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ELECTROANALYTICAL CHEMISTRY AND INTERFACIAL ELECTROCHEMISTRY 

CONSTRUCTION AND OPERATION OF A ROTATING DISC 
ELECTRODE FOR ELEVATED TEMPERATURES 

J. WOJTOWICZ* AND B. E. CONWAY 

Department of Chemistry, University of Ottawa (Canada) 

(Received March 1st; in revised form, May 13th, 1966) 

INTRODUCTION 

Rotating disc techniques, the principles of which have been adequately de- 
scribed elsewherel.2, are required in the study of the kinetics of certain anodic 
oxidations3, e.g., of hydrocarbons, formate ion and hydrazine4, where a region of 
anodic potentials exists over which the rates tend towards a limiting current and where 
in some cases, the direction of the current-potential curve becomes reversed (passiva- 
tion effect3.5). In these cases, it is important to evaluate the extent to which the reac- 
tion becomes diffusion-controlled at various potentials, and to establish, where possi- 
ble, the nature of the activation-controlled behaviour by working at high rotation 
speeds. Since a number of anodic oxidations, e.g., of hydrocarbons, require elevated 
temperatures before they will proceed at conveniently measurable rates, and qualita- 
tive experiments indicate a role of diffusion control in the chemisorption and electro- 
oxidation of these molecules, it is necessary to study such oxidation processes at  the 
rotating disc electrode where the mass-transport conditions can be controlled. 

Descriptions or diagrams of rotating disc assemblies have been given in some 
previous publications6-8 and details of the motor and speed control devices have been 
~eported. However, it seems advantageous to give the engineering details more com- 
pletely, particularly in regard to the design of an apparatus for operaticm at elevated 
temperatures, as a number of special problems arise under such conditions. Accord- 
ingly, we have considered that it may be of general usefulness to report in the present 
paper some details of the construction and operation of such an instrument for these 
conditions, and some tests of the apparatus in the oxidation of HZ, and oxidation and 
reduction in the [Fe(CN) 614--[Fe (CN) 613- system. 

DESIGN AND CONSTRUCTION 

(i) Requirements 
The apparatus developed was capable of being operated up to 10,000 rev./min 

which is sufficiently fast for the study of most anodic oxidation reactions involving 
organic substances. For hydrocarbon oxidations, a temperature of 120-150" is de- 
sirable so that an apparatus operating up to this temperature in, for example, strong 

or HClO4, was required. 
The following problems arise generally in the design of a rotating disc assembly 

* On leave of absence from the Technical University, Warsaw, Poland. 
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but become accentuated when a range of elevated temperatures is to be used in the 
electrode-kinetic studies (in particular, (c) and (d) below present special difficulties 
under these conditions) : (a) insulation of the drive shaft or electrode holder from the 
solution; (b) corrosion of parts of the apparatus; (c) differential expansion of com- 
ponents of the disc and shaft as the temperature is changed and (d) evaporation of 
solvent into the bearing assembly of the rotating shaft. 

The general design of the apparatus is shown in the detailed drawing (Fig. I) 
and the whole assembly was mounted on a heavy drill stand with a 6-in. column 
bolted to the floor. 

Fig. I. Engineering drawing of the rotating electrode assembly. 

(ii) Electrode assembly 
The disc itself was a solid platinum cylinder (I in Fig. I) 0.25 in. in diameter 

and about 6 mm in length, sunk into a KelF guard ring insulator (2) threaded into the 
main shaft (8) which was constructed from stainless steel. The Pt electrode was sealed 
into (2) by means of a compressible gasket (3) and a tight fit was maintained by screw- 
ing the electrode tightly into (2) by means of a screwdriver operating in a channel at 
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ROTATING DISC FOR ELEVATED TEMPERATURES 335 

the inner end of (I) inside the threaded region of (z), before the shaft and electrode 
were assembled. Contact to the external circuit was made by means of a spring seated 
on the upper end of (I) and communicating with a threaded brass pin (6) soldered to 
the connecting wire (16) which passed out through the top of the shaft (see below). 
The whole electrode assembly (see inset in Fig. I) could be screwed into the shaft (7) 
and sealed by means of the Teflon or silicone-rubber washer a t  (4). The shaft (8) was 
protected by a I-mm thick KelF sheath (7) which extended just above the cell into 
the gas-seal housing (9) at  the region (11, 12). 

The use of the sheath (7) around the main shaft is, of course, most necessary, 
as stainless steel suffers appreciable corrosion under conditions of highly acid media 
at elevated temperature, and it also serves for the general purpose of electrical in- 
sulation. Teflon was initially used and is satisfactory for room-temperature operations. 
However, this substance has an unusually high coefficient of expansion and becomes 
loose on the main shaft at  IOO", admitting the electrolyte with resultant corrosion. 
KelF is more satisfactory and has a coefficient of expansion much more compatible 
with that of stainless steel. Use of a solid Teflon or KelF main shaft is unsatisfactory 
a t  elevated temperatures since thermal distortion tends to occur. The gasket (4) is 
also quite essential in order to prevent: (a) leakage into the electrode contact at  
(I, 5, 6) and consequent local short-circuit currents, and (b) leakage at  the bottom of 
the stainless-steel shaft. The design shown in Fig. I for this part of the apparatus was 
found to be satisfactory for many days of operation at  100" in acid media but was the 
result of a number of trials of other less satisfactory arrangements. 

A ring-disc6 electrode assembly could also be used at the bottom of the shaft 
and in that case, a different commutator contact arrangement would be required. 

(iii) Gas seal 
The design of a gas seal for speeds up to 10,ooo rev./min and for use with 

solutions at  100-150" presented substantial problems. A seal is required (a) to prevent 
diffusion of oxygen into the apparatus (cf. ref. 9); (b) for maintenance of a reprodu- 
cible atmosphere of Nz or hydrocarbon gas (or mixtures thereof, cf. ref. 10) in the cell 
during kinetic runs, and (c) to prevent evaporation of solvent into the bearing housing 
in the region (14, IS), and thus to prevent corrosion of the bearing that otherwise 
soon occurs. 

First, aseal to the cell is made between the Teflon plate andguide assembly (9) 
by means of an O-ring (10). A later modification uses a flange seal and O-ring at  this 
point. The whole electrochemical cell, the top of which is shown as (zI), can be raised 
to make a good seal at  (10) by adjustment of (a) the three screwed legs on a base plate 
below the cell (not shown) and (b) the ring which holds the housing of the gas seals. 
The Teflon assembly (9) extends up to the bearing housing and is precisely and 
tightly screwed on to it a t  (14). 

The gas seals (11) are thin Teflon discs mounted on the main shaft and located 
by the locking ring (12). A felt seal (13) is also used above the ring (12) together with 
another thin Teflon disc (indicated by the upper arrow of 11) which minimises fric- 
tion between the felt seals (13), the ring (12) and the gas seal housing (9). The ring (12) 

is located above a thicker Teflon ring sealed to the sheath (7) below which the two 
thin Teflon washers a t  (11) are located to minimise friction between the Teflon ring 
and the base of the housing. This constitutes the main part of the seal. 
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The whole gas-seal housing is ventilated and an inlet and outlet for passage of 
dry Nz into it above the seals was provided, as shown, to prevent any traces of 
moisture reaching the high-speed bearings (15) or when complete absence of oxygen in 
the cell was desired. This part of the apparatus is most essential for satisfactory 
operation at  elevated temperatures. 

(iv) Bearing assembly 
. The remaining part of the assembly is more conventional. The two high-speed 

bearings (15) (type ND 20201) are mounted at  the top and bottom of the bearing 
housing (17) and located by a ring similar to (12) ; they are locken and covered with 
(14) and (17) as shown. The ring (12) in (14) allows adjustment for tightness in the 
lower bearing. The upper bearing is mounted with a cap (14) to close off the bearing 
housing. 

(v) Electrode contact and drive motor 
The electrode contact wire (16) passes through the main shaft into a termina- 

tion block (20) which can either be insulated from the main shaft-or connected to it 
(earthedcondition, as normally used). Contact to the drive motor (not shown) is made 
by means of a wire passing through a flexible coupling (18) to the motor shaft (19). A 
magnetic clutch of the type described by I B L ~ ~  could also be used here; (18) is about 
I in. long and must not be too rigid. Electrical contact continues through the motor 
shaft and the armature, and is taken off from the primary end of an 18:1 reduction 
gear. The motor shaft was machined to a 60°-bevel and contact was made axially to 
it by means of a spring-loaded graphite plate. This arrangement, which involves 
minimum linear contact velocity, was found to be superior to the use of a conventional 
"commutator" with slip rings or carbon brushes. In the latter case, the relatively 
high linear contact velocity introduces undesirable noise in potentiostatic and 
transient measurements, whereas the "point-contact" arrangement is entirely satis- 
factory in this regard. 

Two separate detachable motors (Heller, Las Vegas, type G T ~ I )  were used to 
cover speed ranges up to 6000, and to ~o,ooo rev./min, respectively. The motors 
were operated with a Heller type zT60 speed control. Constancy of speed, as indicated 
by measurements on an oscilloscope (see below), was better than IO/, (cf. ref. 7) and 
during the period of any measurement, variations were usually undetectable. 

(vi) Rotatiolz velocity 
The drive motor was provided with an 18:1 rigid (non-slip) reduction gear. A 

small commutator was fixed to the end of this "slow" shaft with a 180" on-off contact 
arrangement. A small e.m.f. was applied to the two brushes of this contact and the 
circuit completed through the Y-plates of an oscilloscope. A good square-wave 
pattern resulted, the frequency of which could be measured precisely on the oscillo- 
scope with reference to a standard calibratim frequency. 

(vii) Cell 
The all-glass electrochemical cell is shown schematically in Fig. 2. I t  is pro- 

vided with countel-electrode and reference-electrode compartments with stopcock 
and gas-supply arrangements as in normal designs previously published. The working 
compartment should, however, be unusually large; the present cell was 6$ in. in 
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diameter and 8 in. high. It is desirable to have the rotating electrode mounted eccen- 
trically in the cell in order to minimise vortices in the liquid during rotation. 

Gases could be bubbled near the electrode to saturate the solution. The design 
of the cell shown in Fig. 2 allowed the use of an adjustable Luggin capillary which is 
mounted on a 7/10 standard joint inside the cell well below the disc. The capillary 
could be moved sideways across the electrode and its height could be varied by using 
different tips which were detachable. In this way, any effects of the tip leading to 
interference with the hydrodynamic flow lines could be checked*. 

HEATER/ ROTAT I0  N 
THEpMpSTAT 4 ASSEMBLY 

ELECTRODE ADJUSTABLE 
LUGGIN CAPILLARY 
ON 7/10 JOINT 

Fig. 2. Schematic diagram of the working electrode compartment of the cell. 

