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With increasing the bulk concentration of the depolarizer both the voltammetric anodic waves
of iodide to iodine and the cathodic waves of iodine to iodide on smooth platinum in acetic acid
as well as in acetic anhydride progressively deviate from reversibility. This behaviour has been
interpreted on the basis of the specific adsorption of iodide ions and iodine atoms on the electrode
surface. In this connection it has been assumed that the elementary charge-transfer step I™ —
— I+ e occurs between adsorbed species obeying Langmuirian isotherms.

The mechanism of the overall electrode process
317 = I3 4+ 2e 4)
on platinum in aqueous media has been the subject of several researches! =%, Vetterz, upon

determining the orders of the electrochemical reaction (4) with respect to the species I” and I3
has proposed the following mechanism:

2(I7 = I+ e) slow charge-transfer step, (B)
21 = 1,
} perfectly mobile chemical equilibria. (C, D)
L +1I7 = Iy

It should be noted that Vetter does not specify whether reaction (C) takes place among iodine
atoms adsorbed at the electrode surface or occurs homogeneously. Subsequently Newson and
Riddiford* have confirmed mechanism (B)— (D) by making use of a disk platinum electrode.
In the theoretical treatment formulated by the above authors the atomic iodine, I, is clearly
considered to be adsorbed at the electrode surface. A different position is adopted on the other
hand, regarding the iodine ion, whose eventual adsorption is not taken into account. According
to Newson and Riddiford* the surface coverage by iodine atoms is much less than unity at any
potential. The above conclusion contrasts with radiotracer experiments with 1317 (ref.5%), which
show that the maximum surface concentration of I” (~ 1. 10™° mol cm~2) is achieved at a bulk
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concentration of iodide of about 10™% mol/l, whereas the maximum surface concentration of
iodine (~1-3. 1072 mol em ™) is achieved at a still lower bulk concentration than the iodide
ion. Osteryoung and Ansoné, on the basis of certain electrochemical experiments with the I,/1~
couple carried out with the use of several transient methods, concluded that adsorbed iodide is
electroinactive and consequently criticize the mechanism proposed by Newson and Riddiford*
as well as other mechanisms'*> based on the assumption that the charge-transfer takes place
between specifically adsorbed species.‘ As a matter of fact the interpretation of transients given
by Osteryoung and Anson® is far from being reliable, since it does not take into due account
that charge separation and recombination may take place at an interphase without flow of external
current”®. On the other hand the difficulties which are encountered in accounting for the influence
exerted by the adsorption of electroactive species upon the double layer structure® render parti-
cularly difficult the correct analysis of the results of step-function measurements.

In this respect the investigation of those cases in which the specific adsorption
of the depolarizer and of the electrode product hinders the charge-transfer is particul-
arly profitable. In fact the influence of such an adsorption upon the electron-transfer
may be detected with conventional polarographic instrumentation at electrolysis times
sufficiently long to allow the surface excesses both of electroactive and electroinactive
species to reach steady-state values. In this time scale the charging of the double
layer may be legitimately neglected, whereas the influence of the specific adsorption
of electroactive species upon the rate of the electron-transfer step may offer useful
indications about the extent of such an adsorption'®. Unfortunately the rate of the
overall charge-transfer process 217 2 T, + 2 ¢ on platinum in aqueous media is too
high to be measured by the polarographic method. A somewhat different situation
is encountered in acetic acid and in acetic anhydride where the exchange current
density for the above electrode process is likely to be less than in water. Both in
CH,COOH and (CH;CO),0 the voltammetric curve of 17 to.I, as recorded on
a hemispherical smooth platinum electrode with periodical renewal of the diffusion
layer consists of two successive anodic steps, respectively from I7 to I3 and from
I3 to I, (ref.'"). These steps, which are polarographically reversible for bulk concen-
trations of 17, CY, less than 2. 1072 mol/l tend to become more drawn out the more
C7 is increased beyond this value. Analogously the overall reduction curves of I,
to I” in CH,COOH and (CH,CO),O are polarographically reversible for bulk
concentrations of jodine, Cj, less than 107* molfl but deviate progressively from
the reversible behaviour as Cj is increased beyond this value.

The aim of the present work is to justify the above behaviour on the basis of the
effect of the adsorption of iodine and iodide upon the charge-transfer process.

