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An attempt has been made to describe quantitatively the variation of transfer coefficient with
potential in the electroreduction of twelve aromatic two-ring disulfony! fluorides of FO,S-Ar-M-Ar-
SO,F type, where -M- is- a bridging group. Each compound exhibits two two-electron steps of
—SO,F reduction. Linear relationship exists between an and the potential, E. The average value of
da/0F is 0.42 V~!. The limiting values of potential corresponding to a=1 and a =0 are calculated
and discussed. The series of compounds covers ca. 40% of the total range of a variability.

The variation of the electrochemical transfer coef-
ficient with potential has been an important sub-
ject of electrochemical interest for over three de-
aades. Recent reports suggest that the transfer co-
efficient, a, does change with potential (cf. refer-
ence 1 and references cited therein) in the way
preidicted by the modern theories of charge trans-
fer?—*.

This work deals with the investigation of varia-
tion in transfer coefficient not within the potential
range of a single compound, but for a series of re-
lated compounds, with the aim of covering, possi-
bly, the widest range of potentials. Hence, the var-
iation of a from compound to compound is con-
sidered. Furthermore, the presence of two reactive
groups in one molecule makes it possible to fol-
low the changes in a while two successive groups
in a single compound are being reduced. The
problem of a variation within a single functional
group has been investigated earlier! and it is not
considered here.

Variation of transfer coefficient for a different
series of substituted compounds with the same
reactive group has already been discussed®. The
significance and utility of the transfer coefficient
values for some organic compounds was the sub-
ject of another paper®.

Materials and Methods

The compounds listed in Table 1 were pre-
pared specially for this work. No published data
on any of them were found in literature. All were
prepared by the known reaction between pota-
ssium fluoride and the respective sulfonyl chlo-
ride’®. (The data on the latter can be found in

ref. 9). Mass spectra of the compounds confirmed
their calculated molecular weights.

The measurement system was a three-electrode
one and was used in conjunction with an XY-
4105 recorder and an EP20A potentiostat. The
capillary yield in a circuit open to air was
1.090 % 10~3 g/s. It was siliconated using the proce-
dure described in literature'®. The measurements
were made at 298 +0.05K. Solutions of sulfonyl
fluorides (1.3x1073M)in0.1 M  methanolic
N(C,H;),I were used. The reference electrode was
SCE containing LiCl solution in methanol. Plati-
num electrode served as the auxiliary electrode.
The two electrodes were separated from the sam-
ple solution with a transition vessel with glass sin-
ter.

All current-potential curves were recorded
point by point in 0.005 V steps; the constant
drop time was 2.00 s. The number of electron ex-
changed was determined in the standard way by
using diaphragm electrolyser. The catholyte vo-
lume was 100 cm? and depolarizer mass: 3 X 107*
mol.

Results

The reduction

Each of the twelve compounds studied in this
work reacted in such a way that one could distin-
guish steps of reduction of individual SO,F
groups, although for most of them a detailed exa-
mination was required (Table 2). Compound 8,
for example, yielded two well separated waves,
each related to reduction of one SO,F group. The
second wave partially overlapped a third one.
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Table 1 — Aromatic disulfonyl difluorides used in the present
study*
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This third |wave remained unchanged after full hy-
drolysis of the compound as revealed by a sepa-
rate expcriment and hence it was attributed to the
reduction bf carbonyl group. This wave was of no
significance to the main results. o

Compound 7 yielded two nearly fully separated
reduction waves of SO,F groups and a separate
third wave at a more negative potential. Only this
third wave remained after complete hydrolyus of
the compound.

Compoynds 1 and 2 each yielded one (unsplit)

wave attributable to reduction of both — SO,F
groups and another one at much more negative
potentials.|Only the last one remained after com-
plete hydr&)lysm of the compounds. '
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Compounds 3-6 and 9-11 produced single
waves due to SO,F reduction; for compounds
9-11, however, the waves nearly split (inflexion
could be seen on current vs. potentlal curves)

For compound 12, a single wave was observed
in the potential range — 0.4 to — 0.6 V, which was
ascribed to reduction of —N=N-— brldge. An-
other wave appeared in the range —1.55 to
—1.85 V corresponding to reduction of both the
SO,F groups. After hydrolysis, only the first wave
remained, with its potential range and limiting
current being very similar to those in the original
compound 12.

It was found coulometrlcally that each wave
c\orrcspondmg to the reduction of SO,F group
was a two-electron wave, or in the case of over-
lapping waves, a four-electron one.” Respective
sulfinic' acids were the products of reduction.