Investigations of the effect of variation in the position of the capillary tip 
showed, however, that the slope of the current-(frequency)) relation was unaffected 
by the position of the tip except to a small extent at the highest f~equency (9,600 
rev./min) when the tip was only 0.5 mm from the electrode surface. Provided that 
current measurements are always made in a potential range where complete diffusion 
control obtains, and the current is thus independent of the potential, use of a Luggin 
capillary will usually be unnecessary. The present apparatus was, however, designed 
for the study of potentiostatic current-potential relations with systems where tran- 
sitions from diffusion to activation control (or vice versa) were anticipated and under 
these conditions, the arrangement shown in Fig. 2 is desirable. 

KINETIC RUNS 

Tests of the apparatus were made by studying the oxidation of Hz and the 

* The question of the effect of the shape of the end of the electrode shaft in regard to the flow 
pattern has recently been carefully investigated by BLURTON AND RIDDIFORD~~.  
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oxidation-reduction behaviour of the [Fe(CN)6]3--[Fe(CN)6]4- couple in aqueous 
NaOH solution (cf. ref. 12) up to go0. 

Potentials were controlled by means of a Wenking potentiostat and currents 
were measured on a Sensitive Research Instrument Co. micromillammeter. A pla- 
tinized-Pt hydrogen reference electrode was used for the study of the oxidation of Hz 
and a plain Pt  electrode for the redox system [Fe(CN)6]3--[Fe(CN)614-. Well- 
knowndgeneral techniques were used for gas and solution purification including deoxy- 
genation by Nz. The potassium ferrocyanide and ferricyanide salts were the analytical- 
grade materials. 

(i) Oxidation-reduction with the [Fe(CN) 614--[Fe(CN) 61 3- system 
A log-log plot of current, i ,  as a function of rotation frequency, for [Fe(CN)6]3- 

reduction, for example, gave a slope of 0.5 + 0.01 up to 9600 rev.lmin, indicating 
satisfactory operation of the disc. The overvoltage-log [i] curve gave the characteristic 
current plateau for diffusion control. The potential used was then set at  -650 mV 
i.e., in the middle of the plateau between the limiting current for [Fe(CN) 613- reduction 
and the onset of HZ evolution. 

The plots of current density, i, vs. (rotation frequency)* are shown in Figs. 3 
and 4 for reduction of [Fe(CN)6]3- and oxidation of [Fe(CN)6]4-, respectively, for 
temperatures of 30, 50, 70 and go0 in 1.0 N aqueous NaOH and for rotation speeds up 
to 9300 min-1. 

Fig. 3-4. i-f* relations for: (3). ferricyanide reduction; (4), ferrocyanide oxidation. 

Concentrations of 0.01 N were used in each case in order to be able to compare 
the results with those of BAZAN AND A R V I A ~ ~ .  The diffusion constants, D, were cal- 
culated from the lines shown in Figs. 3 and 4 using the relation 

D = 0.54 V* ( I , / V ~ ) ~  
derived from the well-known Levich equation 

where v is the kinematic viscosity in cm2 sec-1, cc, the angular rotation frequency in 
radians sec-1 ( = 2  nf), F the Faraday, Co the concentration of the electroactive ion in 
the bulk expressed in equivalent cm-3 and f the rotation in rev./sec. The derived data 
for D, together with other data required (see below) in the calculation, are given in 
Table I for [Fe(CN)6]3- and [Fe(CN)6]4-. Viscosities, p, and densities, d, of the solu- 
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TABLE 1 

DATA AND RESULTS FOR DIFFUSION-CONTROLLED OXIDATION AND REDUCTION IN THE 

[Fe(CN)6]4=[Fe(CN)6]3- SYSTEM IN I N NaOH 

t EP 102 d v t  [Fe(CN)6I3- [Fe(CN)614- 
('C) (g cm-lsec-1) (g cm-3) (cmt sec-t) filVlfJ . ro3 D . 105 (ilVifl . 103 D - 105 

( A  sect cm-2) (cmzsec-1) ( A  sect cm-2) (cm2sec-1) 

is-  
< 
E 
z4- 
2 + .- 
F 3- 
u 
+ 2- 
al L 

5 1- 
U 

0 -5 1 3 7 9 
potation f r e q u e n ~ g ' / ~ ,  f1l2 ( ~ e c - ' / ~ )  

Fig. 5. Arrhenius plots for the diffusion constants of [Fe(CN)6]3- and [Fe(CN)g]4- in I N aq. 
NaOH (30-90"). 

Fig. 6. i-jt relations for oxidation of Hz a t  27' and go0 in aq. I M HC101, (apparent inversion of 
currents with temp. is due to the solubility and partial pressure effects). 

tions were determined at the four temperatures by standard methods. The data of 
BAZAN AND A R V I A ~ ~  for 25' are somewhat higher, viz. D = 6.77 x 10-6 cm2 sec-1 and 
5.81 x 10-6 cm2 sec-1 for [Fe(CN) 613- and [Fe(CN) 61 4-, respectively, with a quoted12 
accuracy of 3-10%. The activation energy for diffusion of both these ions is obtained 
from Fig. 5 as 3.6 kcal mole-1. Uncertainties in D have been estimated by statistical 
methods from the present results, and their standard errors are given in Table 2. 

Estimates of uncertainties in some other previously published data are included for 
comparison. 

The diffusion constants of the ions may also be derived from the Nernst 
relation 

for infinite dilution conditions from the ionic mobility at  infinite dilution, A0. In the 
present case, A0 for [Fe(CN)s]4- is 110.5 and A0 for [Fe(CN)6]3- is IOI a t  25" so that 

J. ELectroanal. Chem., 13 (1967) 333-342 
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TABLE 2 

Author Hz oxidation [Fe(CN)  614- oxidation [Fe(CN)a]a- reduction 

S.D. Max-error S.D. Max-error S.D. Max-error 
of slope (p=o.gg) of slope (p=o.gg) cf slope (p=o.gg) 
(relative) ADID (%) (relative) ADID (%) (relative) ADID (%) 

LEWIS  AND RUETSCHI 
(up  t o  i f = g  incl.) 0.78 2.3 

LEWIS AND RUETSCHI 
(up  t o  if = I I incl.) 1.79 5.25 

Present work,  30" 0.36 1.07 0.25 0.74 1.22 3.58 

Present work, goo 0.45 1.34 0.19 0.56 0.46 1.34 

* Note: these estimates are made from enlarged reproductions o f  the  published graphs and m a y  
not represent exactly t he  error i n  the  original results. However, the  entries for the  "present work" 
refer t o  our original data. Estimated errors are expressed for t he  95% significance level ( p  = 0.95) 
of the  error. 

DO = 0.74 x 10-5 cmzsec-1, and 0.89 x 10-5cm~sec-~, respectively, for these two ionsl3. 
These figures compare satisfactorily with those in Table I bearing in mind that the 
latter are derived for a higher ionic strength and hence will tend to be smaller. 

(ii) Oxidation of Hz 
The diffusion-controlled oxidation of Hz has been studied previously by 

FRUMKIN AND AJKAZJAN~ and by LEWIS AND RUETSCHI~~,  and their work provides 
a basis for checking the results obtained with the present apparatus. 

In the case of Hz oxidations, the diffusion-limited currents were measured up 
to 4500 rev./min at  30" and go0, at a finely platinized electrode in I M aqueous 
HClO4. The anode potential was maintained constant at +IOO mV (Err), and the 
current was found not to increase on raising the potential to ca. +600 mV (EH) .  
Beyond a potential of ca. +goo mV passivation occurs. With the gas solute, allowance 
must be made in the calculations of D for (a) the salting-out of the gas by the electro- 
lyte; (b) the dependence of the gas solubility on temperature and (c) the vapor 
pressure of the solvent. 

The solubilities of Hz in I M HC104 were calculated to be 6.93 x 10-7 and 2.32 
x 10-7 mole cm-3 at 30" and go0, respectively, from the published14 Henry's law 
constants, viz. 5.54 x 107  and 5.71 x 107, for these two temperatures, allowing for the 
difference of solubility of the gas in water and in the acid (salting-out effect), an effect 
which amounts to about 5% (cf. ~ e f .  15). The water vapour partial pressure must be 
allowed for at  each temperature; the data for pure water at 30" and go0, give vapour 
pressures of 31.8 and 525.8 mm Hg, respectively. Correction for the vapour-pressure 
lowering due to the presence of HC104 gives the actual partial pressures of water as 
30.6 and 509 mm Hg at the respective two temperatures. This compares satisfactorily 
with the water vapour pressures over I N HzS04 and KC1 solutionsl6. The equilibrium 
partial pressures* of Hz are then approximately 729 mm Hg at 30" and 251 mm Hg at 
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go0. The corresponding measured slopes (4. ref. 8) of the plots of i us. (f) * are 0.545 x 
10-sand 0.46 x IO-~A sec + cm-f at 30" and go0 (Fig. 6) .  From theLevichequation, again, 
we obtain 0 3 0 '  =4.24 x 10-5 and D90' = 14.2 x 10-5 cm2 sec-1 with a mean activation 
energy for the two measurements of 4.35 kcal mole-1. The known diffusion constants 
for Hz in water are17 4.3 x 10-5 (IO"), 4.7 x 10-5  (16") and 5.2 x 10-5 cm2 sec-1 at  ZIO, 
which may be compared with the following data obtained by LEWIS AND RUETSCHI~~  
in aqueous KOH: 18.2 x 10-5 cm2 sec-1 (30°, 0.1 N KOH); 4.0 x 1 0 - 5  cm2 sec-1 
(30°, 5 N KOH) ; 23.7 x 10-5 cm2 sec-1 (50°, 0.1 N KOH) and 7.9 x 10-5 cm2 sec-1 
(50°, 5 N KOH). These results differ substantially from those of ref. 17 and those 
from the present work; the discrepancies may arise on account of (a) the different 
electrolyte used and (b) because the dependence of current on (rotation frequency)* 
in ref. 18 was not linear at high frequencies. 

A summary of the relevant solubility (c) and kinematic viscosity (v) data 
involved in the present work, together with the derived values of D, is given below: 

t c . 107 v . 10% D - 105 
('C) (mole cm-3) (cm2 sec-1) (cm2 sec-1) 

The use of this apparatus in hydrocarbon oxidation studies at  platinum will 
be described in a forthcoming publication. 
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SUMMARY 

Factors in the design and construction of a rotating disc electrode apparatus 
for use at elevated temperatures are described and discussed. Tests of the apparatus 
in the study of oxidation and reduction of the ferrocyanide-ferricyanide couple, and 
in the oxidation of hydrogen up to go0, are reported. 

* We assume that the equilibrium partial pressure of HZ applies here. However, as bubbles of Hz 
appear in the electrolyte, i t  is evident that HZ must momentarily be somewhat above I atm in 
pressure. During passage of the bubble to the surface, presumably solvent vapour evaporates 
into it and HZ diffuses into the solution across the interface. The situation for solubility seems 
nevertheless satisfactory since, in a closed vessel, the limiting diffusion current remains sensibly 
constant when bubbling is interrupted for short times, and the diffusion currents (see below) 
decrease with increasing temperature. 
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INTRODUCTION 

The earliest applications of the chronocoulometric method to the study of the 
adsorption of electroactive substances at electrodes'-3 suffered somewhat from the 
lack of an exact double-layer charging correction in the presence of adsorption, but the 
new double potential-step chronocoulometric method4-6 allows an internal measure 
of the true double-layer charging correction to be obtained. 

