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Abstract-The electrode kinetics of the SCN-/(SCN), system has been studied on platinum in the 
temperature range from -12 to -3°C at different ammonium thiocyanate concentrations in aceto- 
n&rile in the presence of O-1 M [(C,H,),N]ClO,. Quasi-steady E/I curves with a Pt rotating disk 
electrode and EJI cufves at different linear potential-sweep rates were recorded under different 
experimental conditions. 

Both reactions of the pseudohalogen electrode are rather slow processes, the kinetics of which 
can be explained with the same mechanistic formalism postulated for the halogen electrodes in 
acetonitrile. 

R&u&-Etude de la clnetique &ctrochimique du systbme SCN-/(SCN),, sur electrode de platine, 
dans un domaine de temperatures de -12 & -3°C. pour differentes concentrations en thiocyanate 
d’ammonium dans l’ac&onitrile, en presence de [(CIH6),N]C10, 0,l M. Courbes quasi-stationnalres 
E/l sur electrode a disque de platine tournant et courbes E/I a differentes vitesses linkaims de balayage 
de potentiel, dans des conditions exp&imentales vari&s. 

Les deux reactions de I’blectrode a pseudo-halogene correspondent a des processus plutot lents, 
leurs cinetiques peuvent s’expliquer selon le m&canisme prtidemment post& pour les electrodes & 
halogkne dans l’ac&onitrile. 

Zusammenfassung-Es wurde die Elektroden-Kinetik des SCN-/(SCN),-Systems an Platinelektroden 
im Temperaturbereich von -12 bis -3°C unter Anwendung verschiedener Thiocyanatkonzentra- 
tionen in Acetonitrll in Gegenwart von 0,l M [(C,H6)4NIC10, untersucht. Unter verschiedenen 
experimentellen Bedingungen wurden quaslstationiire E/Z-Kurven an einer rotierenden Platin- 
scheibenelektrode und E/Z-Kurven bei verschiedenen linearen Potentialschwenkgeschwindigkeiten 
aufgenommen. 

Beide Reaktionen der Pseudo-Halogenelektrode sind zlemlich langsame Prozesse, deren Kinetlk 
mlt dem gleichen Mechanlsmus erkhlrt werden kann, wle er fiir die Halogen-Elektroden in Acetonitril 
formuliert wurde. 

INTRODUCTION 
SEVERAL decades ago, the electrochemical oxidation of SCN- ion in methanol 
solution on platinum and silver electrodes was studied1 and the reaction product was 
identified as thiocyanogen, (SCN),. The anodic oxidation of SCN- ion in aqueous 
media yielded as final products SOq2- and I-I+ ions, probably after the occurrence of a 
chemical reaction between the product of the electrode process and the solvent.2-s 
The electrolysis of alkali thiocyanates in mixtures of organic solvent and water has 
been used for thiocyanation of aromatic compounds.6*7 

A recent publication on the electrochemical properties of the SCN- ion and 
(SCN), in acetonitrik? reveals that a relatively slow electrode process is involved in 
the oxidation of SCN- ion in acetonitrile solutions at - 10°C and the corresponding 
half-wave potential is rather poorly reproducible. The voltamperometric curves are in 
agreement with the hypothesis of a rapid dimerization of the SCN radical, which is 
the primary product of the anodic initial electron-transfer step. A cathodic limiting 
current related to the electrochemical reduction of (SCN), has been also measured.8 

The reaction involving the initial discharge of the SCN- ion on platinum at 
temperatures above room temperature, yielding as ha1 product parathiocyanogen as 

* Manuscript received 30 September 1971. 
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an insoluble film on the electrode, has been studied both in acetonitrile and dimethyl- 
sulphoxide,Q-10 as well as in molten potassium thiocyanaterl*l*. The kinetics of this 
electrode process was thoroughly investigated because of its significance for the theory 
of electrochemical film formation. The total process involves a polymerization 
reaction which definitely occurs after the initial electrochemical oxidation of the SCN- 
ion. Therefore, for a quantitative investigation of this reaction with a minimum 
interference of polymer formation, experiments have to be performed at the lowest 
possible temperature. For the purpose, acetonitrile was chosen as an adequate 
solvent, because of its low freezing point. 