The separated two-electron waves were dealt
with in the standard way; the values (E,,),
(@n)ps; and (E;,),, (@n)y,, were determined for
each SO,F group. The values of k, were calcula-
ted from Tafelian segments'!'2 of polarographic
waves using the typical relationship,

i = nFAkyc,, | B

where ‘¢, is the reagent concentration (mol/cm?),
A is the electrode surface (cm?), i is the current
(A), and

ko= ki cxplarnFE - E,J/RT @)

with k , being k, at the potential assumed to be
zero. .

Evaluation of the 1nd1v1dual values of (Eiphs
{an),, (E,,), (an), from the complex four-elec-
tron waves rcqulrcd selection of several represen-
tative points on the curve -in the whole range of
the complex wave, calculation of the currents
({.cq) at respective potentials, and thlelr comparis-
on with the experimental values of currents, exp:
The analysis was carried out until all calculated
currents fell onto the experimental i vs. E curve
with the lowest error. The least squares .method
was used for this. The results are presented in
Table 2.

Table 2 contains the products (an)y,r for four
compounds from the series of sulfonyl fluorides
evaluated in Tafelian reglons of i vs. E curves. E
denotes the potential in the middle of Tafelian re-
gion. The values were determined only for the
compounds with separated waves or for those at
least ex‘hlbmng well prOnounced lmrutmg currcnt
inflexion in i vs. E curve.
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Table 2 - Electroreduction of disulfonyl difluorides in 0.1 M methanolic N(C,H;),I. Values of halfwave potentials, E, », and the pro-
ducts (an),,, and (an),, - determined from Tefelian relations; £ denotes the middle of Tafelian segment

No. (Ev2ds (an)cbs.l

(Ei2)» V) (N 5,2
1 -0.949 1.05
-1.011 0.96
2 -1.048 1.14
-1.110 1.13
3 —-1.183 0.91
-1.318 0.76
4 —1.443 0.84
- 1.495 0.64
5 - 1.496 0.76
-1.615 0.58
6 -1.515 0.76
-1.589 0.64
7 -0.828 1.37
-0.966 1.35
8 -1.025 1.16
-1.362 0.84
9 —-1.134 1.01
-1.280 092
10 -1.126 0.95
-1.307 0.82
11 - 1416 0.87
- 1.558 0.76
12 —1.645 0.78
-1.730 0.62

Standard E, {(an)ops 11
devn, [%) V] (0N s 72
1.9
2.0
2.0 - 1.099 0.95
35
2.6
3.5 —0.788 1.25
1.2 —-0.788 1.25
— -0.960 1.08
-1.275 0.79
1.8 -1.059 0.96
1.5 -1.058 0.91
2.3 -1.360 0.74
2.2

The parameters that characterize reduction pro-
cesses (for each wave under consideration) are: (i)
electrochemical order with respect to substrate:
1+0.1; (ii) reaction order with respect to
N(C,H,);:0.85+0.1; and (iii) reaction constant
0,{0)> 0 (slope of the relation E, ,, vs. o or log k,
vs. 0).

Discussion
The plots of (an),, vs. E,, and of (an)ypr V8.
E drawn by using data from Table 2 were both

found to be linear. The relevant equations are:

(an)y, = (1.892£0.208)+(0.7637 £ 0.1572) E; »
. (3)
(n=24 points; r=0.9066)
and
(@) e r=(1.918 £0.230)+(0.8874 £ 0.2091 )E
- (4)
(n=1 points, r=0.9796).
The second equation describes reduction of

SO,F groups in the compounds with sepalrate.ad
waves or with at least clear inflexion in the limit-
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Ing current line on the first wave. Hence, it is re-
lated to the reduction of one SO,F group. The
Tafelian relationships refer to the initial region of
wave formation. Therefore, for the paramefers to
have physical significance for the first reduced
group, the reduction current for the second wave
has to be negligibly small. Calculations conffirmed
it to be true in each case. This is why Kq. (4)
covers the compounds with sufficiently different
(E,,), and (E, ,), values.

An interpretation of the relationships presented
in Figs 1 and 2 becomes possible after dis¢ussing
the mechanism of reduction in detail. The results
suggest the following stepwise mechanism of elec-
troreduction of SO,F groups.

FO,8 - Ar - SO,F+2¢ ~FO,S — Ar—SO; +F~

FO,5— Ar—SO; +2e~ 0,8 — Ar—SO; +F-

The valucs of (an),,, presented in Table| 2 are
related to a two-electron electroreduction of SO,F
group and hence they must be complex quantities.
It is known that electroreduction of SO,X |group
(where X is a halogen) is an irreversible process
that does not split into two one-electron steps in
both protic and aprotic media'*'*. Disproportion-
ation of the anion-radical resulting from addition
of the first electron can probably be excluded;

(an)«bs

©”  p,

E.o/V

-Q8 -10 -12 -4 -16

Fig. 1 - Electroreduction of a series of disulfonyl difluorides
in 0.1 M methanolic N(C,H;),I. The plot shows relationship
tetween ,an),,, and half wave potentials determined ufing the

iequation describing irreversible waves.
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otherwise, a part of the substrate would have
formed inactive Ar-SO; anion and the measured
number of electron exchanged would have fallen
below 2F/mol of SO,F. The actual experimental
value is 2 £0.05, or 4% 0.1 for the two overlapp-
ing waves. Furthermore, the radicals containing
sulfur are rather inactive!®. Further electroreduc-
tion of anion radical seems, therefore, justified.

