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On the Electrochemical Oxidation of Cs® and
Other Alkali-Metal Ions in Liquid Sulfur Dioxide
and Acetonitrile **

By Christophe Jehoulet and Allen J. Bard *

A recent paper suggested that Cs® (as the OTeF¥ salt)
could be oxidized electrochemically at a Pt electrode in ace-
tonitrile solutions containing Et, N®PF® at ca. + 3V vs.
SCE (near the background oxidation limit of MeCN).!") The
addition of cryptand decreased the potential for the ob-
served oxidation to 2.7 V vs. SCE. Similar oxidation waves
were not seen with K®, Rb®, and nBu,N® salts of OTeF?.
However, the oxidation of Cs® at such a relatively low po-
tential appears to be at variance with our studies of electro-
chemical oxidations in liquid SO,, which has been shown to
have a background oxidation limit of > +5 V vs. SCE, con-
siderably beyond that of MeCN.[>~*! Indeed, in a recent

[*] Prof. A.J. Bard, Dr. C.Jehoulet
Department of Chemistry, The University of Texas at Austin
Austin, TX 78712 (USA)
[**) Electrochemistry in Liquid SO,, Part 10. This work was supported by the
National Science Foundation (CHE8901450). Part 9: [4]

836 © VCH Verlagsgesellschaft mbH, W-6940 Weinheim, 1991

paper™ it was shown that a CsAsF, supporting electrolyte in
liquid SO, allowed studies to + 5 V without apparent oxida-
tion of the Cs®. We report here cyclic voltammetric studies
of Cs® and other alkali-metal ions in liquid SO, which sug-
gest that oxidation of these ions may be possible, but only at
considerably more positive potentials than those suggested
from the MeCN studies.!'! These studies were carried out
with an ultramicroelectrode!> (UME) (10- or 25-um diame-
ter) to minimize effects of solution resistance and allow stud-
ies of the salts to be carried out in the absence of supporting
electrolyte.l® *I The possibility of hydration of these salts and
its influence on the electrochemical response was also exam-
ined. Finally, we reexamined the behavior of these com-
pounds in MeCN.

Experiments in SO, with CsAsFg as a supporting elec-
trolyte in the study of other compounds have been report-
ed.”! However, we have not been able to reproduce some
aspects of this earlier work. For example, we found the max-
imum solubility of CsAsF4 at —70°C to be about 4 mm and
oxidation of Cs® to occur at less positive potentials. Fig-
ure 1 A shows a cyclic voltammogram (CV) of a 4 mMm solu-
tion at a 10-um UME in SO, without added supporting
electrolyte. Figure 1 A was obtained for a saturated solution;
the solubility of CsAsFg and the other alkali salts in liquid
SO, was very low (~4 mM for CsAsF4 and even lower for the
other alkali-metal salts). The CV recorded with an UME (10-
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Fig. 1. Cyclic voltammogram of solutions of Cs® at 203 K in liquid SO, . Scan
rate, 1 Vs™!; working electrode, platinum disk, 10-pm diameter (A and B),
50-um diameter (C). A) Saturated solution of CsAsF (~4 mm) without sup-
porting electrolyte. B) CsAsF; (3.5 mum) with nBu,NAsF; (5.2 mu). Solid curve:
compound in presence of supporting electrolyte. Dashed curve: supporting
electrolyte alone. C) Saturated solution of CsClO, without supporting elec-
trolyte.

or 25-um diameter) did not show a reverse cathodic wave,
even for higher scan rates (up to 20 Vs™!), suggesting low
stability of the oxidation product. The half-wave potential
E,,,,was 4.75V vs. SCE for CsAsF,. The other alkali salts,
KAsF, or RbAsF,, were also studied in the absence of sup-
porting electrolyte and displayed similar electrochemical be-
havior (E,,, values of 4.64 and 4.66 V vs. SCE for K® and
Rb®, respectively). However, SO, is a resistive solvent and in
order to get more quantitative information, it was necessary
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to compensate for the effect of ohmic drop and migration.
Therefore, experiments were performed with nBu,NAsF; as
a supporting electrolyte. We found this electrolyte to be oxi-
dized at slightly more positive potentials than Cs®
(E,, = 4.9 + 0.1 V vs. SCE). Electrolytes with shorter alkyl
chains® oxidize at more positive potentials, but their lower
solubilities and rates of dissolution made them less conve-
nient than nBu,NAsF,. A CV for the oxidation of Cs® is
shown in Figure 1 B. The oxidation wave did not display a
reverse wave and occurred at about the same potential as
that for the oxidation of nBu,N®, as expected from the E, ,
values of the alkali salts found in the preliminary experi-
ments. The other alkali salts displayed the same electrochem-
ical behavior.

The E,,, values for the oxidation of various alkali cations
are given in Table 1. These correspond to those found for the
experiments without supporting electrolyte. The E,,, found

Table 1. Electrochemical parameters of alkali salts.

