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Abstract-The oxidation of iodide at a rotaling platinum disk electrode in methanol has been studied. At low 
concentrations only one oxidation wave is seen, but at higher concentrations two steps are discerned. This is 
in accordance with the theory, assuming that the equilibrium between iodide, ttiiodide and iodine is reached 
fast and the oxidation of iodide to iodine occurs reversibly. 

only in approximately neutral and moderately alkaline solutions iodine can be. oxidized to iodonium 
methoxide. The oxidation occurs irreversibly. Neutralization titrations confirm the formation of iodonium 
methoxide. 

The diffusion coefficients of the iodine species and the stability constant of the triiodide ion were 
determined. 

INTRODUCTION 

For several reasons the voltammetry of iodide in 
various solvents is of interest. Though the behaviour of 
iodide in aqueous solutions has been studied exten- 
sively[l], just as in many organic solvents, as acetic 

acid[2], acetonitrile[3], dimethylformamide[4], di- 
methylsulfoxide[5], nitromethane[6] and pyridine[‘I], 
remarkably little has been published on the voltam- 
metry of iodide in methanol. In the context of research 
on the coulometric Karl-Fischer titration reaction, 
which is very often performed in methanol, we have 
investigated the electrochemical behaviour ofiodide in 
this solvent. We have confined ourselves to iodide 
species with oxidation numbers - 1, - l/3,0 and + 1, 
since higher oxidation numbers than + 1 are not of 
importance in the context of our investigations on the 
Karl-Fischer titration. 
Oxidation of iodide to iodine 

In dilute methanolic solutions up to ca 1 mh4, iodide 
shows one oxidation wave to iodine, while in more 
concentrated solutions it is clearly oxidized in two 
steps, via the formation of triiodide : 

21- til, + 2e- (1) 

I, + I-*1; . (2) 
21; =31,t2e- (3) 

Guidelli and Piccardi[8] calculated the theoretical 
voltamograms of iodide-iodine solutions as a function 
of the total concentration of the various iodinespecies, 
C, and the stability constant of the triiodide ion, K,, 
assuming that the following assumptions are valid: 

(1) The electron transfer is rapid, so that there is 
only diffusion overpotential; 

(2) The diffusion coefficients of the various iodine 
species are equal ; 

(3) Triiodide is at any time in equilibrium with 
iodide and iodine; 

* Present address: Central laboratory DSM, department 
MCO, PO Box IO, Geleen, the Netherlands. 

(4) Concentrations may be used instead ofactivities. 
They showed that 

4K[4C + P - \i(P’ + 16QCK)] 

’ = (3P2 + 12QCK - 4PK).,/(P2 + 16QCK) (4) 
+ 4QCK(EK - 9P) + P2(4K - 3P) 

where 8 is given by Nernst’s law : 

0 = exp 
I 

FT(E - J&) 
I 

= c~Jcc~_)‘, (5) 

Q = U - 4.dMic,d - ia,, 03 
i,,+ and &! are, respectively, the ancdic and cathodic 
dtffusion currents in the voltamogram, 

K = l/K, = CL- q*/qz, (7) 

P=2K+C-3CQ 

and 

c = C,‘ + 2c,, + 3c,:. 

It can be shown that, if C and K, are large, the 
voltamagram can be considered to be composed of the 
independent waves of the iodide-triiodide couple and 
the triiodide-iodine couple. So : 

4(1- Q) 
‘I = C2(3Q - 1)3 

= exp 
i 

g(E -E&-) 
1 

= cE/(c$’ (8) 

B 
3 

= C(I - 3Q)3 

8Q2 

= exp 
{ 
g(E - Ep2Rg) 

1 
= (c~,)~/(c~~)~ (91 

In the voltamogram of the oxidation of iodide to 
iodine, the potential where the current is l/3 of the 
diffusion current (Q = 2/3)and the potential where the 
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current is 5/6 of the diffusion current (Q = l/6) 
correspond with the halfwave potentials ofthe first and 
the second step, respectively. They are not constant, 
but depend on the total concentration: 

As 

Ap-@ _-E”_ _-El K 
- IllI h/I - 2F n 6’ (12) 

the stability constant of the triiodide ion can be 
calculated from the difference of the halfwave 
potentials: 