All this reasoning together with experimental
findings discussed above including the high (an)
values suggest the following mechanism of reduc-
tion:

.

Ar—SO,F+e # [Ar—SO;F] A7)
&, .

[Ar-=SO,Fl+e = Ar—SO; +F- . (8)

The mechanism represented by Eqs 7-8 is of
IIB type according to Albery’s classification of
multistep processes'® with the observed rate con-
stant,

Koy Kn2

ko

This I1B case (with 'k, ., > &, ,) is more sensitive
to potential (two electrons in transition state) than
IIA where k,, value controls the total rate of
the process. Hence, using Eq. (9) and the definition
of transition coefficient, we can write

.{9)

kh.obs =

Q=0T ay—a_, ... (10)

obs

(N )ops 1
Q7

o) \
Omn
08
1
97 \\

07 “09 -1 -3

Fig. 2 - Electroreduction of a series of disulfonyl difluorides

in 0.1 M methanolic N(C,H;),I. The plot of (an),,r, deter-

mined from Tafelian relations, vs. E, the potential in the mid-
dle of Tafelian segments.
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A relation similar to (10) can be deduced by us-
ing Eq. (1) for the currents: i= i, + i,, where i, and
I, are the currents for one-electron steps. Thus,
(an)obs=a1+a2 (11)

Equations (10) and (11) reveal the origin of the
complex (an) values and make it possible to dis-
cuss their variations.

Of particular interest are the limiting values of
potential obtained by extrapolation of (an),, and
(an)ysr [Eqs (1) and (2)] to the limits 0 and 2.
The limiting value of 2 should be replaced by the
value of ;=1 if one considers Eq. (10) with
a_,=0 (oxidation process) or a;=1 directly by
Eq. (11). The average limiting values are
E=-235%0.15 V {(an)y,,=ay,=20,=0} and
E=0.12F0.02 V {{an),,, = a,,=2a;=2} respec-
tively.

The significance of E= —2.35 is that starting
from that value potential does not affect the elec-
troreduction process any more and the rate is
controlled by addition of electron to the substrate
in the so called activationless process!’. Accord-
ing to the polarization theory of metal-electrolyte
interface'®, desorption of the so called surface hy-
drated electron takes place with the formation of
free hydrated electron. The limiting potential is
also close to the potential of decomposition of
supporting electrolyte (=2.2+0.1 V for 0.1 M
N(C,H;),I in methanol). According to Antropov’®,
such a decomposition is accompanied by emission
of hydrated electron to solution.

The other limiting value of 0.12 V, close to zero
in hydrogen scale, determines the range of the
maximum effect of the potential upon electrore-
duction process where the rate is controlled solely
by subtraction of electron from electrode. From
the theoretical point of view, this corresponds to
the so called barrierless process'’.

The limiting values of a and corresponding
potentials resulting from Egs (3) and (4) are con-
sistent with those predicted by the theory.

A similar discussion of the limiting values of
transfer coefficients might be carried out referring
to the close analogy between the equations of
electrochemical kinetics and Brensted equation.
Here, it seems important that the experimental
lowest and highest an values: 0.58 and 1.37, re-
spectively (Table 2), or a;=0.29 and 0.69, corre-
spond to the intermediate region of Brensted line-
ar relation and cover ca. 40% of the total range of
variability of the elementary transfer, or Brensted

coefficient. -
The average slope of the plot of (an),, vs. pot-

ential, d(an),/dE, is 042 V™! and this magni-
tude is consistent with values both predicted the-
oretically and measured experimentally (cf. refs.
20 & 21). Quite unexpectedly, values very close
to the same figure can be found among literature
data. For example, Saveant and Tessier'? arrived
at the mean value of da/dE=0.45 for electrore-
duction of benzaldehyde in ethanol.

It seems that the reciprocal value, dFE/da, may
also be considered to have a physical meaning. It
is the range of potential necessary to sweep up in
order to observe the whole range of transfer coef-
ficient variability, from 0 to 1. In this work, the
value of dE/da=2.38 V was obtained, whereas

for the data taken from literature!? the value was
222 V.
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