Salt E,, D [10™3cm?s™!] d [A] [a] r[A109]
[V] vs SCE n=1 n=2 n=1 n=2

CsAsF, 473+£0.07 168 0.84 5.9 11 1.65
RbAsF, 4.67+0.07  2.10 1.05 475 9.5 149
KASF,  4.64 +0.1 2.38 1.19 4.1 8 1.33
NaPF, 4.8 - = - = =

[a] Calculated from the Stokes—Einstein relationship.

for Cs® is much more positive than the one reported previ-
ously.['] The experiments were also conducted as a function
of salt concentration. The limiting current (i) varied with
concentration (Fig. 2), in the absence and presence of sup-
porting electrolyte. The linear variation observed shows that
the oxidation wave is effectively due to the oxidation of the
added salt. Unfortunately, we could not determine the num-
ber of electrons, n, involved in the electrode reaction by
coulometry. However, a rough estimate of the diffusion coef-
ficient, D, was made assuming a one- or a two-electron
charge-transfer reaction and using the expression of the
steady-state current for a micro-disk.[> The values obtained
at —70°C are given in Table 1. Those values can be used
together with the Stokes—Einstein equation to estimate the
diameter of the solvated ion. The values obtained in the case
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Fig. 2. Steady-state current as a function of concentration for various salts.
« = RbAsFg; m = KAsF;; @ = CsAsF;. Circled values were recorded without
supporting electrolyte; these currents are lower because of electrorepulsion
(migration) effects on the cation at these very positive potentials. The current
was determined after subtraction of the nBu,N® background. The reduction of
the solvent was chosen as a reference potential. This procedure does not allow
the use of a large amount of supporting electrolyte (1-10 mum) and therefore
requires measurement with UMEs. (Working electrode: platinum disk. 10-um
diameter).
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of a one-electron transfer seem more compatible with the
value of the crystalline radius, even in the case of solvation
by molecules of solvent.

Several other experiments were undertaken to demon-
strate that the oxidation was due to the alkali-metal ion
rather than the anion (AsF®) or adventitious water. For
example, alkali-metal salts are easily hydrated and this can
affect their electrochemical behavior. Therefore, alkali salts
were dried in a vacuum oven at 150 °C for 48 h and stored in
a dry box under a helium atmosphere. To determine the
amount of water in the compounds and its possible effect on
the voltammograms, the salts were titrated by the Karl Fi-
scher method. The reagent (Fluka) was standardized with
sodium tartrate dihydrate salt as described by Neuss et al.l!
Titrations were performed with both visual and amperomet-
ric end-point detection. To prevent any contamination of the
reagents, titrations were conducted!”! in the dry box under a
helium atmosphere. All reagents were opened and used only
in the dry box. This should exclude all contamination by
external moisture.

After the standardization of the reagent, the salts were
added in MeOH solution. There was no change in the color
of the solution or in the amperometric current, even after
stirring for more than 30 min. Thus, the water in the salt was
less than 0.05%. This implies that, in each experiment, the
concentration of water in the cell from the compound was
less than 10 pM. This low concentration is not compatible
with the waves seen in the voltammograms. Moreover, when
water was intentionally added to the solutions to observe its
effect on the electrochemical behavior, it catalyzed the limit-
ing oxidation process and produced sharp peaks totally dif-
ferent from the waves attributed to the alkali metals; the
same behavior was observed with imperfectly dried com-
pound. Sometimes the compounds also displayed a small
wave at about 3.8 V vs. SCE, which can be assigned to the
moisture from the salt. This wave was also observed when a
small amount of water was added to the solution. These
observations suggest that the alkali-metal wave in the
voltammograms cannot be attributed to free water or that
bound to ions.

Finally, to demonstrate that the wave was not due to
AsF® oxidation, CsClO, was examined in SO, in the
absence of supporting electrolyte. The voltammogram
(Fig. 1C) displayed two oxidation waves. The first one is
assigned to the oxidation of the perchlorate anion, as ob-
served in previous studies.?' 8! The other E,,, was the same
as that observed with CsAsFg solutions.

This study suggests that the alkali-metal cations might be
oxidized, but only at high potentials in SO, . This oxidation
cannot be observed in MeCN. The electrochemical behavior
of CsAsF, in MeCN was studied in our laboratory and Fig-
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Fig. 3. Cyclic voltammograms of CsAsF; in acetonitrile at 298 K.
ence of CsAsF; (6 mM). Acetonitrile was dried on Woelm neutral activated

alumina before use. Scan rate, 0.2 Vs~!'; working electrode, platinum disk,
25 um diameter.
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ure 3 shows that the voltammogram does not display any
oxidation wave before background, even in the presence of
cryptand, introduced to stabilize the oxidized form of the
alkali cation.

The oxidation of Cs® and the other alkali-metal ions in
SO, is not unambiguous. It is surprising that Cs®, Na®, and
K® are oxidized at the same potential, given their very differ-
ent ionization potentials in the gas phase. However, salts
from different origins show the same behavior, suggesting
that a common impurity is unlikely. Water, the most likely
candidate impurity, does not show this CV behavior, and the
effect of added electrolyte suggests the oxidation wave can be
attributed to a positive species.

Experimental Procedure

The measurements, the purification of SO,, and the preparation of the sup-
porting electrolyte, nBu,NAsF, and the alkali salts (CsAsFy, RbAsF,, KAsF,)
followed the procedure described previously[3, 4]. NaPF (Aldrich) was used
after recrystallization from Me,SO/CH,Cl, and drying in a vacuum oven under
the same conditions as above.

Experiments in MeCN were performed in a dry box (Vacuum Atmospheres)
under a helium atmosphere using high-purity MeCN with a low concentration
of water (0.003 %) (Burdick & Jackson). Kryptofix (Aldrich) and Woelm neu-
tral activated alumina (ICN Biomedicals) were used as received. The supporting
electrolyte, nBu,NPF, was thrice recrystallized from EtOH/THF (1:1), then
dried in a vacuum oven and stored in the dry box.
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