration but was typically in the range of

10.1021/jp026429p CCC: $25.00 © 2003 American Chemical Society
Published on Web 04/16/2003



4026 J. Phys. Chem. A, Vol. 107, No. 20, 2003 Chen et al.

80

60

40

20

0.1 1 10 100

v / GHz

Figure 3. Dielectric dispersiong'(v) (¥), and loss¢" (v) (®), spectra

of a 0.25 M aqueous CsClI solution fitted with the 2D mode).(The
shaded areas indicate the contributions of relaxation processes 1 and 2
to€".

3. Data Analysis

v / GHz . . .
For an electrolyte solution of conductivity DRS determines

Fligu“t% 1-( 1Die'f620g)ic déspersione'(lz)cfa)'lapd '0216’(;(;)5(&).( ZS)p%ng the relative dielectric permittivity'(v), and the total loss;” (v),

of water (1, re and aqueous solutionscet 0. , 0. PR ; : )

M (3), and 1.42 M (4) at 25C. Solid lines for curves 24 represent which is related to the dielectric loss;(v), as

the fits with the CC model.

K
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whereg, is the permittivity of a vacuum. To obtau¥(v), each
60 | [ - VNA spectrum was analyzed separately to determine the slightly

| 1234 l calibration-dependent effective conductivig, at each con-

. awolk i centration. As previously reportédthe effective conductivity
w was obtained by fitting the experimental total loss curve to eq

" [ ] 1. Theke values so obtained are generally 2% smaller than

conventional (low-frequency) conductivit®@swith slightly
larger deviations at high concentrations. For the correction of
the interferometer data,values from the literature were us€d.
Provided sufficient reproducibility was obtained far(+2%),
at least two VNA spectra and, when determined, the interfer-
ometer data were combined after a correctionyoffor the
ohmic lossx/(27ve,). As can be seen from Figures-3, there
is in general a seamless fit between the low- and high-frequency
data, although, as is usually observed for electrolyte solutions,
the noise increases with increasing concentration because of the
increasing conductivity contributiotf:22

The combinedé(v) data were fit to various conceivable
relaxation models. It was found that, for KCI solutiorgy)
was always best fit by a single Cet€ole equation (the CC

v / GHz model):
Figure 2. Dielectric dispersion¢'(v) (a), and loss¢" (v) (b), spectra
of water (1, ref 23) and aqueous CsCI solutionscef 0.25 M (2), np oy €~ €y
0.80 M (3), and 1.76 M (4) at 25C. Solid lines for curves 24 é(v) ——1 T2 - t e, )
represent the fits with the CC model. (i2mrvr)

(0.2 to 0.5) GHz. All VNA spectra were recorded using at least wheree is the “static” permittivity €., is the “infinite-frequency”

two independent calibrations, with air, water, and mercury as permittivity of the sampler is its principal relaxation time, and

the references. Higher-frequency data for selected solutions wereDd < o < 1 is a measure of the width of the symmetric
recorded at Regensburg using two interferometers: A-band (27distribution of relaxation time¥ Equation 2 also gives the best

< v/IGHz < 39) and E-band (6& v/GHz < 89). The operation fit for the most dilute and the concentrated CsCl solutions as
of these instruments is described in detail elsewhete. well as acceptable fits at intermediatelhe parameters obtained
Temperature control and accuracy were similar to those atfor both KCI and CsCl are summarized in Table 1, together
Murdoch. Typical spectra and corresponding fits (see below) with the average ofe and the variance of the fi£. To minimize

are shown in Figures 1 and 2; all data are tabulated in the the number of adjustable parameters, for the spectra of samples
Supporting Information. with VNA data only,r was fixed to the value interpolated with
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TABLE 1: Concentration c, Average Effective Conductivity — T T
ke, DR Parameterse, 7, a, and €., and the Variance s? of the
Fit of the CC Model to €(v) for Aqueous Solutions of KCI
and CsCl at 25°C?2

c Ke € T o €o &

0.3153 3.70 75.63 7.92F 0.028 4.85 0.07 a.
0.4408 5.06 74.52 7.80F 0.034 4.47 0.06 ~
0.6008 6.78 72.97 7.71 0.034 4.31 0.14 -
0.7931 8.79 71.23 7.57F 0.036 4.79 0.10
1.104 11.8 68.20 7.46F 0.036 5.08 0.11
1.423 15.0 65.93 7.41 0.034 5.66 0.22