EXPERIMENTAL

Voltammograms were recorded using a three-electrode system consisting of a Metrohm Pola-
record E 261 polarograph (sweep rate == 0-47 mV/s) coupled with a Metrohm iR-Compensator
E 446. The indicator electrode was a hemispherical platinum microelectrode with periodical
renewal of the diffusion layer described by Cozzi and coworkers'2. This electrode was polished
with finely powdered Cr, 05 before each recording. The potential of the indicator electrode was
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controlled versus a Ag/AgCI, 0-3M-LiCl (CH3COOH) reference electrode in the measurements
done in acetic acid and versus a Ag/AgCl, saturated LiCl ((CH;C0),0) reference electrode in the
measurements done in acetic anhydride. All potentials reported in thé present paper are referred
to the preceding reference electrodes. All chemicals employed were reagent grade. CH;COOH
was dried by the method using triacetyl borate'? prepared according to Pictet and Galeznoft' ¢,
(CH;C0),0 (Merck, unaffected by chromic acid) was purified by fractional distillation. Parti-
cular care was placed in deaerating the I~ solutions in CH,COOH and (CH;CO),0, as they are
easily oxidized by air. The potentiometric measurements were made by adding increasing aliquots
of a 0-126M-I" solution in acetic acid to a 0-012M-1, solution in the same solvent in a perfectly
deaerated reaction environment and measuring the potential of a platinum indicator electrode
with a Métrohm E 353 potentiometer.

THEORETICAL

We shall assume that the mechanism by which the electro-oxidation of 17 on plati-
num takes place in CH;COOH and (CH;CO),O is identical to that proposed by
Vetter? and by Newson and Riddiford* in aqueous media. In agreement with Newson
and Riddiford* we shall postulate that the charge-transfer step (B) involves adsorbed
iodine atoms, 1. Furthermore we shall assume that the electro-oxidation of iodide is
necessarily preceded by its specific adsorption. In order to relate the surface concen-
trations I'y and I', of 1™ and I to the volume concentrations C, and C, of I” and 1,
at the electrode surface, we shall postulate that the adsorption steps:

"+ * =2 I, (E)
L +* =2 21 (F)
*

are in equilibrium and that the propositions on which Langmuirian adsorption
is based are satisfied. In Eq. (E) * denotes a single adsorption site, whereas in Eq. (F)**
denotes a pair of adjacent adsorption sites. Upon assuming that the maximum value,
I',,, attained by I'y is equal to that attained by I',, the concentration of the free
single adsorption sites is proportional to 1 — @ = | — [(I'y + I';){I',,], where @
is the degree of coverage of the electrode. Analogously the concentration of dual
adsorption sites is proportional to (1 — @)*. If we equate the rates of adsorption
and of desorption both for iodide ions (see Eq. E) and for iodine atoms (see Eq. F),
we immediately obtain:

ﬁ — chl 1 — Lpl s (l)
I I

Q — KZCQ’Z (1 — f_lif_2> ) (2)
m Fln
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where K, and K, are proportionality constants expressing the adsorption coefficients
of 17 and T respectively. A simple rearrangement of Eq. (I) and (2) leads to the two
Langmuirian isotherms:

Iy = I,k G/l +K,C, + chélz), (3)
r, =r.K,Cy?/(1 + K,C, + K,C3/?). €]

The expression for the instantaneous current i as a function of the surface concen-
trations I'; and I, is of the usual type:

i|FA = k{0 — k' 0' ™", ©)
where F and A retain their customary significance and @ is defined by the equation:
© = exp [(FIRT) (E — E°)].

In Eq. (5) k{ and K? are the rate constants for the forward and backward electrode
processes at a given reference potential E° and o is the electron transfer coefficient.
If we substitute I'y and I', from Eq. (3) and (4) into Eq. (5) and we choose E° in such
a way that at this particular potential the equality I',K,k? = I',K k? = k, holds,
then we obtain:

Ak prge_ g gime
FA 1 +K,C, + K,C? @re €017 ©)
The previously chosen potential E° coincides with the standard potential of the 1,/17
couple, as appears from the fact that under equilibrium conditions (i.e. for i = 0)
Eq. (6) reduces to the Nernst equation. The current-potential relationship employed
by Newson and Riddiford (Eq. (26) and (27) of ref.*) is a particular case of Eq. (6)
to which this latter equation reduces when the specxﬁc adsorption of I” and I is
negligible (K,C; + K,C3/* < 1):

i|[FA = k(C}?0™° — C,0'7%). ]

From Eq. (7) it clearly appears that the parameter k, expresses the rate constant for
the electrode process (B) at the standard potential E° in the absence of adsorption
phenomena. Eq. (6) differs from Eq. (7) in that the standard rate constant k, is
replaced by an “apparent” standard rate constant, k(1 + K,C, + K,C}/%).
Such an “apparent™ rate constant is always less than the “actual” rate constant ki,
which shows that the specific adsorption of I~ and I increases the overpotential
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with which the charge-transfer process (B) takes place. It should be noted that,
while kg is a parameter independent of the potential E applied to the electrode, the
apparent rate constant depends on E mostly through the concentrations C; and C,
at the electrode surface, but also through K, and K.