The fact that the SCN- ion is isoelectronic with the halide ions as the SCN radical 
and (SCN), molecule are to the halogen atoms and halogen molecules respectively 
suggests that the electrochemical behaviour of the SCN-/(SCN), couple may be like 
that of the halogen electrodes which, except for fluorine, have been recently investi- 
gated from the kinetic and mechanistic viewpoint, on platinum electrodes in aceto- 
nitrile.l”-I5 The conclusions of these studies indicate the occurrence of a common 
formal mechanism related to the halogen electrodes in acetonitrile and it seems quite 
reasonable that if the SCN-/(SCN), couple can be properly isolated and its kinetic 
parameters evaluated, the same formal reaction mechanism would apply to the pseudo- 
halogen electrode. 

EXPERIMENTAL TECHNIQUE 
A three-compartment electrolysis cell similar to that described in previous work16 

was employed. A platinum rotating disk working electrode and a platinum counter- 
electrode were used. An arbitrary platinum wire electrode, of which the potential was 
reproducible and stable, was used as reference. 

Solutions of ammonium thiocyanate (Merck, AR) and tetra-ethylammonium 
perchlorate (Eastman Chemicals) in acetonitrile (U.C.B., AR) were employed. The 
solid (NH,)SCN was dried at 60-70°C under vacuum and the solid [(C,H,),N]ClO, 
was also vacuum-dried at room temperature. The solvent was purified following a 
procedure indicated in the literaturel’ and stored under a dry and inert atmosphere. 
The (NH,)SCN concentration was varied from O-8 x 10e3 to 2 x 10e3 M. The 
concentration of [(C,H,),N]ClO,, which acted as supporting electrolyte, was O-1 M. 

Experiments were performed in the temperature range from -12 to -3”C, by 
using the rotating disk electrode technique to obtain stationary current/potential 
curves and linear potential-sweep cyclic voltammetry, to record non-stationary 
current/potential curves. The former technique was applied with a potential sweep of 
2 mV{s, which yielded the same E/I response as those at lower rates, and rotation 
speeds of the working electrode covering from 150 to 2600 rev/min. The latter was 
applied at potential-sweep rates from 5 to 350 mV/s, covering a potential amplitude of 
0.580 f 0.010 V. 

RESULTS 
1. Experiments with rotating disk electrdes 

The solution, which was initially colourless, acquired a yellow tinge in the anodic 
section of the electrolysis cell after being repeatedly used in the anodic runs. 

Typical EfI curves obtained on the platinum rotating disk electrode are illustrated 
in Fig. 1. Initially at low anodic polarization, these curves show practically no current 
flow. On increasing the polarization about O-24-3 V above the initial potential Ei, a 
net current increase is observed, reaching a plateau at about 1-O V. 
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FIG. 1. Anodic current/potential curves obtained at u = 2 mV/s and different rotation 
speeds of the Pt working electrode as indicated in the figure. The numbers on the 

curves correspond to the sequence of the experiments. 
c,,, 2.016 x 1O-8 M; TEAP, O-1 M; -5.O”C; A, 0.071 cm*. 

A distinction in the curves of the figure has to be made between the first run 
starting with a recently polished electrode surface and the subsequent runs. The 
former exhibits a larger polarization effect than the following ones and for a run under 
fixed experimental conditions, the returning E/I curve involves a net depolar- 
izing effect (Fig. 2). In any circumstance, the limiting current region is attained 

60 I.90 

< 
a 4o 

120 

4 

20 60 

0 

O-20 

q 

O-40 060 0 80 l-00 

* E-Ei. ‘V 

FIIO. 2. Anodic current/potential curves obtained on a Pt rde at tr = +2 
v = -2 mV/s and different rotation speeds. 

c, = 2.028 x 10e8 M; TEAP, O-1 M; -l-O%; A, O-071 cm’. 
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asymptotically and it extends no further than O-1 V or thereabouts. These experi- 
ments show the different behaviour of freshly polished and repeatedly used electrodes 
and also show that reproducible electrode surface conditions must be achieved in 
order to derive useful kinetic data from the E/I curves. 

In spite of this, some relationships corresponding to the electrode process under 
convectivediffusion control can be tested. Thus, experimental results show that the 
limiting current, IL, depends linearly both on the square root of the rotation speed, o, 
and on the concentration of dissolved thiocyanate, c,, (Fig. 3). 

d/w. (rad/d" 
FIG. 3. Dependence of the aaodic limit$~~t on the rotation speed of the workhg 

I, c, = 2.016 x lo-” M; TE5AP, 0.1 M; -5O’C. 
II, c, = O-81 x lo-= M; TEAP, 0.1 M; -45°C. 