From (10) and (1 I) it appears, that for decreasing total 
concentrations of the iodine species, the half-wave 
potential of the first step increases and the half-wave 
potential of the second step decreases, so that at small 
-total concentrations of the iodine species the two 
waves merge. Then : 

8-l-Q - 2CQ’ = exp 
1 
g (E - ~,a.)~ = cp;/(c;-)’ 

(14) 

With this equation, we find that E,,a-E,,, =47.4mV 
for a voltamogram, where the oxidation from iodide 
to iodine is shown as a single wave. This means, that 
only when the difference between & and E,,, is 
sufficiently larger than 47.4 mV, this difference can be 
used to calculate a K, value. It alsb follows from (14) 
that the half-wave potential of the single wave oxi- 
dation of iodide to iodine is concentration dependent : 

EXPERIMENTAL 

Appmm.s 

Use was made of a platinum disk electrode (dia 
4 mm), embedded in a Kel-F shaft and driven by a 
servomotor with tachogenerator. The rotation speed 
was variable from zero to 5000 rpm. 

The cell consisted of a thermostatted main compart- 
ment of approximately 120 ml ; the compartments for 
the platinum wire auxiliary electrode and the silver- 
silver chloride reference electrode (in methanol, satu- 
rated with KCI) were connected to the main compart- 
ment via a glass frit (P3-glass) and a Luggin capillary, 
respectively. 

The potemiostat, a Tacussel PRT 3@01, was coup- 
led to a UAP4 pulse unit and a UAP3 AC-unit. 
Recordings were made on a EPL recorder belonging to 
the system. 

Potentiometric experiments were carried out in a 
thermostatted H-shaped cell with a P4-glass frit 
separating the two compartments (each about 7 ml). 
The potential difference between the platinum wire 

electrodes in each compartment was measured with a 
Hewlett-Packard 34703A digital voltmeter coupled to 
a PAR 135 electrometer. 

pH measurements were carried out with a Metrohm 
ES16 pH meter and a Metrohm glass electrode. 

Reagents 

Methanol (Baker, analytical grade, containing no 
more than 0.02% water), lithium nitrate (Baker, A.R.), 
lithium iodide (Alfa Inorganics, anhydrous), sodium 
iodide (Merck, p.a.), sodium hydroxide (Baker, A.R.) 
and tetramethyl ammonium hydroxide (EGA, ca 3 M 
solution in methanol) were used without purification. 

Sodium methoxide was prepared from sodium 
metal and methanol; anilinium perchlorate was pre- 
pared from aniline (Merck, p.a.) and perchloric acid 
(Baker, A.R.) and purified by recrystallization from 
methanol. 

Buffers were prepared with sodium acetate, sodium 
hvdroxide or TMA hvdroxide and acetic acid 
(pH 8.5-10.5), monochioroacetic acid (pH 7-9), 
dichloroacetic acid (pH 5-7.5), trichloroacetic acid 
(pH 2.5-5), and perchloric acid. 

Aniline solutions are not stable and are used only for 
calibration. The buffer reagents were either Baker of 
Merck, analytical grade, if possible. They were also 
used without further purification. 

Procedure 

After the cell was filled with the methanolic solution 
of the iodine species, buffer reagents and lithium 
nitrate as a supporting electrolyte (to a total ionic 
strength of 0.5 M), the pH was, if necessary, adjusted to 
the desired value. The pH was checked at& the 
experiments and a shift less than 0.1 pH unit was 
considered as acceptable. 

The glass electrode-pH meter combination was 
calibrated for methanolic solutions with, respectively, 
a 0.01 M HClC& solution for pH = 2.0, a fresh aniline- 
anilinium perchlorate solution for pH = 6.0 and a 
TMA acetate-acetic acid solution for pH = 9.7. The 
dissociation constants for anflinium and acetic acid 
were taken from the literature[9]. The glass electrode 
was kept in an aqueous 3 M KC1 solution and, after 
rinsing with methanol, calibrated before each 
experiment. 