CsCl

0.0504 0.673 78.05 8.27F 0.008 6.12 0.04
0.0994 1.29 77.67 8.22F 0.017 5.88 0.05
0.1500 1.88 77.30 8.17F 0.017 5.74 0.08
0.2499 3.03 76.54 7.99 0.025 4.73 0.14
0.4016 4.71 75.48 7.97F 0.030 5.33 0.08 L P

06009 686 7387 7.85F 0032 534 0.10 00 05 10 13 20

0.7964 8.90 7233  7.70 0.030 432 0.15 ¢ / mol L}

1.106 11.9 70.23 7.68F 0.038 565 0.16 ) . . o . .

1.506 16.1 67.20 7.67F 0028 6.33 035 Figure 4. Dielectric relaxation times associated with the solvent,
1.760 18.6 65.49  7.66 0.009 577 048 ofagueous solutions of CsOB} and KCI (#®, shifted by—1 ps int)

- ) ) at 25°C obtained from the full-range spectra of this work and compared
~ #Parameter values followed by “F” were not adjusted during the with data from refs 25@) and 24 ¢). Also included are the fits of
fit. Units: cin M; kein Q71 m™%; zin 1072, the data obtained with eq 4, curves 1 and 2, and the corresponding

. curve for NaCl (3, shifted by-2 ps) obtained from the data of ref 19.
TABLE 2: Concentration ¢, DR Parameterse, 71, €, 7, and
€., and Variance & of the Fit of the 2D Model to &(v) for

Dilute Aqueous Solutions of CsCl at 25°C? 20 GHz, the high-frequency process could be ignored, and the

spectra could be fitted with a CeteCole model using very small
¢ € 2 €2 v € $ values of the distribution parameter Even though the present

0.0994  77.89 143 7690 822F 6.44 0.03 measurements of KCl(aq) extend to 89 GHz, it was still not

0.1500  77.66 169 76,52  8.17F 633  0.04 possible to define the high-frequency process because of the

0.2499  76.88 140 7546  8.08 6.10 009 ghift of the cooperative relaxation to higher frequencies with

0.4016 75.67 100 74.05 7.97F 6.38 0.06 . . - . .

0.6009  73.99 120F 7268 785F 597 o014 Increasing electrolyte concentrations. Thus, a satisfactory fit for

. ) ) KCl(aqg) was again obtained using the CC equation, with values
it afrﬁ:gmceﬁﬁrl\‘ﬂ’?geizf%”igfg sy F” were not adjusted during the ¢ o similar to those previously derived for NaCl(aq). For CsCl-

: : P : (aq), the data can also be fit with a CC model, but there were
the help of eq 4 (see below) from the samples whfsd systematic, albeit minor, deviations at Gs1c/M =< 0.6. These
covered the range ofnin < v < 89 GHz. will be discussed in detail in section 4.3.

It appeared that, for CsCl solutions at G1c/M < 0.6, a fit 4.2. Relaxation TimesThe relaxation timestf for both KCI-

to a sum of two Debye equations (the 2D model) (aqg) and CsCl(aq) were derived from the spectra measured over
the full range of experimental frequencies. Thesalues so

€— ¢ €7~ €q @) obtained (Figure 4) show decreases with increasing electrolyte
: + : te 3 concentration that are similar to those observed previously for
1+1i2 1+12 * ) )
™ g NaCl(aqg) and that can be fit by the exponential