In order to determine the shift of the electrode half-wave potential for the anodic 
reaction, (El,&, independent runs with reproducible electrode surfaces were made 
(Fig. 4). This indicates that (El&, changes linearly with the logarithm of the 

E-E,. V 

ho. 4. Anodic current/potential curves obtained at tlxee different rotation speeds 
withanagedptektrode. 

c,,, 2-016 x lo- M; TEAP, @l M; -1.0%; A, QO71 cm’. 
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rotation speed, becoming more positive as o increases. The slope of the straight line 
in the (J?&& US log 6_W is practically 2*3(2RT/F), as seen in Fig. 5. 
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FIG. 5. Dependence of the anodic half-wave potential on the E/I curves shown in Fig. 4 
on the rotation speed of the working electrode. 

The E/1 curves, at lower anodic potentials, above E,, exhibit a negligible itiuence 
of the rotation speed on the current. 

2. Results obtained from triangular wave volfammetry 
Typical sets of voltammetric runs are seen in Figs. 6 and 7. They show an anodic 

current peak, l&, and a cathodic current peak, ?,,. The former is well detied for 

current 

Cathodic - 

EI Pottiial 

FIG. 6. E/X single sweep cyclic vokammetic cumes on Pt at difkent sweep rates. 
c,,, 2-028 x lo-’ M; TEAP, 0.1 M; -lO.O”C; A. O-071 cm*. 

potential-sweep rates larger than 10 mV/s; at lower rates it appears as an anodic 
limiting current. 

It is clearIy established that the height of both peaks increases with the potential- 
sweep rate and with the concentration of dissolved thiocyanate in the solution. The 
potential at which the anodic current maximum occurs, A?&,, shifts toward more 
positive potentials when the potential-sweep rate, v, increases. The reverse effect 
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FIG. 7. E/I single sweep cyclic voltammetric curves on Pt at different sweep rates. 
co, 2.028 x 1O-s M; TEAP, 0.1 M; -3.O”C; A, O-071 cma. 

occurs on the potential associated with the cathodic current maximum, EcP. The 
cathodic peak is better defined in the E/I voltagrams run at the lower temperature. 

Various relationships are established for the kinetic parameters involved in the 
voltammetric E/I curves. The actual magnitude of the cathodic current peak obtained 
during the returning half-cycle was evaluated with the semi-empirical equation 
mentioned in the literature.ls 

Both the anodic and the cathodic current peaks approach a straight line inter- 
cepting the origin of co-ordinates when they are plotted as a function of the square 
root of the potential sweep rate, Fig. 8. The best straight line, however, exhibits at 
higher potential-sweep rates a slight curvature, probably due to an ohmic effect which, 
for this case, implies a constant factor of 0.9, so that the measured anodic current peak 
is O-9 times the true anodic current peak. l9 This efft5ct also exists in the cathodic 
current peak 0~ v1/2 plot. 

The ratio between true maximum anodic current peak to true maximum cathodic 
current peak is on the average 0.95 as indicated in Table I. 

The potentials associated with both the anodic and the cathodic current peak 
change linearly with the logarithm of ZJ, as shown in Fig. 9. The slope of the straight 
line derived from the (E, - Ei) ns log u plot is 2<3(RT/F) V/decade. 

Finally, potentials related either to the anodic or the cathodic current peak also 
depend linearly on the logarithm of the corresponding current maximum (Fig. 10). 
Both E/log Ip plots exhibit a slope very close to 2-3(2RT,F). In this case a trend to 
deviate from the straight line is observed for data corresponding to the higher sweep 
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FIG. 8. Dependence of the anodic current peak on the potential sweep rate. 
cot 2-028 x 1O-s M; TEAP, O-1 M; -3.0°C. 

TABLE 1. CURRENT MAXIMA CALCULATED FROM E/I VOLT AMMETRIC CURVES 

10 11.5 0.967 11.1 
30 18-3 0.953 17-4 
60 25.0 0.953 23.8 

100 32.0 o-939 30-l 
150 38.5 o-943 36-3 
200 43-5 o-953 41.5 
250 48-5 o-946 45-9 

o.50L 
05 CO 

L_L__Io20 
15 2.0 E-5 

log y (vin mV/s) 
FIG, 9. Dependence of the potentials corresponding to the anodic and cathodic current 

maxima on the potential-sweep rate. 
cO, O-085 x lo-’ M; TEAP, O-1 M; -4°C. 
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FIQ. 10. Semiiogarithmk plots of the potentials at the current maxima us the corco 
spending current maxima. 

c,,, 2-028 x lo-’ M; TEAP, 0.1 M; -3°C. 

rates because of the existence of a pseudo-ohmic polarization which slightly distorts 
the voltammetric E/I curves, producing a decrease of the current maxima and a small 
additional potential shift. This difficulty can be overcome by measuring the pseudo- 
ohmic polarization independently. 