The voltammetric experiments were usually per- 
formed in the pulse mode of the Tacuasel polarograph, 
with a pulse duration of 500 ms and a pulse frequency 
of 1 Hz. Sampling was carried out from 79 to 99% of 
the pulse. The pulse mode gives a much better 
reproducibility when solid electrodes are used. The 
pulse duration is so long, that during the sampling time 
a steady-state regime is achieved, as was always 
checked with a Tektronix model 5103N oscilloscope, 
coupled to the current-voltage converter of the 
polarograph. The limiting currents obtained in the 
pulse mode therefore differed less than 1% from the 
limiting currents measured in the dc mode. 

Unless otherwise stated, all experiments were car- 
ried out at 25.0 + 0.3”C. 

RESULTS AND DlBCWSlON 

Oxidation of iodide to iodine 

We determined the diffusion coefficients of the 
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various iodine species from the limiting currents at a 
rotating disk electrode, using the improved version of 
the Levich equation[lO] : 

IL = 1 + 0.298~-“~0*‘~ + 0.145~-“~D*‘~ 
(16) 

where all symbols have their usual significance. The 
results are shown in Table I, fromwhich it appears that 
the assumption of equal coefficients is reasonably 
justified. 

Table 1. Diffusioncoetlicients x lo9 m’s_’ ofiodinespecies 
in methanolic solutions 

pH = 4 
pH = 8.5 

I- ‘; 1, I+ 

1.09 1.08 1.20 1.14 
1.11 1.10 1.17 - 

From the &,, - E,,,)-value of a voltamogram of 
10mM iodide with 0.5 M LiNO, in methanol we 
calculated the stability constant of the triiodide ion 
with (13). We found E,,, - E1,3 = O.l82V, from 
which follows : 

K, = +/c,- .c,* = 1O4.‘8 (at25”C) 

Durand and Trkmillon[Z] prefer the potentiometric 
determination of K, because the Guidelli and Piccardi 
method neglects the possible intervention of various 
electrokinetic phenomena that could make this type of 
determination erroneous. If the stability constant of 
the triiodide ion is relatively large, it is reasonable to 
suppose, that in a solution of iodine and a large excess 
of iodide, the former is almost completely converted 
into triiodide, while in a solution of a large excess of 
iodine over iodide, the latter is almost completely 
converted into triiodide. We therefore measured the 
potential of a platinum wire electrode us a saturated 
methanolic Ag/AgCl reference electrode in a 10 mM I, 
+ 1OOmM LiI solution and in a 100 mM I2 
+ 10 mM LiI solution (both solutions were adjusted 
wilh lithium nitrate to ionic strength 0.5). At 25.O”C we 
found, alter correction for the iogarithmic terms in the 
Nemst equation, 

E&n?- = 0.210 + 0.002v 

E& = 0.599 + 0.002 v 

AE’ = 0.389 + 0.004 V 

In order to eliminate as much as possible the effect of 
variation of the liquid junction potential, we used a H- 
shaped cell with a glass frit separating the two 
compartments. One compartment was tiled with the 
1: excess I- solution, while the other was filled with 
the I- + excess I, solution. The potential difference 
between the platinum electrodes in each compartment 
equalled, after correction for the logarithmic terms 
(only about lOmV), the difference AP = Ei - 
-E’,-,,-. At 25.O”C we found AE” = 0.3 76 6 
*O.&J3 V, only slightly less than the difference 
ofthe E” values previously stated. From this difference 
we calculate with (12) : 

log& = 4.37 

in reasonable agreement with the value found by 
the Guidelli and Piccardi method. The H-shaped 

cell makes it easy to perform temperature measure- 
ments; the results of them are tabulated in Table 2. 
A plot of lnK, vs l/T gives a straight line with 
slope 4.85 x 10’(&0.9%), from which follows 
AHo = 40.3 + 0.4 kJ/mol. 