The previous paper6 presented the theoretical treatment of double potential- 
step chronocoulometry applied to the study of reactant adsorption. This paper con- 
siders the application of this technique to the study of the adsorption of Cd(I1) at  
mercury electrodes from thiocyanate solutions. 

The solutions contained Cd(l1) in the millimolar concentration range, sodium 
thiocyanate at varying concentrations from 0-1 F, and sufficient sodium nitrate to 
maintain an ionic strength of unity. The potential was potentiostatically controlled 
and adjusted to an initial potential, Ei, sufficiently anodic of the half-wave potential 
that no current flowed. At time t = o, the potential was stepped to a value Ei, 
sufficiently cathodic of E+ that the concentration of Cd(I1) at  the electrode surface 
was instantaneously reduced to zero. After a time, z, the potential was stepped back to 
Ei which was sufficiently anodic that fort > t, the surface concentration of Cd(Hg) was 
zero. The measured parameter was Q, the total charge passed as a function of time. 

RESULTS AND DISCUSSION 

In the absence of adsorption of either the reactants or products, the Q-t 
behavior that results when the double potential-step is applied is6 

where Qdl  is the charge consumed by the electrode-electrolyte double-layer capaci- 

* Permanent address: Division of Chemistry and Chemical Engineering, California Institute of 
Technology, Pasadena, California. 
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tance when the potential is changed from Ei to Ef; Q is the charge that has passed at 
time t 5 t, Q, is the charge that passes in the opposite direction for t > t ,  

*Co is the bulk concentration of the species 0 ,  and n, F, A and Do have their usual 
significance. I t  has previously been pointed out4 that, in the absence of reactant or 
product adsorption, plots of Q(t 5 t) vs. t* and -Q, vs. O on the same graph give 
straight lines of equal and opposite slopes and equal Q-axis intercepts corresponding 
to Qal. This is the behavior that would be expected for the double potential-step 

Fig. I .  Q us. t* and @ for double potential step f rom -200 t o  -goo t o  -zoo m V  us. S.C.E. A (a), 
I mM Cd(I1) i n  I F N a N 0 3 ;  B (a), I m M C d ( I 1 )  in0.2 FNaSCN+o.8 F N a N 0 3 .  Points labelled 
Blank i n  A and B refer t o  coulombs required t o  charge t h e  double layer determined i n  t h e  Cd-free 
base solns. 

chronocoulometry of Cd(I1) in a medium (e.g., I F NaN03) from which Cd(I1) is not 
adsorbed. 

The two lines labelled A in Fig. I are the Q-t* and Q,-O plots for 1.0 m F  
Cd(I1) in I F NaN03. The equality of the intercepts (0.54 and 0.55 PC) and slopes 
(0.58 and 0.58 pC/msec*) demonstrates that Cd(I1) is not adsorbed from this solution. 
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The value of the diffusion coefficient for Cd(I1) calculated from the slope of the plots 
is 6.7 x 10-6 cm2/sec which agrees well with the polarographically-measured value 
(6.2 x 10-6 cmZ/sec). 

If Cd(1I) is adsorbed, a plot of Q(t < t) vs. t* should have an intercept on the 
Q-axis corresponding to the charge required to charge the double layer plus the charge 
required to reduce the initially adsorbed Cd(I1). Thus the expected effect of reactant 
adsorption is to increase the Q-axis intercept. The slope of Q-t* plots should remain 
unchanged. The equation for the Q-t+ behavior in the presence of adsorption is6 

where To is the amount of reactant initially adsorbed in moles/cm2. The Qr vs. O plot 
is more seriously affected by adsorption because the concentration profile of the 
cadmium amalgam that results when the adsorbed cadmium ion is reduced, differs 
from the profile that corresponds to eqn. (2). 

I t  was shown in the preceding paper6 that under these conditions Qr may be 
well approximated by a linear function of @: 

where QC is the charge arising from reduction of diffusing reactant during the first 
potential step (t 5 t), 

The values of a1 and a0 are about unity and zero, respectively. Their exact 
values are calculated from the particular experimental measurement times in the 
way already described6; for the experimental times used in the present experiments, 
a1 = 0.97 and a0 = - 0.069. 

According to eqn. ( 5 ) ,  the slope of the Qr us. O plot is I +alnFATo/Qc times 
as great in the presence of adsorption and the Q-axis intercept is smaller than Qdl by 
an amount, aonFAT0. In order to measure To as accurately as possible, it is advanta- 
geous to choose t so that the ratio nFATo,lQc is not too small. 

The Qdl-terms in eqns. (4) and (5) represent the change in charge in the double 
layer in the presence of adsorbed Cd( I I ) .  Note that the intercept of the Qr- O plot is, 
except for the small correction, aonFATo, the proper double-layer blank. The true 
Qdl may be calculated from the intercepts of the Q-t* and Qr-O plots: 

OQr  - aooQ 
Qdl = 

I -a0 

where 0Q and oQr are the Q-axis intercepts of the Q-t* and Qr-O plots, respectively. 
I t  is this feature of double potential-step chronocoulometry that makes it 

particularly useful for studying adsorbed reactants; the double-layer "blank" comes 
directly out of the experiment--it is not necessary to use the less reliable blank 
measured in supporting electrolyte free of reactant. 

The amount of adsorbed cadmium can be determined from the intercepts of 
the Q-t+ and Qr-O plots: 
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I t  also follows from eqns. (4) and (5) that 

where S, and Sn are the slopes of the Q,-O and Q-tQlots, respectively. This relation- 
ship may be used to check the internal consistency of the results. 

The two lines labelled B in Fig. I are the Q-t* and Qr-O plots for 1.0 m F  
Cd(1I) in 0.8 F NaN03-0.2 F NaSCN. Note that the slopes and intercepts of the two 
lines are no longer equal-specific adsorption of the cadmium has been produced by 
the addition of the thiocyanate. Although the two Q-tf plots (A and B) have different 
intercepts, their slopes are about the same (0.58 vs. 0.60 pC/msec*) as expected from 
eqns. (I) and (4) (Do is no doubt somewhat different in the presence of SCN-). The 
value of TO resulting from the B-plots in Fig. I is 

The value of % F r o  obtained from the B-plots in Fig. I, 23.7 yC/cmZ, places a 
lower limit on the time after t at which useful data points may be taken, because 
this amount of cadmium ion must have been generated at the electrode surface or 
have diffused there from the solution in order for adsorption equilibrium at  Ei to 
have been re-established. For the condition of Fig. I we calculate (eqns. (4) and (5) 
andmuch effort or Fig. I, geometry, andless effort!) that this condition was achieved 

ir by the time O reached about 0.7 msec (t = t + 0.6 msec). 
The points indicated as blanks in Fig I were obtained by determining the step 

change in charge for a potential step between -200 and -goo mV in a I F NaN03 
solution and for a solution 0.2 F NaSCN+o.8 F NaN03. In I F NaN03, the blank 
agrees with the intercepts of both the Q-t* and Qr-O plots. In the thiocyanate solu- 
tion, there appears to be little change in the coulombs required to charge the double 

TABLE 1 
CHARGE ON EXTRUDED Hg DROPS IN 0.5 F NaSCN-0.5 F NaNOa 

E [ C d f I I ) l  f m F )  
(mV us. S C E )  

o 0.5 1.0 2.0 10 

Q (pCIo.032 cm2 change in area) 
- 200 0.69 0.73 0.69 0.73 0.72 
- 300 0.43 0.48 0.47 0.54 0.52 
- 400 0.39 0.38 0.32 0.40 0.40 

layer whether or not Cd(I1) is present. This can be inferred from the fact that a blank 
in a pure thiocyanate solution is the same as the anodic intercept of the Qr-O plot for 
the thiocyanate solution containing cadmium, within experimental error. Thus, the 
electrical charge on the drop in the thiocyanate solution is unaffected by the presence 
of adsorbed cadmium. To check this point further, mercury-drop extrusion experi- 
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ments4 were carried out. Data are presented in Table I. Within the experimental 
error of about +o.o5 ,uC/drop, the charge is seen to be independent of the cadmium ion 
in solution, in spite of the presence of adsorbed cadmium demonstrated by the chrono- 
coulometric experiments for the same solutions. The electronic charge on the electrode 
thus appears to be determined by the amount of specifically adsorbed thiocyanate and 
the additional adsorption of cadmium ion produces too small a change in the net 
charge on the electrode, to be measured. 

Dependence of T o  on Cd(II) concentration 
A convenient way to present the data is as plots of Q* vs. t' where the Q*'s are 

the measured values of Q during the cathodic step minus Qdl (cf. eqn. (6)). The inter- 

o 1 ,112 . r n i ~ ~ i s e c l ' ~  2 3 4 

Fig. 2. Q* us. t h  for varying concns. of Cd(1I) in 0.5 F NaSCN-fo.5 F NaN03. [Cd(II)]: (a), 0.2; 
(b), 0.5; (c), 1.0; (d), 2.0 m F .  

cepts of such plots are the values of nFAro.  Figure 2 contains a series of such plots 
at  several Cd(1I) concentrations for a constant supporting electrolyte composition of 
0.5 F NaN03 + 0.5 F NaSCN. The increase in intercept with the Cd(I1) concentration 
reflects the increasing adsorption of Cd(I1). The slopes of the plots in Fig. 2 are 
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proportional to the Cd(I1) concentrations as expected (the ratio of slope to concentra- 
tion for the four curves is 18.7, 19.2, 18.8 and 19.3 ,uC/msec+ cm2 mF). 

Dependence o f  To on thiocyanate concentration 
A typical set of Q* vs. t* plots for 0.5 m F  Cd(I1) in various thiocyanate sup- 

porting electrolytes is presented in Fig. 3. The intercept reaches a maximum at a 
thiocyanate concentration of 0.2 F and then decreases with further increases in the 
thiocyanate concentration. Figure 4 shows the dependence of the intercepts on the 
concentration of thiocyanate. 

Fig. 3. Q* us. t t  for 0.5 m F  Cd(I1) in varying concns. of thiocyanate. Ionic strength maintained a t  
I with NaN03; the concentrations of thiocyanate are indicated. 

Dependence of To on potential 
Figure 5 shows plots of Q* for three different initial potentials, Ei. The inter- 

cepts increase as the electrode potential becomes more positive. The plots in Fig. 5 do 
not change if Ef is changed from - 0.70 to - 1.00 V vs. S.C.E. This is the expected 
result, since this potential range is within the diffusion plateau of the corresponding 
Cd(I1) polarogram. 
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Fig. 4. Dependence of Cd(I1) adsorption on the concn. of thiocyanate (potential step, -200 to 
-goo to -200 mV). 0.5 mF Cd(II), ionic strength maintained a t  I with NaN03. 
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Fig. 5. Q* vs.  t r  for 0.5 m F  Cd(I1) in I F NaSCN. Potential steps are from 
on the figure to -goo mV and back to the initial potential. 
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Adsorption isotherm 
Figure 6 contains plots of nFTo vs. Cd(I1) concentration for three starting 

potentials. No data are reported for cadmium concentrations greater than 2 m F  
because above this concentration the uncompensated resistance present in the cell 
seriously degrades the effective response time of the potentiostat, introducing major 
errors. This problem and its partial solution have been discussed elsewheres.9. 