INTERPRETATION AND DISCUSSION 

The reaction occurring at the platinum anodes is the electrochemical oxidation of 
SCN- ions yielding as final product thiocyanogen, and the latter can be reduced 
cathodically. Then the over-all reaction at the electrode is 

2 SCN--s (SCN)% + 2 e. (1) 

The chemical reactivity of (SCN), is well known, but at low temperatures in the 
ACN medium it is stable enough8 to be reduced during the returning potential sweep 
in cyclic voltammetry. The solvent itself may contribute to stabilize the dissolved 
(SCN),, probably forming a donor-acceptor type of complex, as already known for 
the molecular halogens in various aprotic solvents. Therefore the kinetic data 
reported above furnish the possibility of a mechanistic description of the pseudo- 
halogen system (SCN)JSCN- in acetonitrile. 

The anodic E/Icurves obtained with the rotating disk approach the shape of those 
corresponding to processes with a significant activation polarisation contribution, 
comprising the dependence of the anodic half-wave potential on the logarithm of 
the rotation ~peed.l~~~ 

As the limiting current phteau of the anodic oxidation of SCN- ion follows the 
predictions of the equations of the rotating disk electrode, the evaluation of the ex- 
perimental diffusion coefficient, D, of the reacting species at the anode can be attemp- 
ted after considering that there is one electron per SCN- ion involved, and the kine- 
matic viscosity of the solution at -5C is 8 x lO-* cm8/s. After applying Newman’s 
equational DSCN- = 2-14 x 1O-s cm2/s. 

The results obtained from the voltammetric runs show that both the anodic and 
cathodic reactions are slow electrochemical processes. At low potentials they are 
under, activation control and at high potentials, due to the depletion of the reacting 
species at the electrode surface, they become diffusion-controlled. These conclusions 
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are derived from (i) the linear dependences of I&r, and Icp on the square root of u (ii) 
the linear dependences of E,, and Eop on the logarithm oft, and (iii) the linear E/log ID 
relationship both for the anodic and cathodic maxima, involving the slope 2.3(2RT/F) 
for the anodic as well as the cathodic reactions. 

On the other hand, on the basis that the voltammetric E/X curves imply an irrever- 
sible charge-transfer mechanism, the diffusion coefficient of the species reacting on 
the anode can also be obtained from 

I = nFAc,,d(4b)ly(bt), (2) 

where n is the number of electrons participating in the reaction per reacting particle, 
its bulk concentration is c,, moIe/cm 3, A is the electrode area, cma, b is the ratio 
un,Fv/RT; n, is the number of electrons involved up to the rate determining step; 
y(h) is a function of b and time t, which at the current maximum equals 0.4958.22 
Assuming that an, = 0.5, the diffusion coefficient at -4°C comes out as 2.45 x 
10” cm2/s, in good agreement with the result calculated from the rotating disk. 

From the cyclic voltammetry runs it is also possible, again using (2), to estimate 
the diffusion coefficient of (SCN), from the true cathodic current peak. For the 
purpose it is assumed that the amount of substance formed during the anodic half- 
cycle stays at the electrochemical interface to be completely reduced back to SCN- ion. 
This implies that no side chemical reaction interferes during the voltammetric experi- 
ment. Then, the factor 0.95 relating I*, to Icp may be assigned to the ratio of the 
diffusion constants of the species reacting during the corresponding half-cycle of the 
voltammetric run. Thus the estimated value for D (sCN), at -4°C is 1.98 x 1O-5 cm2/s. 
The diffusion coefficients of the SCN- ion and (SCN), are comparable in magnitude 
to those already reported for the Cl- ion and Cl, molecule in ACN.15 From these 
results one concludes that the solvodynamic radius for the SCN- ion is close in size to 
that of the Cl- ion. This conclusion for these ions in ACN solutions agrees also with 
the transport behaviour they exhibit in dimethylsulphoxide, as recently reported.% 

Possible reaction pathways related to the anodic and cathodic processes 

Let us discuss the possible reaction pathways that can explain the kinetic parameters 
derived for both the anodic and the cathodic reactions. 