Table 2. Temperature dependence of AP and K, 

T/“c AEO/l’os Ag/AgCl log K 

15.0 0.3966 4.63 
20.0 0.3920 4.49 
25.0 0.3876 4.37 
30.0 0.3832 4.25 
35.0 0.3792 4.13 
40.0 0.3756 4.03 
45.0 0.3720 3.93 
50.0 0.3687 3.83 

We used a value K = l@’ to calculate the volt- 
amograms according to (4) for a 0.1, 1.0 and 10 mM 
iodide solution. The agreement with the experimental 
voltamograms is very satisfactory (Fig. 1). This 
prompts the suggestion, that the electrode reaction is 
rapid and that the oxidation occurs reversibly. A good 
criterion for reversibility is, that the peak height of an 
ac voltamogram is proportional to the square root of 
the modulation frequency[ 1 l] : 

n2F2Ac”D’iZAE(2nf)1’z 
I, = 

4R T cos h3( j/2) 

where AE is the modulation amplitude, f the modu- 
lation frequency, j is given by 

llF 
j = -(EdE + AEsin (2nft) - E,,,) 

RT (18) 

and the other symbols have their usual significance. As 
can be seen in Fig. 2, this criterion is met for different 
rotation speeds. The current is diffusion controlled and 
therefore proportional to the square root of the 
rotation speed at various potentials (Fig. 3). 

Oxidation o/iodide to iodonium 

The oxidation of iodide to triiodide and iodine in 
methanol is not dependent on the pH ofthe solution, in 
contrast with the oxidation to iodonium. In Figure 4, 
the voltamograms are shown for the oxidation of 
iodide at pH = 4.0 and at pH = 8.5. In the acidic 
solution there is only one wave for oxidation of iodide 
to iodine. In the slightly alkaline solution, there are 
two waves of approximately equal height for the 
oxidation of iodide to iodine and further to iodonium. 
The height of the iodonium wave is pH dependent : 
down to about pH = 8, it is equal to the height of the 
iodine wave, but at lower pH values it decreases (Fig. 
5). 

The half-wave potential for the oxidation of iodine 
to iodonium is pH dependent and shifts to less positive 
values at increasing pH (Fig. 6a). The same is observed 
for the reduction of iodonium dipyridine nitrate, which 
is reasonably stable in acidic solutions and can be kept 
for a short time. However, the half-wave potentials for 
the oxidation of iodine to iodonium and for the 
reduction of iodonium to iodine do not coincide at a 
given pH value (Fig. 6b). 
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ior 

iv 
04. 

Fig. 1. Comparison of the experimental voltamograms (solid 
lines) with the theoretical voltamograms(dots)forO.l. 1.0 and 

1OmM solutions of iodide in methanol; w = 25 rps. 

0 -4Gp 20 33 

Fig. 2. Peak current of the CIC voltamograms as function of 
the square root of the modulation frequency,f: c,- = 1 mM, 

AE = 10 mV, o = (0) 16 rps, (x) 36 rps, (0) 64 rps. 

I /f 
15 I / 

06. 

04. 

I 
z 
-02. 

0 02 04 06 08 10 ,2 14 
E/V - 

Fig. 4. Oxidation of iodide at (a) pH = 4.0 and(b) pH = 8.5. 
cr- = 3mM, w = 9rps. 

0 .I. 
4 5 6 7 8 9 IO 

PH 

Fig. 5. Height of the iodonium wave with respect to the 
iodine wave as function of the pH ; c, . = 2 mM, cu = 25 rps. 

Fig. 3. Dependence of the current on the square root of the We ‘measured the equilibrium potential of the 

rotation speed for the oxidation of iodide to triiodide and couple iodine-iodonium (dipyridine) nitrate in the H- 

iodine at various potentials; (a) 0.325 V,(b) 0.35 V,(c) 0.40 V, shaped cell mentioned above, and found it to be also 
(d) 0.45V, (a) 0.55V, (fj 0.7OVusAglAgCI; c,- = 10mM. pH dependent (Fig. 6~). The half-wave potentials, a~ 
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066 
cl 2 4 6 s IO 

PH - 

Fig. 6. pH dependence of the half-wave and equilibrium 
potentials. (a)E,,, (ox), c,- = 1 mM,w = 9 rps;(b) E,,, (red), 
c,. =lmM,o=9rps;(c)E,.c,,= lOmM,c,. -100mM. 

well as the equilibrium potential, shift with a slope of 
-58 & 2 mV per pH unit. This indicates that the 
redox couple concerned is not the couple iodine- 
iodonium, but the couple iodine-iodonium 
methoxide : 

1, + 2CHsOH +2CHs01 t 2H+ t 2e- (19) 

Iodonium methoxide is not stable and decomposes 
quickly, probably to iodate. The peak in the voltamo- 
gram of Fig. 4b is, as we assume, due to the formation 
of iodate. Iodates areinsoluble in methanol and there- 
fore no full wave of the iodate can develop as the eleo 
trode becomes passivated with a layer of iodate. This 
formation of iodate also causeS the iodonium waveS to 
sag at higher rotation speeds (Fig. 7). After a few scans, 

0;. 