[ ~ d  (II)]. mil I !mcles / l l ter  I ,  mlcrosecondz 

Fig. 6, n F T  us. [Cd(II)] for three initial potentials. Soln. is 0.5 F NaSCN+o.5 F NaNO3. 

Fig. 7.  Current-time transients for (a) cathodic and (b) anodic portion of double potential-step 
from -200 to -goo to -200 mV vs.  S.C.E. Solution is I m F  in Cd(I1) and 0.5 F NaSCN+o.5 F 
NaN03. Hanging mercury drop electrode area, 0.032 cm2. 

Internal consistency of the data 
Table 2 shows examples of the calculated and observed values for ratios of the 

slopes of the Q-tt and Q r O  plots in I F NaSCN. The calculated ratios were obtained 
from eqn. (8). The agreement between theory and experiment was quite good at all 
thiocyanate concentrations and helps to convince us of the soundness of the approach. 

Morphology of current-time transients 
Figure 7 is typical of the initial portion of the current-time transients that 

result when a double potential-step is applied to a Cd(I1) solution in the presence of 
sufficient thiocyanate to produce detectable Cd(I1) adsorption. The unexpected 
"shoulder" on the cathodic transient in Fig. 7 was not observed in thiocyanate-free 
sodium nitrate supporting electrolytes. In these solutions, smooth current-time traces 
were observed for both anodic and cathodic steps, similar to the anodic trace in Fig. 7. 
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We believe that the abnormal shape of the cathodic current-time transients 
results from the presence of adsorbed Cd(1I) and some unavoidable uncompensated 
resistance7s8 in the electrolysis cell. The large current that flows initially to charge the 
double layer and reduce the adsorbed reactant, produces an ohmic drop across this 
uncompensated resistance that is large enough to keep the actzcal electrode potential 
from reaching the desired value (on the diffusion-limited plateau of the Cd(I1) polaro- 
gram) until the large current transient has decayed substantially. Application of an 
electronic feed-back technique7 which decreases the effective uncompensated resist- 
ance, results in an increase in the magnitude of the current on the "shoulder" to- 
gether with a decrease in the length of time that the "shoulder" is visible. Thus, the 
"shoulder" arises from reactant adsorption, which in turn, gives rise to departure of 
the electrode reaction from pure diffusion control for the first 10-50 psec. This 
effect and its consequences have been discussed in greater detail elsewhere7. 

The theoretical model used to derive eqn. 5 assumed that the excess of Cd(Hg) 
produced from reduction of the adsorbed Cd(I1) is formed as a sharp concentration 
"spike".The observed current transient (Fig. 7) indicates that this "spike" is broadened 
by the effect of the uncompensated resistance. However, on the time scales used, the 
"spike" was still sharp enough to satisfy the assumptions used in the derivation. 

CONCLUSIONS 

The noteworthy points are the uniform potential dependence of the adsorption 
and the fact that maximum adsorption is reached at an intermediate thiocyanate 
concentration. The effect of changes in Ei on the adsorption of Cd(I1) is in the 
direction to be expected if the adsorption of Cd(1I) occurs by bonding with the already 
specifically adsorbed thiocyanate. Although a number of possibilities suggest them- 
selves as candidates for the adsorbed species, calculations of the concentrations of the 
cadmium-thiocyanate complexes from the equilibrium constants did not lead to 
clear-cut correspondences with the amounts of adsorbed Cd(I1). I t  seems to us fruit- 
less to speculate further on the basis of the data presently available. Chronocoulome- 
tric studies of the adsorption of zinc and lead, which form analagous thiocyanate 
complexes, are under way in an effort to acquire enough data to justify generalizations 
about the fundamental processes involved. 

The data in Table 3 demonstrate the power of the double potential-step 
chronocoulometric procedure to provide rather precise measurements of the quantity 
of adsorbed reactant at  values well below the double-layer charge. No arbitrary model 
of the electrode reaction sequences is required in order to interpret the data, and an 
altogether appropriate double-layer charging "blank" is provided by the technique. 
The combination of these advantages convinces us that the double potential-step 
chronocoulometric technique is probably the best faradaic method presently available 
for studying adsorbed reactants. 

EXPERIMENTAL 

The electronic apparatus and multichannel analyzer data acquisition system 
used are described in detail elsewhereg. The basic circuitry was similar to that al- 
ready described295. The potentiostat was a Wenking fast-rise model, having a rise 
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time of about 2 psec. The current-measuring and integrating amplifiers were Philbrick 
SP 656 operational amplifiers. The experiments were arranged so that the second 
potential step always occurred at a particular channel on the multichannel analyzer. 
This had the effect of maintaining the ratio @/V/t constant, independent of the con- 
version factor relating channel number to real time. Thus, the correction terms, a1 

and ao, were the same for all experiments (see eqn. (zo), ref. 6) and were equal to 
0.97 and -0.069, respectively. 

Solutions were prepared from reagent-grade materials using triple-distilled 
water. Stock solutions of 20 m F  cadmium nitrate, 2 F NaSCN and 2 F NaN03 were 
prepared and the test solutions were prepared by appropriate dilution. A commercially- 
available hanging mercury drop electrode was used (Brinkmann Instruments, Inc.). 
The area of the hanging mercury drop was 0.032 cm2 (determined by direct weighing). 

All potentials are in millivolts vs. the S.C.E. 
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SUMMARY 

The adsorption of Cd(1I) in thiocyanate solutions has been studied by a double 
potential-step chronocoulometric method. The amount of Cd(I1) adsorbed decreases 
as the electrode potential is made increasingly cathodic. The amount of adsorbed 
Cd(I1) was also studied as a function of the concentration of thiocyanate. The double 
potential-step chronocoulometric method permits an accurate double-layer capacity 
correction and appears to be the best faradaic method for the determination of ad- 
sorbed reactant. 

REFERENCES 

I F. C. ANSON, Anal .  Chem., 36 (1964) 932. 
2 J .  H. CHRISTIE, G. LAUER AND R. A.  OSTERYOUNG, J. Electroanal. Chem., 7 (1964) 60. 
3 R. A. OSTERYOUNG AND F. C. ANSON, Anal .  Chem., 36 (1964) 975. 
4 F. C. ANSON, Anal .  Chem., 38 (1968) 54. 
5 F. C. ANSON AND D. A. PAYNE, J. Electroanal. Chem., 13 (1967) 35. 
6 J .  H. CHRISTIE, R. A. OSTERYOUNG AND F. C. ANSON, J. Electroanal. Chem., 13 (1967) 236. 
7 G. LAUER AND R.  A. OSTERYOUNG, Anal .  Chem., 38 (1966) 1106. 
8 K. B. OLDHAM, J. Eldctroanal. Chem., 11 (1966) 171. 
g G. LAUER AND R.  A. OSTERYOUNG, Anal .  Chem., 38 (1966) 1137. 

J.  Electroanal. Chem., 13 (1967) 343-353 



354 ELECTROANALYTICAL CHEMISTRY AND INTERFACIAL ELECTROCHEMISTRY 

THE CHRONOPOTENTIOMETRIC DETERMINATION OF 
TRANSPORT NUMBERS 

J. BROADHEAD AND G. J .  H I L L S  

Department of Chemistry, The University, Sozcthampton, Hampshire (England) 

(Received March 26th, 1966; in revised form, May 5th. 1966) 

INTRODUCTION 

Controlled electrolyses at  a micro-electrode have almost invariably been carried 
out in the presence of excess supporting electrolyte. This major component serves 
three purposes, (i) the minimisation of ohmic overpotential by reduction of the cell 
resistance, (ii) the suppression of the migration current to simplify the theoretical 
interpretation of results, (iii) the stabilisation of the double-layer capacity, which in 
0.1 M KC1, for example, is insensitive to the presence of minor constituents and to 
quite large voltage excursions. 

The addition of supporting electrolyte also has a number of disadvantages. I t  
often involves the simultaneous addition of electro-active trace impurities. I t  also 
incurs an additional uncertainty in the interpretation of results because of the 
inevitable involvement of its ions in the surface reaction, in interionic attraction 
etc. and i t  is normally not possible to extrapolate the measurements to a state of 
thermodynamic ideality. Nevertheless, under favourable circumstances, mass-transfer 
controlled electrolyses can be described for systems both with and without 
supporting electrolyte. In the latter case, the superposition of the potential 
gradient on the diffusive or osmotic force is appropriately related to the transport 
number of the consumable ion which can thus be evaluated for suitable boundary 
conditions. This is particularly true for the chronopotentiometric method and it is 
the purpose of this paper to explore the reliability and sensitivity of this method for 
the determination of transport numbers in aqueous and non-aqueous systems. 

Chronopotentiometry is invariably traced back to  SAND^. He was the first to 
note the enhancement of the transition time in the absence of supporting electrolyte, 
and to relate it to the transport number of the reducible ions. 

Several other, less satisfactory investigations followedz-4 and although both 
E U C K E N ~  and SLENDYK~ made voltammetric measurements in the absence of sup- 
porting electrolyte, they failed to incorporate transport numbers into their theoretical 
interpretations. MACGILLAVRY~ and KOLTHOFF AND LINGANE~ drew attention to the 
fact that in the polarography of solutions containing no supporting electrolyte, the 
relevant diffusion coefficient is that of the salt and not that of the ion. LA IT IN EN^, 
using a chronoamperometric method, and DELAHAY, MATTAX AND RERZINS~, MORRIS 
AND LINGANE~,  MORRIS^^ and BROIL, using chronopotentiometric procedures, all 
introduce transport numbers into their theoretical treatments. 

Within a more general context, mass transfer in a combination of concentra- 
tion and potential gradients has been considered in terms of irreversible thermodyna- 
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mics by BEARMANIS, and by LOPUSHANSKAYA, PAMFILOV AND TSISAR~~.  L A I T Y ~ ~  has 
been particularly concerned to delineate in this way the diffusion coefficients obtained 
from chronopotentiometric measurements and  MILLS^^ has recently reviewed the 
whole field. Even so, a recent experimental paperl6, concerned with the measurement 
of diffusion currents at  zero concentration of supporting electrolyte, apparently 
overlooks the migration current and the consequential distinction between ionic and 
salt diffusion coefficients. 

In all the work referred to above, the object has been to eliminate the transport 
term, whereas here the object is to isolate and to determine the transport numbers of 
the constituent ions of a single electrolyte by single-salt chronopotentiometry. Since 
this work was completed, a paper by EMEL'YANENKO AND S I M U L I N ~ ~  has been 
published with the same aim, but it is a limited study of the problem which again 
overlooks the important distinction between salt- and ion-diffusion coefficients. This 
paper is further discussed below. 