Taking into account that for a given bulk concentration of the depolarizer, the
current i may reach at most the value of the corresponding diffusion limiting current,
if the apparent rate constant is sufficiently high along the whole rising portion of the
voltammetric curve, then the term within the round brackets in Eq. (6) may be
approximately equated to zero. By doing so we immediately obtain the Nernst
equation applied to the volume concentrations C,; and C, at the electrode surface:

E = E° + (RT/F)In (CY?/C)). (8

Under these conditions the voltammetric curve is reversible and does not permit
the detection of adsorption phenomena. In case the value of k, is not exceedingly
high, it is possible that with increasing the bulk concentration of the depolarizer
the values assumed by the apparent rate constant, k,/(1 + K,C, + K,C}/?) along
the rising portion of the voltammetric curve become too low to justify the validity
of Eq. (8). Under these circumstances the gradual deviation of the voltammetric
curve from reversible behaviour allows useful conclusions to be drawn as to the
adsorption of iodine and iodide.

In order to eliminate C, and C, from Eq. (6) we shall note that the current i is
bounded to the fluxes of the diffusing species I, 15, and I, at the electrode surface
through the equations:

i = 2FAD[(0C,[or)0 + (0C,[or) ] = — FAD[(3C,[0r)0 + (3Csfor)e] . (9)

Here r° is the radius of the hemispherical platinum microelectrode, C, is the volume
concentration of triiodide, and D is the diffusion coefficient which for simplicity
has been considered equal for 17, I, and I3

As a matter of fact the expression for the faradaic current should contain a further additive
term — F d(AI,)/dt in the second member of Eq. (9) and a term -+F d(Ar})/dt in the third
member of the same equation. Since, however, the experimental measurements were carried out
using an electrode of constant area A, and furthermore since the constancy of I”; and I', with
electrolysis time may be assumed with good approximation in the time scale of polarographic
measurements, the use of Eq. (9) appears to be satisfactory.

Upon resorting to the approximate diffusion layer concept, we shall assume that
at any given potential the volume concentrations C;, C,, and C, at the electrode
surface do not vary with electrolysis time and that the concentration gradients of I,
I,, and I3 at the electrode surface are given by the equations:
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(8C, [or)i = (CT = C))[3 5 (8C,[or)w = (C3 = Cy)]3; (3Cs)0r)w = (C5 — C3)fo,
(10)

where the diffusion layer thickness & is given by 1/(1//(x Dz) + 1/r°) for the case
of diffusion towards a spherical electrode of radius r°. If we substitute the various
concentration gradients from Eq. (10) into Eq. (9) and we integrate this latter equa-
tion over the period of electrolysis, ¢,, then we obtain:

1y
- (1/;1)J' Pdt = 2AI(CE 4 C5 — Ty — Cy) = AT, + Ty — C1 — €%, (1)
o

where | = F(2D'/?]/(nt,) + D[r®). When the average cathodic limiting current
i, is attained, the concentrations C, and C, approach zero. From Eq. (11) it immedia-
tely follows that:

i, = 241(C% + C3).

Analogously, when the anodic limiting current i, is reached, we have C; = C; = 0
so that Eq. (/1) becomes:

i, = — Al(CT + C3).

For convenience i, instead of i will be chosen as the potential axis on the i — E plane.
Upon designating by # the mean current referred to this new orthogonal coordinate
system, one has:

o~

Sy =1, — i, = Al(CT + 3C3 + 2C3) = AlC, (12)

where C denotes the overall bulk concentration of the various species containing
iodine in g-atoms of iodine per unit volume. The application of the law of mass
action to the homogeneous equilibrium (D) leads to the equation:

K = C3/(C1C2) (13)

valid at any distance from the electrode and for any value of the electrolysis time.
Upon combining Eqs (11), (12) and (13) we readily obtain the expressions of C; and
C, as functions of the stability constant K for triiodide, of C, as well as of the ratio
R = #|#, between the mean current 4 at a given potential along the rising portion
of the voltammetric curve and the corresponding mean diffusion limiting current
Tyt
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Cy={ - b+ J[b* + 2CK(1 — R)]}(2K), (14)
C, = CR/(1 + KC,), (15)

where b = 1 + (KC[2) (3R — 1).
If we integrate Eq. (6) over ¢, under the usual assumption that C, and C, do not

vary during the period of electrolysis, taking into account the definitions of # and
#4 given in Eq. (12) we obtain:

_Ci+C  F kg

R — = 73 (
c IC 1+ K,C, +K,Ci?

ci2e™" — C,0'™9).