Under steady state conditions the slope of the anodic Tafel line is 2RTjF. This 
Tafel slope is easily deduced from one of the following reaction mechanisms, 

I SCN- + Pt r.d.s. Pt(SCN) + e, (Ia) 
2 Pt(SCN)e (SCN), + 2 Pt; (Ib) 

II SCN- + Pt Z Pt(SCN) + e, (IIa) 

Pt(SCN) + SCN-- (SCN), + Pt + e, (IIb) 

where Pt represents an active site at the electrode surface and (SCN) is an adsorbed 
radical formed during the initial electron-transfer step. 

Let us assume for simplicity the symmetry factor implied in the electrode processes 
is 0.5, and that the intermediate follows a Langmuir adsorption isotherm. Then a 
Tafel slope of 2RTIF results immediately if reaction (Ia) is rate-determining under a 
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negligible degree of surface coverage by the reaction intermediate. Analogously, the 
same Tafel slope arises at high anode potentials from mechanism II, when step IIb, 
under a degree of surface coverage by reaction intermediates approaching unity.% 

The possible mechanistic participation of the pseudotrihalide ion (SCN),, which 
would be equivalent to I,, Br,- or Cl,, has been neglected, through the argument 
that there are reasonable indications the equilibrium constant for trihalide formation 
diminishes from the 1,/I- system to the C&&l- system2sB26 and that the value of the 
latter is small enough to prevent the existence of a trihalide oxidation and reduction 
E/I waves ,15 as occurs for the SCN-/(SCN), system. 

Other possible reactions that may contribute, particularly at higher SCN- ion 
concentration, are the following polymerization reactions, 

and 
x(SCN), - (SCN),, (III) 

(SCN), + ACN - polymer. (IV) 

The interference of these reactions becomes negligible at temperatures below 0°C. 
At higher temperatures the rate of polymerization becomes appreciable and the prod- 
uct formed on the electrode alters the mechanism of the reaction, as is described in 
other publications.11*12 

Similarly, the cathodic reaction can be explained in terms of mechanism I or II, 
involving in principle the same rate-determining steps. Although no further informa- 
tion is yet available, due to the complexity of the system, there are various indications 
in favour of mechanism II as the more likely, as discussed further on. The fact that 
the anodic and cathodic EjIcurves belong to complementary electrode reactions allows 
the evaluation of the apparent exchange current density, iO, at the reversible potential 
of the (SCN),/SCN- couple. The latter should be located at a mean distance between 
the potentials corresponding to the anodic and cathodic current maxima in the voltam- 
metric runs. Its value, with respect to the initial potential, is E, = O-382 -& 0.005 V. 
Therefore the anodic and cathodic E/log I curves deduced from voltammetric experi- 
ments can be drawn together, as shown in Fig. 11, on the new potential scale. The i,, 
value calculated from Fig. 11 is 4.46 x 10s5 A/cm2 at -3°C and c, = 2.028 x lOa M. 
This figure is close to that obtained for the Cl,/C!l- electrode in ACN solution on 
platinum.15 

If the i,, value is expressed as a rate constant at equilibrium we have k, = 1.10 x 
10e4 cm/s. This rate constant can also be obtained from the variation of peak poten- 
tial separation,27 which yields k,, = l-25 x lO-4 cm/s. 

Since the SCN- ion and (SCN), are considered from the structural point of view 
as equivalent to the halide ions and halogen molecules respectively, their kinetic 
behaviour should be similar to that of the halogen electrodes in aprotic solvents. 

The kinetics of the 1,/I-/Is-, Br,/Br-/Br,- and CL&l- couples in acetonitrile 
solutionsf3-16 exhibits a degree of irreversibility of the process which increases from 
iodine to chlorine. The kinetic data obtained for the (SCN),/SCN- couple either for 
the convective-diffusion-controlled process as well as the activated electrode reaction 
is coherent with those earlier deduced for the halogen electrodes, resembling more 
closely that of the Cl&l- electrode. As in that system, only one current plateau is 
involved in the anodic as well as the cathodic E/I curves. The apparent exchange cd 
is about the same as that of the Cl,/Cl- electrode. 
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FIG. 11. Semilogarithmic plot of data shown in Fig. 7, the overpotentials being defined 
with respect to the apparent reversible potential of the SCN-/(SCN), couple. 

From these considerations a preference of reaction mechanism II over reaction 
mechanism I seems reasonable for the SCN-/(SCN), system, in correspondence with 
the formal mechanism obeyed by the halogen electrodes in ACN.13,15 

The mechanism implies a high degree of surface coverage by reaction intermediates. 
Then, the accumulation of the latter at the electrochemical interface should be the 
cause of the lower polarization observed at the rotating disk electrode either in the 
returning E/I curves or in the E/I curves recorded on platinum electrodes repeatedly 
used. 
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