THEORETICAL RELATIONSHIPS 

The relationship between current density, salt concentration and transition 
time has been reported previously in terms of linear diffusion. Since the experimental 
work here uses a small mercury drop, the essential equations have been re-derived 
for spherical diffusion and the limitations under which the effects of sphericity may be 
neglected, are stated. 

The description of migration and diffusion in a spherically symmetrical poten- 
tial gradient is given in detail elsewherel* and will only be outlined here. The primary 
assumption is made that the velocity, v i ,  of a charged particle or ion in a solution is 
proportional to the force, Xi, exerted upon itl9, i.e., 

vi = hiXi (1) 

According to K I E S ~ ~ ,  if we consider Xi as the negative gradient of the electro- 
chemical potential, relate the constant of proportionality ui in eqn. ( I )  to the mobili- 
ty of the ionic species, and hence to the diffusion coefficient of the ion, then the 
number of g-ions, dNi,  passing through the cross-sectional area, A, at a distance, x, 
from the electrode in the increment of time, dt, is given by: 

where Di is the ionic diffusion coefficient, grad ci is the concentration gradient, zi is 
the valence or charge number, F the faraday, R the gas constant, T the absolute 
temperature and grad V the electric potential gradient. 

From eqn. (2) it is possible to set up the time- and distance-dependent spherical 
diffusion equations analogous to those of MORRIS AND LINGANE~ which describe linear 
diffusion. The solution of these equations8 with the well-known chronopotentiometric 
boundary conditions is : 

where i is the current density and ro is the radius of the spherical cathode. 
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This is the basic equation for single-salt chronopotentiometry a t  a spherical 
electrode. The transition time, t, is defined by c+(,,,,,, = o and when t is very small, 
D,t/r02 4 I ,  then 

exp (Dst,iro') -> I 

and 

By incorporation of approximations (4) and (5) in eqn. (3) together with 
progressive elimination of diffusion coefficients in terms of the Nernst-Einstein 
equation, we obtain the expression for single-salt chronopotentiometry 

where t- is the anionic transport number (= I -t+). 
D, can also be eliminated in a similar way, since 

Squaring both sides of eqn. (6) and substituting for D, then gives 

4i2 t t -  (z+ z-) 
c + ~  = 

zn2 R T  t+A (z+ - z-) 

For a ( I  : I )  electrolyte, 

and eqn. (9) may then be simplified and rearranged to 

This equation is valid in so far as the Nernst-Einstein relation is applicable. 
I t  is likely to be valid for the low concentrations used in this type of experiment and 
it is certainly not a major source of error. Any residual uncertainty could be eliminated 
by extrapolation to infinite dilution where the Nernst-Einstein relation is strictly 
true. Under these circumstances, 

and thus the transport numbers may be exactly obtained from the limiting slope of 
i2-r US. ca2. 

EXPERIMENTAL 

A series of chronopotentiograms was recorded at a hanging mercury drop of the 

J .  Electroanal. Chem., 13 (1967) 354-363 



TRANSPORT NUMBER BY CHRONOPOTENTIOMETRY 357 

G E R I S C H E R ~ ~ - ~ ~ ~ ~ .  An apparatus was therefore required that would furnish a succes- 
sion of mercury drops of known area and that would exclude spent mercury from 
subsequent reaction. Since the solutions to be used were dilute, it was necessary to 
exclude all traces of oxygen and other electro-reducible impurities. Moreover, since 
the mercury electrode was a stationary drop and perhaps in use for several minutes, it 
was also essential to exclude all traces of surface-active material. 

Apparatm and reagents 
The cell used (Fig. ~ ( a ) )  was adapted from a 500-ml flask. The electrodes were 

introduced and manipulated through ground-glass joints and syringe barrels. A 

To Hg 
head 

Fig. I. Cell and electrodes: (a), cell; (b), cylindrical platinum anode; (c), mercury drop suspension; 
(d), spoon ; (e), mercury capillary. 

purified mixture of 75% hydrogen and 25% nitrogen introduced through a sintered- 
glass disc was used to deoxygenate the cell solution. A funnel, tap and 25-ml vessel 
assembly were sealed through the cell wall below the capillary to remove used and 
redundant mercury drops from the vicinity of the electrodes. Although two plati- 
num wire contacts were also incorporated in the used mercury container to maintain 
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the pool at a small cathodic overpotential, they were found to be unneccessary since 
there was always a separation of the mercury from the main cell solution by a pocket of 
deoxygenating gas trapped below the upper tap. 

The suspension for the hanging mercury drop electrode, Fig. ~ ( c ) ,  was con- 
structed by sealing 0.2-mm diam. platinum wire into a soda-glass sheath of 0.4 mm 
external diam. When the tip had been carefully ground down and plated with mer- 
cury, successive mercury drops could be transferred to it by a glass spoon, Fig. ~ ( d ) ,  
from under the capillary, Fig. ~ ( e ) .  The anode, Fig. ~ ( b ) ,  was a platinum cylinde~, 
I cm diam., I-cm long, which could be raised to allow access to the indicator electrode. 
This electrode, in the presence of the partial pressure of hydrogen, was used both as 
the anode and as a stable, unpolarised reference for the working electrode. This 
arrangement had the advantages of simplicity, of avoiding the complications of 
distortion of the field symmetry around the micro-electrode (an important factor in 
dilute solutions) and of eliminating the possibility of ingression of foreign electrolyte 
from a salt bridge. 

The temperature of the cell was controlled at 25"+0.05" by an air thermostat. 
The principal innovation of this thermostat was the inclusion of a simple but persistent 
source of cooling, in this case, a block of solid carbon dioxide. The filament heating 
then functioned normally and good control of temperature was readily maintained. 

The constant current was supplied from a 120-300 V power pack placed in 
series with 1-10 Mil, and the resulting chronopotentiograms were displayed on a 
D.C. Solarscope type AD557 Chronopotentiograms were recorded photographically 
(Polaroid camera type 405, using type-42 film) and the cell current was calculated 
from the p.d. across a standard 1000-i2 resistor in the constant-current circuit. A 
calibrated time base was supplied by an oscillator driving the intensity modulation 
of the oscilloscope to give time markers on each individual trace. 

Analar reagents were used with the exception of "Specpure" TlCl (supplied by 
Johnson, Matthey, and Co., Ltd.) and TIC104 which had to be prepared. TIC104 was 
prepared23 by neutralizing TlzC03 with 60% A.R. HC104, recrystallising three times 
from slightly acid solution and then drying for 8 h at  120-130". All solutions were 
prepared from water redistilled from an alkaline solution of KMn04 through a 3-ft. 
"rod and disc" anti-splash column. N,N-dimethylformamide24 (DMF) was dried for 
a week over 4A molecular sieves and then distilled under 5-10 mm of NZ pressure. 
DMF so prepared had a density of 0.9440 g ml-1 which was in good agreement with 
values reported by other workers (0.943923, 0.9445~~,  0.9442~~,  0 . 9 4 4 1 ~ ~ ~  0.94439. 
The 75% hydrogen-25% nitrogen deoxygenating mixture was passed over copper 
"flitters" maintained at 450°, over KOH pellets, through a liquid nitrogen trap, over 
gA molecular sieves and finally through a pre-saturator. For the aqueous work, the 
gas was further deoxygenated by vanadous chloride solution29. Polarographic 
mercury was purified in the usual wayso. 

Procedure 
The glassware was cleaned in a boiling 10 : I mixture of perchloric and nitric 

acid+, rinsed with conductivity water and then steamed for 2 h. All solutions were 
made up by weight. The cell solution was deoxygenated and equilibrated to thermostat 
temperature over a period of 3 h. When the cell solution was at rest, a succession of 
mercury drops were caught and transferred to the cathode, a new drop being used for 

J .  Electroanal. Chem., 13 (1967) 354-363 



TRANSPORT NUMBER BY CHRONOPOTENTIOMETRY 359 

each chronopotentiogram. The area of each mercury drop was calculated from the 
weight of a given number of mercury drops and a correction was made for the cross- 
sectional area of the wire that was used as the suspension. 

RESULTS AND DISCUSSION 

Typical chronopotentiograms of the two systems studied are shown in Fig. 2, 

(a) and (b) ; their shape calls for comment. Figure 2 (a) is a set of chronopotentio- 
grams for a dilute aqueous solution of TlCl at  one current density. The pre- and post- 
transition portions of the traces are different from those of classical chronopotentio- 
grams. From the rest potential, the section of the trace corresponding to the charging 
of the double layer has a very steep slope. This is in accord with the lower interfacial 
capacity to be expected in the absence of supporting electrolyte; it may also be in- 
fluenced by a grzater degree of adsorption of surface-active materials. 

Fig. 2. Chronopotentiograms of: (a), 0.891 m M  aq. TlCl at 0.833 mA ~ m - ~ ;  (b), 0.497(0) m M  
TIC104 in DMF at 0.420 mA cm-2. 

At the end of the transition time, the potential rise is not sharply defined and 
two distinct slopes are seen. This distortion, which increases the uncertainty in the 
geometrical construction leading to the transition time, is almost certainly the result 
of a complex charging current. The double-layer capacity in dilute solutions is prin- 
cipally that of the diffuse layer and is potential dependent to a much greater degree 
than it is in the presence of supporting electrolyte. Moreover, the quarter-time poten- 
tial of the thallous ion is close to the potential of zero charge for mercury in aqueous 
chloride solutions so that the voltage excursion at  the end of the chronopotentiogram 
coincides with a sharply varying charging current. 

The situation is complicated still further by the fact that the thallous ions are 
specifically adsorbed at  the aqueous-mercury interface over the effective range of 
potentials of the chronopotentiogram36. This unforeseen factor exaggerates an other- 
wise negligible capacitance current in a manner that is not readily allowed for. 
D E L A H A Y ~ ~  and  BARD^^ have considered the effects of this and other contributions to 
the current density but have done so mainly in simple terms. Thus, the capacitative 
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contribution was regarded by  BARD^' as that of a fixed capacity of constant value 
related directly to the concentration and for which a simple correction could be made. 
He evolved a criterion for the absence of other than concentration-polarization, 
namely, the linearity of the plot of itlc vs, z*. In this work the relationship is a linear 
one (see Fig. 5), the slope of which (819 A ml ~ m - ~  sec-l) is close to the more normal 
chronopotentiometric constant (809 A ml cm-% sec-l) derived from the slope of 
i t h s .  c. 

A q u e o u s  solutions 
In spite of the distortion of the after-transition section, the magnitude of the 

transition time was not thought to be in serious error. The upper, perhaps pessimistic, 
limit of error was estimated to be -+5%. Figure 3 shows a plot of it* vs. i for five 
concentrations of aqueous thallous chloride. They are summarised, together with 

Fig. 3. Plots of it4 us. i for aq. TICl. c+ :  (I), 0.632; (z), 0.519: (3), 0.337; (4), 0.190; (5), 0.106 mM. 