&) =

gave a similar or even better variansg as exemplified by
Figure 3. Because,(2D) = 7(CC) for the VNA-only spectra
(vmin = v = 20 GH2), this suggests that, at Igast for CsCl, the \yhere the relaxation time of pure watefQ) = 8.33 ps, was
parameter. > 0 of the CC model is a reflection of the small 1o from ref 23. For KCl(aq), the presentvalues are in
additional relaxation process that appears at low frequencies,qasonaple agreement with the somewhat scattered literature
and is described by the amplitue= ¢ — e and the relaxation  ya124 (Figure 4, curve 2). However, for CsCl(a#) the
time 7, ~ 140 ps with the 2D model. The obtained fitting agreement is only fair (Figure 4, curve 1). The present values

7(c) = a x exp(—b x ¢) + (z(0) — a) (4)

parameters are summarized in Table 2. are almost certainly more reliable becausetivalue reported
. . by Wei et al?> for pure water is 8.5 ps, which is significantly
4. Results and Discussion larger than the (8.3Gt 0.05) ps that is reported by oth-
4.1. General CommentsAs expected? the major feature  ersl7.2326.27 Approximately the same difference (0.2 ps) is
of the spectra for both solutions is a process centered®ps observed for the salt solutions between the present values and
(~20 GHz) corresponding to the cooperative relaxatih ¢f those of Wei et a#®

the bulk-water molecules. In addition, there is a high-frequency The data in Figure 4 reveal that there are systematic
process at; ~ 1 pg2 due to the reorientation of mobile water  differences in the shapes of theversusc curves. These
molecules, which is barely detectable as a small shoulder atdifferences, expressed as the magnitiaegnd sensitivity b,
~90 GHz, the upper frequency limit of the present spectra. In parameters in eq 4, are summarized in Table 3. Wheaeas
the previous study of NaCl(adj,which was restricted to < decreases in the order Na€IKCl > CsCl,bincreases. If it is
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TABLE 3: Parameters a and b of Equation 4 for the
Concentration Dependence of the Bulk-Water Relaxation
Time of Solutions of NaCl, KCI, and CsCl at 25°C?

electrolyte a b
NacCPp 16+0.1 0.8+ 0.1
KCI 1.1+01 1.5+ 0.1
CsClI 0.7+ 0.1 2.1+ 0.5

aUnits: ain 107%%s; b in L mol™. P Input data from ref 19.

18 T v T o T v T

¢ / molL!

Figure 6. Static permittivity,e, of aqueous solutions of NaCl (curve
1, ref 19), KCI (2) and CsCI (3, shifted b1 in €) at 25°C as obtained
with the CC model.

with the cation surface-charge density(= z+e0/4mi, where

& is the elementary charge). Unfortunately, these results are
too few for us to draw definitive conclusions: most of the
published data are either of insufficient accuracy or appear to

o€, / nm? be affected by unresolved ion-pair contributidig? Also, it
Figure 5. Magnitude parametes, of eq 4 as a function of the surface- ~ Should be noted that, consistent with the presence of a very
charge densityge, 1, of the cation for NaCl (1, ref 19), NSO, (2, tightly bound first hydration shell that does not exchange on
ref 33), KCI (3), CsCl (4), and MgSQ(5, wherer* = r, + 2r(H,0) the DR time scalé! it is necessary to assume that the effective
(ref 31)). radius of Mg", r&" is (= + 2r(H,0)) rather than the

crystallographic radius; assumed for the other ions.

assumed that the relaxation times of bulk water and the water 4.3 permittivities and Solvation Numbers. Solvation
in the hydration shell around C{both of which are thoughtto  numbers can be derived from DR data as described in detail
be similarly fast, see discussion in ref 19) are independent of g|sewherd?33 As for NaCl(aq), and as already noted, the data
the electrolyte concentration, then these differences may arisefor KCl(aq) can be fit within the limits of experimental accuracy
from the increasing fragility of the coordination shell around  with a CC model. However, the permittivities so obtained show
the cation in going from Nato Cs". a linear decrease with electrolyte concentration (Figure 6, curve