Upon giving « the value 0-5, for simplicity, ©® may be expressed in the following
explicit form:

0% = {~ a+ (a* + 4T, THY2T)), (19)
where
G (GO (L KCy 4 KoTHP )
F C kg

Equations (14)—(16) allow the theoretical current—potential characteristic to be
derived, once the parameters K, k,, K;, K, and E° are known. In this connection
it is sufficient to give R a series of values ranging from 0 to 1, determining for each
of these values initially the value of C, from Eq. (14), subsequently the value of C,
from Eq. (15) and lastly the value of © from Eq. (16).

RESULTS AND DISCUSSION

It has already been mentioned that for sufficiently low bulk concentrations of the
depolarizer both the voltammetric anodic curves of I” to I, and the cathodic curves
of 1, to I™ in CH,COOH as well as in (CH;CO),0 are polarographically reversible.
The investigation of these curves, which obey equations derived in ref.!®, does not
allow us to draw conclusions either about the mechanism of the overall electrode
process 217 21, + 2 e or about the influence of the adsorption of the electro-
active species upon the charge-transfer, but nevertheless it permits the derivation
of the parameters K and E°. The determination of the stability constant of I3 in
CH,COOH and in (CH;CO),0 from the voltammetric curves given by solutions
of I~ of concentrations less than 2. 1072 mol/l has been carried out in a preceding
paper'?.

In the case of the IZ/I‘ system in CH;COOH it has been found convenient to
determine the values of E° and K also from potentiometric measurements. On the
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contrary the potentiometric method did not prove satisfactory in (CH,CO),0,
where jodine tends to disproportionate at an appreciable rate into I~ and
CH,COOI (ref.’®). The potentiometric measurements carried out in acetic acid
have been interpreted as follows. If we designate by C- and C,, the analytical
concentrations of I and I, then from Eq. (13) it immediately follows that:

C-=Ct+ C

Ci(1 + KC3),

C, =C+C}

C3(1 + KCY).

2

If Cy, » C;-, then, in view of the high stability of I3 in acetic acid, we can write to
a good degree of approximation that:

Ci- = Ct=KCCE; Ci=C,—-C-. (18)

Taking into account Eq. (18), the Nernst equatjon as applied to the I,/I
assumes the form:

couple

E = E° + (RT]2F)In (C}/CI?) = E® + (RT]2F)In [K¥(Cy, — C1-)*[C2]. (19)

The experimental plot of E versus log [(Cy, — C;-)*[C-] for Cy, > 2:46C;- is
actually linear with a slope of 0-030 V at 25°C. The potential corresponding to the
intercept of this straight line with the ordinate axis equals 0- 555 V. From Eq. (1 9)
it immediately follows that: R
0-555V = E° + 0-060 log K . (20)
In the case in which C;- > Cy,, the following relations hold with good approximation:
C, = Cy=KCC}; CT=C-—-Cy.
Hence the Nernst equation assumes the form:
E = E° + (RT2F)In [C,[K(Ci- — C,)*]. (21)
The experimental plot of E versus log [Cy,[(Ci- — C,,)*] for Ci- > 2-44Cy, is linear
with a slope of 0:030 V and intersects the ordinate axis at a potential of 0-132 V.

From Eq. (21) it follows that:

0132V = E° — 0030 log K . (22)
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Upon combining Eq. (20) and (22) one has that in acetic acid E° = 0273 V and
K = 10*7 1/mol. The above values of E° and K are in satisfactory agreernent with
those derivable from the voltammetric curves given by solutions of I~ of concentra-
tions less than 2. 107> molfl (ref.!").

Both in acetic acid and in acetic anhydride the comparison between the experi-
mental voltammograms obtained from solutions of 17, I,, or I of bulk concentra-
tions sufficiently high to produce a deviation from reversibility and the theoretical
characteristics derivable from Eq. (14)—(16) reveal that in all cases the unequality
K,C, + K,C}3'* » 1 holds along the whole rising portion of these voltammograms.
From Eq. (14)—(17) it immediately follows that, besides E° and K, the unknown
parameters contained in the theoretical expression for the current—potemial charac-
teristic are two in number, namely K ;/k, and K, /k,. This circumstance, while allowing
an easier comparison between experimental behaviour and theoretical expectations,
does not however permit the separation of the kinetic parameter k, from the para-
meters K; and K,, expressing the extent of the adsorption of jodide and iodine.