Fig. 4. Plot of iz* us. c+ for ten concns. of TICl. 

five more, in Fig. 4 which shows the linear dependence of it* vs. c. The slope of this 
line is, according to eqn. (6), equal to Qn*nFD,*/(r at+). The value of D, was found by 
KOLTHOFF AND LINGANE to be 2.02-10-5 cm sec-1 and, thus, the cationic transport 
number in aqueous thallous chloride solutions is 0.525 f 0.025. This is in reasonable 
agreement with the established value of 0,495. Alternatively, eqn. (10) can be used to 
evaluate the transport number, i.e., in terms of the limiting equivalent conductance 
of thallous chloride (151.05 Q-1 cm2 mole-1: taken from standard tables). This leads 
to a value for t+ of 0.527 which is virtually identical with that obtained from values 
of Ds. 

Both values are slightly high though hardly more so than the estimated error 
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of the method. I t  could be concluded that the distortion at  the end of the chronopoten- 
tiogram inevitably protracts the transition time and erroneously augments the trans- 
port number. Some evidence that this is so is seen in the following section which 
described the results obtained in DMF. Here, the chronopotentiograms were well 
shaped and gave transport numbers in excellent agreement with the established 
values. 

Fig. 5. Plot of i t / c +  us. t* for ten concns. of TlCl. 

Fig. 6. Plots of i z*  us. i for solns. of TIC104 in DMF. c + :  (I), 1.01(6); ( 2 ) .  0.848(5); (3). 0.497(0); 
(4). 0.204 (9) mM. 

Fig. 7. Plot of i t &  us. c+ for the four concns. of TIC104 in DMF. 

Fig. 8. Plot of i t / c+  us. t* from all the points in Fig. 6. 
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DMF solutions 
Inspection of the chronopotentiograms of TIC104 in DMF, Fig. 2 (b), shows that 

the transition time is very well defined. The results of the anhydrous solutions of 
TlClOl in DMF are recorded graphically by plots of it"s. i , Fig. 6, and analysed by 
plots of it* vs. c+, Fig. 7, and it/c+ vs. t*, Fig. 8. The mean deviation in the graph of 
it* vs. c+ is less than +2% and the transport number for the thallous ion in this 
system was calculated from the plot of it/c+ vs. t+, which allows for specific adsorption 
and double-layer effects. The slope of this graph, Fig. 8, as calculated by the method of 
least squares, was 510.1 A sect cm mole-1. This was squared and inserted into eqn. 
(10) together with the equivalent conductivity of TIC104 at  infinite dilution as de- 
termined by PRUE AND SHERRINGTON~~, and gave a value of 0.423 +o.oog for the 
transport number of the thallous ion in a dilute solution of thallous perchlorate in 
DMF. This compares well with the value of 0.424 obtained from the data of PRUE 
AND S H E R R I N G T O N ~ ~ .  

CONCLUSION 

I t  is evident that single-salt chronopotentiometry (and probably other 
voltametric procedures without supporting electrolyte) provides a rapid and general 
method for the determination of transport numbers in aqueous and non-aqueous 
solutions. A similar proposal has been made by EMEL'YANENKO AND SIMULIN~' who 
quote transport numbers to (51%).  I t  must be noted, however, that they used the 
unmodified Sand equation which incorporates the ionic diffusion coefficient instead of 
that of the salt. They also used more concentrated solutions (0.025-0.12 M) of 2 : 2 
electrolytes. These circumstances are not a fair test of the method which under the 
optimal conditions is capable of a higher precision (4  2%) and which for many purpo- 
ses may therefore be adequate. 

Certainly, under difficult experimental conditions of high or low temperatures 
or high pressures, where only small quantities of the system are available or where no 
obvious reversible electrode process is available for conventional procedures, this 
simple rapid method may well be the most suitable and perhaps even the only method 
that can be used. 

SUMMARY 

The expression for the transport number of an ionic species has been derived 
from the chronopotentiometric transition time at a spherical micro-electrode in the 
absence of supporting electrolyte. The transport number is related to the transition 
time and to the diffusion coefficient of the salt, or alternatively, it is expressed in 
terms of the transition time and the equivalent conductivity of the salt at infinite 
dilution. 

These expressions have been examined in relation to two types of system (i) 
dilute aqueous solutions of thallous chloride and (ii) anhydrous solutions of thallous 
perchlorate in N,N-dimethylformamide. In both cases, the expe~imental results 
conform to the proposed relationships and in each, transport numbers have been 
evaluated in good agreement with those obtained independently. The results confirm 
that "single-salt chronopotentiometry" is a rapid, satisfactory, albeit approximate, 
method of determination of transport numbers. 
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ADSORPTION ET IMPEDANCE FARADIQUE 

A. M. BATICLE ET F. PERDU 

Laboratoire d'Electrolyse du C.N.R.S . ,  I ,  Place A .  Briand, Bellevue, Hauts de Seine (France) 

( R e y  le 6 avril, 1966) 

Nous avons montrC, dans un article prCcCdent1, les possibilitCs d'exploitation 
des mesures de lJimpCdance d'une Clectrode, en rCgime sinusoydal, en pr6sence 
d'adsorption des esp&ces rkagissantes, en utilisant le schCma reprksentatif Ctabli par 
SENDA ET DELAHAY~. Rappelons que 1'Ctablissement de ce sch6ma suppose trois 
hypoth&ses fondamentales. D'une part, les adsorptions des deux esp&ces rCagissantes 
sont indkpendantes l'une de l'autre. D'autre part, la variation du potentiel de 
lJClectrode influe plus sur le processus de transfert de charges que sur le processus 
d'adsorption. De plus, le transfert de charges ne se fait que par llintermCdiaire des 
esp&ces adsorbkes*. 

Nous avons utilisC ce calcul pour 1'Ctude de la rCaction Tl(Hg) s T 1 +  + e .  
Les travaux de FRUMKIN et de ses collaborateurs3-7, ont mis en dvidence 

l'adsorption du thallium, dans la double couche, sous les deux formes, atomique ou 
ionique, suivant que les potentiels considCrCs sont plus nCgatifs ou plus positifs que 
-517 mV/ECN; l'adsorption des atomes correspondant 8. la formation de dipales 
T1-Hg . 

BOGUSLAVSKII ET DAMASKINS, RANDLES~,  BARKER^^,  BUTLER^^, 0nt IIles~r6 
les capacitCs de double couche du mercure dans differznts Clectrolytes-supports, en 
prbence de T10 ou de Tl+ et observC des variations de cette capacit6 dues B la presence 
du thallium. 

S L U Y T E R S ~ ~  a mesurC llimpCdance d'une Clectrode 8. gouttes de mercure dans 
des solutions de sels de T1+ en fonction du potentiel et rend compte de la variation 
dJimpCdance observCe, dans un petit domaine de basses frCquences, par une capacitC 
ajoutCe A la capacit6 de double couche. 

LORENZ ET ont proposC une interprktation de 1'impCdance faradique 
mesurCe, en prCsence d'adsorption, qui les conduit, dans le cas du syst&me Tl(Hg)/Tl+, 
& considCrer un Ctat adsorb6 de charge +0.7, commun aux deux esp&ces, ions ou 
atomes. 

TAMAMUSHI ET T A N A K A ~ ~  ont observe lors de la rCduction de TI+, sur Clec- 
trodes 8. gouttes de mercuie, avec courant alternatif surimpos6, des angles de phase 
supQieurs i 4s0, dans un grand domaine de potentiel et attribuent ces rCsultats B 
l'adsorption de T1+ sur le mercure, adsorption qui dCpend des anions associCs (comme 
l'ont montr6 Cgalement FRUMKIN et ses collaborateurs). 

* GERISCHER~~,  a Btabli, dans le cas d'un processus de rbaction hBtBrogAne, un schema 
analogue 9, celui de SENDA ET DELAHAY. 
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I.  APPAREILLAGE ; SOLUTIONS ET AMALGAMES 

Les mesures ont CtC faites en courant sinusoidal, aux potentiels d'gquilibre, 
E,, des Clectrodes considCrCes, B l'aide d'un pont d'impCdances dont la description a 
CtC donnCe prCcCdemmentl5. La prCcision du pont a CtC arnCliorCe en utilisant des 
boites de capacitCs et rCsistances d'une meilleure qualit6 (General Radio, prCcision 
0.05%). Le pont a CtC construit de faqon ?L conserver, pour la precision globale, la 
prCcision de lJimp6dance d'kquilibrage, entre zo Hz et 50 kHz. 

Nous avons utilisC des Clectrodes B gouttes d'amalgame, tombant en chute 
libre, la cadence des gouttes Ctant de l'ordre de 4 sec, et un dispositif antivibratoire 
de suspension du thermostat renfermant la cellule. Le pont est CquilibrC i la fin de la 
vie de chaque goutte. Les capillaires Ctaient CtirCs pour emp$cher la formation d'un 
film de solution B l'intCrieur du capillairel6 et minimiser l'effet dlCcran, et munis d'un 
contact de platine scellC dans le capillaire, pour diminuer la chute ohmique ?L l 'int4 
rieur du capillaire. 

uous avons ainsi obtenu des rksultats expkrimentaux beaucoup moins dispersb 
qu'avec un marteau magnktique et des capillaires siliconCs. Les capillaires et le rber- 
voir d'amalgame Ctaient remplis d'azote U avant l'utilisation. Le degrC de puretC du 
mercure et du thallium utilisCs pour la prCparation des amalgames Ctaient, respective- 
ment, 99.99999% et 99.999%. Les amalgames Ctaient prCparCs par dissolution directe 
du thallium mCtallique dans le mercure en atmosphcre d'azote U. 

L'eau des solutions Ctait distillee trois fois en atmosphcre d'azote U. L'Clec- 
trolyte support, HzS04 0.5 M, et le sulfate de thallium Ctaient des produits Merck 
pour analyse. Solutions et amalgames Ctaient maintenus en atmosphcre d'azote U. 

Le thermostat ?L air Ctait fix6 B 30$.0.1" et enticrement blindC, le blindage 
Ctant reliC B la masse commune de l'appareillage. 

L'Clectrode de rCfCrence au calomel saturC Ctait reliCe 9. la cellule par un pont 
Clectrolytique B robinets fermCs, comportant une solution intermCdiaire de HzS04 
0.5 M. Les potentiels que nous indiquons ne sont pas corrigCs pour les potentiels de 
jonction liquide. 

Nous avons mesurC l'impCdance des Clectrodes B leurs potentiels d'Cquilibre, 
E,. Le seul moyen de faire varier le potentiel des Clectrodes Ctant de faire varier les 
concentrations relatives CR et CO des atomes dans les amalgames et des ions dans 

TABLEAU 1 

CR CO E, Expe'viences 
(%) (mole. 1-11 (mVIECS) 
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les solutions, nous avons explore5 un domaine de potentiel limit&, (Tableau I). Les 
concentrations des amalgames sont donnCes en grammes de thallium par grammes de 
mercure. 