Supporting evidence for such an effect is, however, not as 2. |n contrast, the permittivity of NaCl(ad,and indeed of
clear cut as might be expected. Thus, X-ray and neutron most other strong electrolytes in water and other solvEFts,
diffraction data and computer simulations do show increasing s a curved function of concentration (Figure 6, curve 1). The
M~ —OH; distance’-?%%%in going from Na to Cs". However,  solvent permittivities for CsCl(aq) obtained from a CC fit are
most of this increase is accounted for by the increase in the gimost identical to those of KCl(aq) except that they have a
(crystallographic) radius of the cation, and only a small fraction somewhat smaller slope when plotted again@igure 6, curve
can be ascribed to any real lengthening of the-NDH, bond. 3, € values shifted byt+1 for clarity).
However, the enthalpies of hydration of these ighshich are The magnitudes of the slope (strictly, the initial slopes) of
dominated by the interactions in the first coordination shell, these curves, the so-called “dielectric decrements”, are opposite
clearly indicate a decline in the M-OH, bond strength from {5 what would be expected on the basis of the cation sizes
Na“ through Cs. Increasing coordination-shell fragility is  (Figure 6; see also Figure 9). In principle, such a sequence can
certainly consistent with the molecular dynamics simulations pe explained by a decreaseZ, the number of “irrotationally
of Chowdhuri and Chandréwhich suggest that the coordina-  pound” (IB) water molecules (effectively those water molecules

tion number (CN) of NaCl(aq) decreases only from 5.55 10 5.32 that are “frozen” on the DR time scale), in going from N@
over the concentration range of9c/M =< 3.35 whereas for gt

KCI(aq) the decrease is from 7.40 to 6.60 over the same The values ole can be obtained as
concentration range. Similarly, the present decrease in dielectric

relaxation time in going from NaCl to CsCl is broadly consistent o — P
with the residence times in the primary hydration sphere Zg = = 5 (5)
calculated by Koneshan et #l. c

Consistent with this evidence for the increasing fragility of
the hydration sphere in going from N#o Cs", the magnitude ~ wherec; is the analytical concentration of the solvents the
of parametera in eq 4 correlates reasonably well (Figure 5) electrolyte concentration, antf® is the number of (rotation-
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Figure 7. Number of irrotationally bound water molecules per
equivalent of electrolyteZis (®), as a function of electrolyte concentra-
tion, ¢, for KCl(aq) at 25°C assuming slip boundary conditions for

kinetic depolarization. Curve 1 indicates the corresponding NaClata.

The error bars represent an assumed error of 0.5¢6 in
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Figure 8. Number of irrotationally bound water molecules per
equivalent of electrolyteZis, as a function of electrolyte concentration,
¢, for CsCl(aq) at 25C assuming slip boundary conditions for kinetic
depolarization: CC model®), 2D model @). Curve 1 indicates the

corresponding NaCl dafd.The error bars represent an assumed error

of 0.5 ine and are similar for the 2D model.

ally) “free” solvent molecules, which is calculated from the

Cavell equatiof?®3¢normalized with respect to the pure solvent

ap

_ 260 +1 €0) (1—off)® c(0)

°2(0)+1 €0 (1—of0) S(0)

*§(0) (6)

In eq 6,05 is the polarizability, andk is the reaction field factor

of water.
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Figure 9. Static permittivity of the solutions( curve 1) and of water
(e2, curve 3) in CsCl(aq) according to the 2D model and the solution
permittivity obtained for the CC model (curve 2). Also indicated are
the water permittivitiese,, in aqueous MgNBr (curve 4) and ENBr
(curve 5) solutions?

elsewhere to yield a consistent serieZgf values for various
ions®22 produces for KCI theZ;g values plotted in Figure 7.
Further assuming that all of the IB water is associated with the
cations (i.e.Z;g(CI7) = 0), the data in Figure 7 show that there
is indeed a decrease frofiis(Na*) ~ 4 to Zig(K™) ~ 0 within

the rather large error limits. Such a difference accounts for KCI-
(aq) having a smaller dielectric decrement than NaCl(aq). The
values ofZig(K*) ~ Zg(Cl™) = 0 are also consistent with the
linearity of thee versusc plot for KCI. Similar near-lineak
versusc plots have also been observed fofNX(aq)$** and
nonionic solute® where the number of water molecules frozen
out of the bulk by the solute is essentially zero.