02. 

2 \ 
01. 

0. 

05 07 09 13 

E/V- 

Fig. 7. The iodonium wave at different rotation speeds; only 
the wave I, + I* is recorded. c,- = 2 mM, pH = 7.5. 

there was usually a white bloom on the electrode and, 
moreover, the electrode surface was pitted. Only a new 
polishing could restore its original shiny appearance. 
The iodonium waves are not very steep: we found 
Tafel slopes of 60 + 5mV. Together with the 
difference in half-wave potentials for the oxidation to 
iodonium and for the reduction to iodine, this in- 
dicates that the waves are irreversible. As follows from 

the theory of the rotating disk electrode[l2], the 
current through the electrode for a first order irrever- 
sible reaction, where the reverse reaction may be 
neglected, is given by 

xrW 1 1 
-=-..-+ 

i k’C” @,~~-‘/6~2’3~‘/2C” (20) 

where i is the current at constant potential (ie at 
constant heterogeneous rate constant, k’) and all other 
symbols have their usual significance. The last term 
corresponds with the convective diffusion current. A 
plot of l/i us l/dw at various potentials should give a 
straight line with an intercept due to the kinetic term 
and a slope predicted by the diffusion term (Fig. 8). 
Only at low potentials (ie low currents) the lines are in 
agreement with the theory. At larger currents the 
passivation of the electrode surface becomes more 
important and the lines tend to become horizontal. 

I 
Fig. 8. ; US 1 plot for the oxidation of iodine (from 

’ fi 
iodide) to iodonium methoxide a1 various potentials; (a) 
O.SOV, (b) 0.825V, (c) OXSV, (d) 0.875V, (e) 0.9OV, (f) 
0.925 V us Ag/AgCI; line (g) corresponds with the theoretical 

diffusion current; c,. = 2mM, pH = 7.0. 

We have also performed some titrations, the results 
of which are in agreement with the voltammetric 
experiments (Fig. 9). Successively, solutions of 0.25 M 
iodide, triiodide, iodine, iodonium chloride and iodo- 
nium (dipyridine) nitrate were titrated with a 0.5 M 
sodium methoxide solution. Repetition of the tit- 
rations with sodium hydroxide gave the same results. 
Sodium iodide is stable and does not react with the 
base solution; therefore, the titration of a sodium 
iodide solution does not differ from a titration of pure 
methanol. Sodium triiodide shows a very slight bend at 
halfneutralization ; iodine too shows a very slight bend 
at half neutralization, but a sharper bend at full 
neutralization : iodine first reacts with the base to form 
triiodide and iodonium methoxide : 

21, t OR- = IOR + I; (21) 
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Fig. 9. Titration curves for various iodine species. 

whereafter the triiodide reacts in a second step : 
I; + OR- = IOR + 21- (22) 

Iodonium chloride reacts in a similar way, but in this 
case probably iodonium dichloride is formed : 

2ICl+ OR- = ICi; f IOR (23) 

Ia; + OR- = IOR + 2CI- (24) 

It is clear, that iodonium dipyridine nitrate (where the 
pyridine serves to stabilize the iodonium ion) is simply 
titrated as 

I+ + OR- = IOR. (25) 

The titration curves depend on the ability of the 
various iodine species to deliver iodonium. 

In Fig. 10, a potential_pH diagram is drawn for the 
iodine species in methanol. As iodonium methoxide 
is not stable, it should not appear in the diagram. 
We used the equilibrium potentials of the iodine- 
iodonium dipyridine nitrate couple and the stan- 
dard redox potentials of the couple iodide-triiodide 
and the couple triiodide-iodine in the diagram. When 
the concentrations of the individual iodine species 
differ from 1 M, the equilibriuk potentials shift ac- 
cording to (8) and (9). 
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Fig. 10. Potential-pH diagram for the various iodine species. 
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