The solid curves 1a, 1b, 1c and 2a, 2b, 2¢ in Fig. 1 represent respectively the ex-
perimental oxidation curves of 3.1073m, 5.1073M and 6. 10~ *M iodide to iodine
and the reduction curves of 1-5. 1073m, 2-5. 1073M, and 3 . 10~ M jodine to iodide.
The vertical lines relative to the three pairs of curves fa—2a, 1b-2b, and fc-2c refer
to the standard potential E° = 0-273 V of the I,[I” couple in CH,COOH. The dashed
curves superimposed on the corresponding solid curves express the theoretical
current—potential characteristics derived from Eq. (14)—(16) using the following
data: E° = 0273 V, K = 10*7 Ifmol, K, [k, = 10'° em!'/4 s mol =5/ and K[k, =

F1G. 1
Voltammograms of I” and I, in Acetic Acid

The solid curves fa, 1b, 1¢ and 2a, 2b, 2¢ represent respectively the £[F4 versus E plots
relative to the experimental oxidation curvesof 3. 1073m,5.1073Mand 6, 10~ 3m iodide and
to the reduction curves of 1-5.1073m, 2-5. 107 %M, and 3.1073m iodine. The dashed curves
superimposed on the corresponding solid curves express the theoretical behaviour.
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= 10% cm*/* s mol~*/*. Since the experimental values of r° and ¢, are respectively

0-1cm and 4s and the diffusion coefficient of I~ in CH;COOH at 25°C amounts
to 3-5.107% cm?/s, the parameter I/F has been given a value of 1-09. 107 cm/s.
The agreement between the experimental and theoretical curves may be considered
relatively satisfactory if we consider that the method followed in the solution of the
present diffusional problem is only approximate. Furthermore we must consider
that o has been arbitrarily given a value of 0-5. Moreover we have assumed just as
arbitrarily that the isotherms for I~ and I are of the Langmuirian type and that K,
and K, remain constant with a change in the applied potential. It should be noted
however that in the present case these latter two assumptions do not affect the agree-
ment between experimental data and theoretical expectations in a critical way, since,
under the experimental conditions employed, K,C, + K,C}/? is much greater than
1 along the whole rising portion of the voltammetric curves. This implies that the
coverage of the electrode by 1™ and I is practically total at all potentials explored,
so that a variation in the applied potential does not cause an appreciable change in
the total amount of I~ and I adsorbed at the electrode surface but simply a change
in the ratio between I'y and I',.

The adsorption of iodine and iodide on platinum in acetic anhydride has been
studied on the basis of an examination of the voltammograms given by solutions
of I” and 15, owing to the already mentioned instability of I,. The solid curves Ta,
1b, 1c and 3a, 3b, 3c in Fig. 2 represent respectively the oxidation curves of 4. 107 3m,
7.1073m, 1.107?M iodide to iodine and the cathanodic curves of 1-33.1073m,
2:33. 107 %M, and 3-33. 107 3M triiodide. The vertical lines relative to the three pairs

Fic. 2
Voltammograms of I” and I3 in Acetic Anhydride

The solid curves 7a, 1b, 1cand 3a, 3b, 3c represent respectively the #/# 4 versus E plots relative
to the experimental oxidation curves of 4. 1073M,7.1073M, 1. 10 2Mmiodide and to the catha-
nodic curves of 1-33.1073m, 2:33.1073m, and 3-33.10 3m triiodide. The dashed curves
superimposed on the corresponding solid curves express the theoretical behaviour.
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of curves fa—3a, 1b~3b, and fc—3c refer to the standard potential E° of the I,/I~
couple in acetic anhydride. The dashed curves superimposed on the corresponding
solid curves express the theoretical behaviour derived from Eq. (14)—(16) using the
following data: E° = 0-100 V, K = 10° I/mol, K[k, = 10° cm''/* s mol~*** and
K[k, = 10 em®* s mol ~*/*. Noting that the diffusion coefficient of I” in (CH,CO),0
at 25°C is about 6.107®cm?/s and that the experimental values for r° and ¢, are
respectively 0-1 cm and 4 s, we attributed to I/ F the value of 1-44 . 1072 cm/s.
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