An explanation of the smaller dielectric decrement for CsCl-
(aqg) is more complex. As already noted, the CsCl(aq) data can
be fit with a Cole-Cole model. However, a combination of
the permittivities so obtained with the Cavell equation results
in physically unrealistic negative valuesi (Figure 8). Thus,
it appears that the CC model may not be fully appropriate for
the DR of CsCl(aq), and an explanation of the smaller dielectric
decrement of CsCl(aq) must lie elsewhere. Again, as noted
above, there are small but systematic deviations from the CC
plot at low CsClI concentrations. At higher concentrations (
0.6M), such differences are swamped out by the conductivity
contribution ¢min increases, Figure 2a). If the datacat 0.6
M are processed separately, then a better fit is obtained by
assuming a two-Debye-process (2D) model (Table 2) with the
second small relaxation process being centered-brb GHz
(Figure 3). This second process is most reasonably ascribed to
the formation of a weak ion pair. Appropriately subtracting its
contribution to the total permittivity produces lower values for
the solvent permittivity (compare curves 2 and 3 in Figure 9)
and results in a dielectric decrement for CsCl(aq) that is larger
than that for KCl(aq), consistent with the cation sizes. Further-
more, although the errors are rather large at low concentrations,
an estimation of th&g values using the solvent permittivities

Correcting for the kinetic depolarization of the ions assuming derived from the 2D model and eqgs 5 and 6, again assuming
slip boundary conditions for ion transport, which has been shown kinetic depolarization of the ions under slip boundary conditions,
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givesZg(Cs") ~ 0 (Figure 8). This is both physically realistic
and broadly consistent with the data for NaCl(ag) and KCl(aq)
discussed above (Figure 7).

4.4, Possible lon Pairing in CsCl(aq).The possibility of
ion-pair formation in CsCl(ag) noted above appears at first

glance to contradict conventional wisdom about ion association.

This view, embodied, for example, in the Bjerrum equation and
the Born model of electrostatic interactiol<? predicts that
association shouldlecreasewith increasing ionic size. Such
effects are well established for many systéf#%and have been
widely assumed in many other areas of chemi&tf)However,

a considerable body of evidence suggests that other factors are

also in operation. Although such effects may be somewhat
weaker than typical electrostatic interactions, they may never-
theless have significant consequences.

As long ago as 1974, Pethybridge and Sgieskowed that,
with sufficient care in processing the data, the very weak ion
association detected in simple 1:1 electrolytes by high-quality
conductivity measuremenitscreasedvith increasing ionic size.
This was attributed by thethto the increasing likelihood of
larger ions colliding with each other but might also be related
to increasing polarizability (covalency) or solvent-structure
breaking effects. Recent simulation stuéidmve suggested that
two types of hydration occur for the alkali metal cations, which
the authors termed electrostatic (hydrophilic) ion solvation and
cage formation (hydrophobic hydration). The former predomi-

nates with the smaller cations whereas the latter becomes

important for the larger cations, resulting, for example, in a
maximum in the solvation entropies as a function of ion 3i7gé.
Circumstantial evidence for greater-than-expected binding of
simple ligands by Cs has also been obtained by Raman
studies®®44 In particular, it was postulated that the extent of
contact ion-pair (CIP) formation increased with increasing cation
size as a result of the decreasing strength of the (primary)
hydration spheré? This can occur even if the overall formation
constant shows the opposite trend. Finally, the possibility of
ion pairing in CsCl(aq) has also been invoked by Fawcett and
Tikanerf® to explain departures of observed activity coefficients
from those calculated using a mean spherical approximation
model.