I. Calcul de l'imp6dance, R,-j/wC, 
L'impCdance globale, Rs-j/coCs, etant mesuxGe, il faut tenir compte de la 

rksistance, RE*, de la solution et des connexions, et de la capacitC de la double couche, 
CE (Fig, I, a et b), pour obtenir llimpCdance R,-j/oCr qui est Cquivalentel pour 
chaque frCquence, t?~ l'ensemble des impCdances d'adsorption (indice a), de transfert 
de charges (indice t) et de diffusion (indice d), (Fig. I, A' et B'). Les indices 0 et R 
rephentent respectivement, dans cette Ctude, les formes T1+ et Tlo. 

(A') (8') 

Fig. I .  (a), ImpCdance globale mesuree; (b), ImpCdance Bquivalente; (A'), Impedance faradique 
globale; (B'), ClCments de l'impkdance faradique. 

L'examen du schCma reprksentatif de lJimpCdance globale montre que, lors- 
que o - too ,  RS +RE et Cs +CE. Un calcul rigoureux a permis de 1'Ctablir en tenant 
compte de toutes les impedances. 

Nous avons donc pris, pour effectuer nos calculs, les valeurs de RE et C E  
obtenues par extrapolation des valeurs RS et CS lorsque cu + co. 

Les extrapolations de Rs, B frCquence infinie, ont CtC comparCes aux valeurs 
de RE mesurges directement sur des gouttes de mercure pur, de memes surfaces, dans 
l'acide sulfurique 0.5 M. Nous avons obtenu des Ccarts maximums de 1% entre les 
deux skries de valeurs, c'est-&-dire que nous retrouvons lh 1'Ccart sur la pesCe des 
gouttes, puisque nous Cvaluons les surfaces i partir des poids des gouttes. 

Nous n'avons pu contrbler les valeurs extrapolCes de CE puisqu'il est impossible 
de mesurer la capacitC de double couche dans le domaine de potentiel oh nous avons 
travaillC: que l'on prenne des amalgames et 1'Clectrolyte support seuls, ou des solutions 
de T1+ et le mercure pur9.10, la courbe C E  en fonction du potentiel est toujours 
dCformCe par l'apparition d'une impCdance faradique (pseudo-capacitC) due B la 
&action Tl(Hg) *TI+ + e. 

Remarquons toutefois que, dans les conditions de cette Ctude l'ensemble des 

* RE = rCsistance de lJClectrolyte, CE = capacitk de la double couche. R ~ R ,  R.0, C ~ R ,  Cao, r6sistan- 
ces et  capacitgs d'adsorption des esphces O x  et Red. R O B ,  Rdo,  C ~ R ,  c40, resistances et capacites 
de diffusion des esphces O x  et  Red. R t ,  r~sistance' de transfert de charges. 
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calculs est dominC par l'influence des rCsistances les variations des termes capacitifs 
ayant beaucoup moins de retentissement. 

2. Examen des courbes, cotg 8/wt ,  R,/o-6, ( ~ / w C ~ ) / w - f  
Ayant dCtermin6 RE et CE, nous avons pu calculer, pour chaque frCquence les 

valeurs de Rr, l /oCr et cotg 8 =wRrCr. En se rCfCrant & notre travail prCcCdent1, la 
forme des courbes cotg 0/wf  (Fig. 2) met en Cvidence l'adsorption du thallium. 
Dans le domaine des basses frCquences, les angles de phase sont plus grands que 45", 

TI*10-3M 
T I ( H ~ )  501. 

1 I 0'12 
O i .  10 50 KHz 

Fig. 2. Variations de cotg 8 = oR,Cr en fonction de o* pour les diffdrentes expdriences. 

augmentent puis diminuent lorsque la frCquence augmente. Nous voyons qu'une seule 
des pentes & l'origine est positive, donc l'angle de phase est infkrieur & 45' mais cotg 
B/w f est une courbe et non une droite et 18 encore il faut conclure 8 l'adsorption. 

Mais l'aspect de ces courbes ne permet pas de conclure & l'adsorption d'une 
seule ou des deux formes TI0 et TI+. En effet, les limites pour w +oo ne sont pas 
encore atteintes, limites qui auraient pu permettre de repondre k cette question. Le 
domaine de frCquence dans lequel les extrapolations pour w +oo ou w -to sont vala- 
bles depend des valeurs relatives des diffCents paramMres. En particulier le domaine 
d'extrapolation & frCquences infinies sera d'autant plus repousd vers les hautes 
frkquences que les rbsistances R,o, R ~ R  et Rt seront plus petites, c'est-&-dire que les 
vitesses d'adsorption et de transfert de charges seront plus grandes. C'est prCcisCment 
le cas pour le thallium comme nous le verrons plus loin. Par contre, si ces vitesses 
Ctaient tr&s faibles, ce serait le domaine d'extrapolation basse frCquence qui serait 
repoussC vers les frCquences trks faibles. 

Les courbes Rr et I / w C ~  en fonction de o-f  (Figs. 3,  4, 5) ont un aspect Cgale- 
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ment caractbristique de l'adsorption. Nous avons Ctablil en effet que, lorsque w -to, 

Les signes C  sont Ctendus aux esp&ces 0 et R. LJ6cart R,-I/wC, peut donc 
&tre positif ou nCgatif suivant les valeurs relatives des diffCrents paramhtres. Pour 
tous les amalgames nous observons Rr > 1/mCr sauf pour 1'expQience No. VI, ce qui 
correspond aux signes des pentes A l'origine de cotg 8/w* donnCes par: 

d (cotg B)/d(mf),+o = [Rt +C Rat - 2XCszoi21. [ ~ l x ~ r l  (2) 

et qui sont toutes nCgatives sauf pour 1'expCrience VI. 

Figs. 3-5. Variations de I'impgdance faradique en fonction dew-* pour les expCriences : (3), I et  I1 ; 
(4), I11 et  IV; (5). V et  VI. 

Remarquons que les valeurs de cotg 8 semblent plus dispersCes que celles de 
Rr et I/&. En fait les erreurs s'ajoutent dans l'expression cotg 8 =wRrCr. Les 
courbes Rr et l/dr en fonction de m-f montrent que la diffusion est le phCnom6ne 
prCpond6rant dans un grand domaine de basses frCquences*. 

* Un autre systhme est actuellement B l'dtude dans lequel l'adsorption est le phenomkne 
pr6pond6rant m6me aux trbs basses fr6quences. 
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3. Calcul de la risistance de transfert de charges, Rt 
Nous avons montrC1 que lorsque o + g : 

Lorsque les vitesses d'adsorption sont assez faibles (Rat grands), le terme, aim-*/Rag, 
est nCgligeable devant I A frCquences Clevbes, et l'extrapolation de la droite 
Rr/o-2 est tr&s prCcise. Ce n'est pas le cas du thallium dont les vitesses d'ad- 
sorption sont grandes et il faut extrapoler une courbe ce qui est moins pr6cis. De plus 
la vitesse de transfert de charges est tr6s grandeg.10, et nous obtenons des valeurs de 
Rt t r b  faibles. Pour les expCriences 9. concentrations les plus faibles nous avons 
obtenu les valeurs du Tableau z en bon accord avec les valeurs connuesDJ0 pour 180. 

4. Calcul des coefficients de dijfwssion 
Nous avons montrC1, que la pente des courbes R, et II~C,,  en fonction de 

w- *, lorsque o -to est : 

A partir des pentes expCrimentales de ces courbes nous avons ainsi pu calculer les 
coefficients de diffusion Do et DR pour les deux esp&ces T1+ et T10 dans l'acide sul- 
furique 0.5 M et, dans le mercure, respectivement (Tableau 2). 

TABLEAU 2 

Expd- Amalgames C B  Co Do D R Rt Is0 
riences (%) ( m o b  1-1) (mole 1-1) (cmz sec-l - ( e m z  sec-l . (Dcm2) ( A  

106) 108) c m  -l) 

Pour les amalgames les plus concentrCs les coefficients UR, inversement pro- 
pottionnels A CRO sont nkgligeables devant ao. Les surfaces, A ,  ont CtC CvaluCes d 
partir du poids des gouttes, en supposant celles-ci sphbriques, et en utilisant les valeurs 
de densites de RICHARDS ET DANIELS~~. 

5. Calcul des ilbments de l'im@dance d'adsor$tion 
Nous avons vu plus haut que la forme des courbes cotg O/o* n'a pu nous per- 

mettre de dCterminer si les deux formes T10 et TI+, ou une seule, Ctaient adsorbCes. Un 
moyen de trancher cette question est d'utiliser le calcul que nous avons proposC1. 
Mais ce calcul utilise les Cqns. (34) et (35) dCterminCes aux frCquences ClevCes. De 
mCme que les courbes cotg Bn'ont pas encore, dans le domaine de frCquences CtudiC, 
atteint leurs limites, par suite de la grande vitesse de l'adsorption et du transfert de 
charges (Rt et Rag faibles), demkme nous ne pouvons Ctablir ces deux Cquations. I1 est 
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impossible, pour autant, de nCgliger B priori les termes rCels de 11imp6dance puisque 
I'ensemble dCpend des valeurs relatives des ClCments et que les admittances, jwC, 
varient en fonction de la frCquence. 

Nous avons alors utilisC les Cqns. (39) et (40) proposCes dansl dans le cas d'une 
seule adsorption et cherch6 dans la constance des valeurs Rai et Cai obtenues en fonc- 
tion de la frCquence, et la concordance des courbes expCrimentales et calculCes, 
une justification de notre calcul. Rappelons ces Cquations: 

L'indice, i, reprCsente ici l'esphce adsorbee et l'exposant, ', correspond k l'esphce 
non adsorbbe. 

L'existence des racines des Cqns. (5)  et (6) d ~ i e n d  de la condition: 

Pour les expCriences I-V, cette condition n'est rCalisCe qu'en posant l'ad- 
sorption des ions Tlf, alors que pour lJexpCrience VI il faut poser l'adsorption des 
atomes Tlo. 

Dans toutes nos expCriences les impCdances d'adsorption et de transfert sont 
faibles, de sorte que, i des frCquences plus ou moins klevCes selon les concentrations 
des esphces actives le terme rCel (Rs - RE) de 1'impCdance globale mesurCe est infCrieur 
i I Q, alors que la rCsistance de l'Clectrolyte est connue A 0.1 Q prhs (1% sur 10 Q). 
Aux frCquences ClevCes le calcul de R,i et Cat dCpend donc Ctroitement du choix de 
RE. Aux basses frkquences, llimpCdance d'adsorption n'est plus qu'une petite part de 
l'impCdance globale par suite de l'importance relative de llimpCdance de diffusion. 
Nous avons retenu les valeurs de Rai et Cai calculCes entre ces deux limites (Tableau 3, 
Figs. 6 et 7). 