If ion pairing is assumed to be responsible for the low-

frequency process in CsCl(aq), then, using the procedures

outlined in detail previously? the association constants shown
in Figure 10 are obtained via the 2D model, with ion radii and
polarizabilities taken from Marcu$.Two sets of data are given,
one corresponding to the formation of a CIP and the other, to

Chen et al.
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Figure 10. Stability constantsg, as a function of ionic strength;

(®) calculated from the ion-pair amplitude— ¢, of the 2D model
assuming CIP and fit with eq 7, curve 1. If SIP are assumed (data not
shown), then curve 2 is obtained with eq 7. The error bars represent an
assumed error of 0.5% inande,; (O) datum not fit.

0.6

conductivity data. Th&s value derived from the SIP model
(Figure 10, curve 2seemsmore realistic and is closer to the
conductivity result. The relaxation time of the lower-frequency
process,~140 ps, is more consistent with an SIP than a CIP,
for which a relaxation time of~30 ps would be expected on
the basis of the Stoke<tinstein-Debye equatiofi Neverthe-
less, the detailed analysis of the DR data given above and the
insights provided by the simulation stuci2®’ suggest that it
is not physically reasonable to propose that SIPs form to any
significant extent in CsCl(aq) solutions. A double solvent-
separated ion pair (2SIP) would predict an even loievalue
that would be more consistent with the conductivity data;
however, such a species would need to be stable on the time
scale of a few hundred picosecortd3his would be inconsistent
with both the DR observations and the simulations.

A credible explanation of this discrepancy is the existence
of small systematic errors in the present data. Although within
the likely error limits, the systematic decrease Z§ from

a singly solvent-separated ion pair (SIP). For convenience, bothPOSitive to negative values for the 2D modalgoints in Figure

sets of values were fit to a Guggenheim-type equéation

2Pz, z V1 .
+ V1

with Ka andbg as adjustable parametefsy = 0.5110 dnd?
mol~Y2 for water at 25°C, andl = 1/220izi2 =c — cpis the
ionic strength.

log =logK, — byl @)

8) suggests indeed some “overcompensation” atdo@iven

the very small magnitude of the observed effects (Figures 3
and 9) and the restricted range of concentrations for which any
effect could be observed before being swamped by the
conductivity contribution (see section 4.3), this would not be

surprising. All that can be said confidently about the present
data is that there is evidence for weak ion pairing in CsCl(aq)
but there is insufficient reliable information to determine its

On the basis of their conductivity measurements, Paterson etstrength or type. In this context, the association constant

al.*” derived aKa value of 0.49 for CsCl(aq). The numerical

determined from the high-precision conductivity analysés

values of such small association constants are highly dependenghould be regarded as more meaningful than the present
on the accuracy of the data and the type of conductance equatiorgStimates.

adopted for the analysis. (Pethybridge and Sptagive Kp ~
0.5.) Nevertheless, the estimateafusing either an SIP or a
CIP model are very much larger, wikn = 9.5+ 0.3 for CIP
and 2.7+ 0.1 assuming SIP.

TheKa value derived from the CIP model (Figure 10, curve
1) is chemically unlikely and clearly inconsistent with the

It is of interest to investigate related salts such as RbCl and
the corresponding (Cs and Rb) bromides and iodides because
their aqueous solutions are believed to be more highly associated
than CsCl(aqf®>*°However, this was beyond the scope of the
present study, and in view of the present results, such investiga-
tions should be postponed until the accuracy of DRS is improved
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by at least a factor of 3. For the CIPs of these salts, that of Csl
would have the largest dipole momeniz ~ 30 D. WithKa =
0.565% ion-pair dispersion amplitude = € — ¢ < 0.8 would

be expectedS; values for the other salts and also for CsClI at
other temperatures should be similar or even smaller. As for
the present data for CsCl(aq) at 25, such values o, are (at
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presence of ion pairs would probably be detected, similar
ambiguities in the interpretation of the data would probably be
encountered.
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