Rappelons que les termes dOi/dCi et ari/dCt du Tableau 3 sont calculCs & 
l'aide des valeurs de Cat et Rai selon les Cquations suivantes2: 

TABLEAU 3 

NO. clla R.O arolaco aaj01ac0 c ,  R ~ R  a r ~ l a c ~ a a j ~ ~ a c ~  
expirience ( p F  cm-2) (Q cm2) (cm . 106) (cm sec-1) ( p F  cm-2) (R cma) (cm . ro6) (cm set-1) 

I 82.4 0.066 22.3 4 .2  
11 65 0.063 17.5 4.9 
111 50 0.064 13.6 4.2 
IV 43 0.060 11.9 4.7 107 0.064 5.9 0.87 
VI 132 0.045 9.7 1.6 

J .  Electroanal. Chem., 13 (1967) 364-377 



ADSORPTION ET IMPEDANCE FARADIQUE. I1 37I 

et sont, respectivement, le flux et l'exchs superficiel de la substance 
adsorbCe. 

La rCsolution, aux diffCrentes fdquences, des Cqns. (5 )  et (6) donne, pour les 
expkriences I, 11, 111 et VI, des valeurs de Ra$ et Cai dispersCes autour de valeurs 
moyennes, dispersion plus importante sur Rat que sur Cai. Les Ccarts exp6rimentaux 
sont responsables de cette dispersion, puisqu'ils se trouvent, par le mode de calcul, 
enti6rement reversCs sur l'impbdance d'adsorption. 

0  2 1 = - - = =  = ; P Rao 

. • KRao . . . 1 R.0 

5  10 15 20 F: KHz 

I 8  1 
0  5  10 15 20 F: KHz 

2 -  
0- 

Figs. 6-7. Valeurs calculees aux differentes frequences des resistances et capacites d'adsorption : (6 ) ,  
des ions TI+ pour les expCriences I, 11, 111. IV et V ;  (7),  des atomes T10 pour les experiences IV 
et VI. 

' - .  - ; - : R,, tJ I r  

Pour lJexpCrience IV, les valeurs de Rae et Cao varient systCmatiquement avec 
la frCquence. En introduisant dans le calcul par approximations successives, l'adsorp- 
tion simultanCe des deux esphces T10 et TI+, nous avons obtenu pour des valeurs con- 
stantes de R,o et Cao des valeurs associCes dispersCes normalement pour R ~ R  et Can. 
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L'expQience V, dans laquelle les concentrations sont les plus ClevCes, conduit 
B. de faibles valeurs de lJimpCdance globale mesurCe particuli&rement dCfavorable pour 
les calculs. Pour F > 2 kHz nous avons mesurC RS - RE < 0.9 fi et les valeurs de R,o 
et C,o sont peu cohCrentes aux frCquences ClevCes, les calculs ayant peu de significa- 
tion sur ces valeurs mesurCes trop faibles, pour lesquelles les Ccarts exphimentaux ont 
une valeur relative trop importante. 

Les valeurs moyennes de R,c et Cai calculCes pour les autres expe'riences ont 
6th reportbes dans les expressions de l'impCdance globale et les courbes, ainsi re- 
calculCes, de R, et I/wC, en fonction dew- +, coincident avec les courbes expCrimentales 
& la precision des Ccarts expkimentaux, Ccarts dont l'importance relative croit aux 
frbquences tr&s ClevCes. 

Les expCriences I ,  I1 et 111, ont mis en evidence l'adsorption des ions TI+, 
llexpQience VI celle des atomes T10. L'expCrience IV indique une adsorption simul- 
tanCe des deux esp&ces. 

A basses frCquences nous avons vul que: 
R,,+o->Rt+XRai - zXCatoi2 +Xoao-f (12) 

(~/wCr),+o->X~iw-+ (13) 

L'Ccart constant, B. trCs basses frCquences, entre les portions linCaires des 
droites R, et ~lwC, en fonction de w- f sera donc : 

K = Rt+XRai-2ZCai or2 (14) 

Fig. 8. Representation des impedances faradiques dans le plan complexe, pour les differentes ex- 
periences, aux basses frkquences. 

En utilisant la reprksentation de llimpCdance R, - j/wC, dans le plan complexe, 
Fig. 8, comme l'a fait SLUYTERS~~ (pour 1'impCdance globale dans le cas d'une 
rCaction simple) l'extrapolation B. frCquence infinie de la droite B. 45' obtenue 9. basse 
frequence, coupe l'axe rdel au point d'abscisse, K. 
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D'autre part, nous avons vu que lorsque w +o la pente B l'origine de la courbe 
cotg 8/w 4 est donnCe par : 

Nous avons donc calcul6 P et K 8, partir des paramktres dCterminCs ci-dessus 
et cornpar6 les valeurs obtenues B celles dCterminCes graphiquement sur les Figs. 2 et 
8 (Tableau 4) .  L'accord entre les deux sCiies de valeurs est rCalis6 sauf pour l'expC- 

TABLEAU 4 

K calcule' K extrapole' R I - r / w C I  P calcule' P graphique 
( x 103) ( x 10~) 

I - 6.6 < - 6  < -6  -5.6 < -5.45 
11 -4.93 -4 .9  -4.9 ~ 4 . 5 ~  --4.51 
111 -3.04 - 3 - 3 -2.76 -2.78 
IV -0.82 -0.8 -0.8 -0.56 -0.58 
VI 0.35 0 . 3 < K < 0 . 4  0.35 0.69, +0.57 

rience No. I. Pour celle-ci, B la frCquence du dernier point mesurC (0.070 kHz) nous 
n'avons pas encore atteint la droite & 45" (Fig. 6) et les valeurs de K et P sont ob- 
tenues par d6faut. De mCme, Rr- 11wCr tend vers sa limite sans l'avoir encore atteinte. 

En choisissant le systkme Tl(Hg)/Tl+ pour exploiter le calcul proposC1, nous 
nous sommes plac6s aux limites d'utilisation de la m6thode. En effet, comme toujours 
en cinCtique, la mise en Cvidence des phCnom6nes rapides est dClicate. Le calcul 
proposC serait d'autant plus aisC que les vitesses d'adsorption et de transfelt seraient 
plus lentes, ramenant ainsi vers des frCquences moins ClevCes le domaine de prCpon- 
dCrance des termes cinCtiques de lJimpCdance. Dans le cas du thallium, c'est la dif- 
fusion qui est le phe'nomkne prCpondCrant. Remarquons, au passage, que dans l'en- 
semble des calculs les Ccarts exp6rimentaux ont peu de retentissement sur les valeurs 
des capacitCs alors que les valeurs des rCsistances dCpendent Ctroitement de la pr6- 
cision des valeurs expCrimentales. 

Nous devons examiner les hypothbes que nous avons utilisCes au long de ce 
travail. 

Tout d'abord nous avons ramen6 1'impCdance globale, Z, A la somme de deux 
impCdances (Fig. I ) ,  (abstraction faite de la rdsistance de l'Clectrolyte, RE) : 

La capacitb, CE, a CtC prise constante et Cgale B sa valeur extrapolCe B. haute 
frCquence. 

Nous n'avons pas tenu compte de la variation possible de ce terme avec la 
frCquence. En effet, si l'on reprend le calcul de SENDA ET D E L A H A Y ~ ,  l'expression de 
lJimpCdance globale, Z, serait : 
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dans laquelle A et B sont dCfinis par les Cqns. (7) et (8). 
En plus de la capacitC fixe, (aq/aE)ro, il faudrait tenir compte du terme 

variable avec la frCquence : 

pour calculer llimpCdance R,-j/mCr. N'ayant aucun moyen de calculer ce terme 
correctif nous l'avons suppos6 n6gligeable. Notre hypothbse se vCrifje par les rCsultats 
obtenus. En effet les valeurs de Rat et Cai calculCes & moyennes et hautes frCquences 
satisfont les relations de K et P obtenus lorsque o +o, ce qui ne serait pas possible 
si le terme correctif n'Ctait pas nCgligeable, les valeurs de Rat et Cai varieraient alors 
avec la frCquence. De plus les grandeurs oi ainsi calculCes dCpendent elles aussi de ce 
terme correctif et s'il n'Ctait pas nkgligeable, les coefficients de diffusion seraient 
variables d'une expkrience & l'autre ce que nous n'observons pas dans les limites de la 
prCcision des calculs. 

D'autre part la distribution dJimpCdances que nous avons utilisCe a nCcessitC 
trois hypothbses rappelCes au dCbut de cet article. 

I1 est difficile de comparer les diffgrentes valeurs des paramctres obtenus 
puisque les variations des concentrations et des potentiels sont liCes. NCanmoins on 
peut voir que les deux premibres hypothbses semblent justifikes. En effet la vitesse 
d'adsorption, d@o/dCo, ne varie pratiquement pas dans les expCriences I, 11, I11 et IV 
concernant une m&me solution et des arnalgames diffCrents et on peut considCrer les 
deux adsorptions comme indCpendantes l'une de l'autre. 

Dans ces m&mes expCriences les impCdances d'adsorption calculdes, R,i et 
Cai, restent du m&rne ordre de grandeur alors que lJimpCdance de transfert de charges 
varie bien davantage: Tableaux 2 et 3. Donc la variation de potentiel amenCe par la 
variation de concentration CR influe plus sur le processus de transfert de charges que 
sur le processus d'adsorption. 

Enfin le fait d'avoir pu dCcomposer l'impbdance globale en ClCments correspon- 
dant au schCma choisi peut justifier la troisibme hypothbse: si le transfert de charges 
pouvait se faire par l'intermbdiaire des espirces non adsorbCes aussi bien que par celui 
des espbces adsorbCes on aurait une rCpartition diffCrente des impCdances et l'utilisa- 
tion du sch6ma de SENDA ET DELAHAY conduirait B des valeurs dCpendant de la 
frCquence. 

Ce double transfert de charges a cependant 6th supposC par LORENZ et ses 
collaborateursl2J3 qui ont C t C  amen& ainsi B dCfinir un Ctat d'adsorption commun 
aux deux espbces T10 et T1+ de charge 0.7. Les auteurs ont travail16 dans un domaine 
de trbs faibles concentrations en thallium oii la diffusion doit &tre encore plus prC- 
pondCrante que dans nos conditions expCrimentales et 013 leur hypothirse de 1inCaritC 
des isothermes d'adsorption est probablement valable alors qu'elle ne le serait pas 
dans notre domaine de concentrations. 11s ont CtC amenb & supposer la rCsistance de 
transfert nulle alors que nous avons pu la dCterrniner pour les concentrations les 
moins ClevCes. Remarquons que ces auteurs ont CtC amenCs & travailler sur des extra- 
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polations dm +o de formes analogues aux ntitres, mais partant dJhypoth&ses diffCren- 
tes leur interprCtation est diffCrente. 

Nous avons cherchC Cgalement 9. utiliser llinterprCtation de 1'impCdance 
d'adsorption proposCe par SLUYTERS et ses collaborateursll. Ces auteurs ont supposC 
la rCsistance de transfert de charges nCgligeable et ramen6 l'impkdance d'adsorption 2 
une capacitC ACE placCe en parallble sur la capacitC de double couche: 

et rCsolu graphiquement le problbme dans le cas de mercure et de sels de thallium en 
superposant courant continu et courant alternatif. 

En reprenant cette interprktation, mais sans faire dJhypoth&ses sur l'imphdance 
de transfert de charges, nous pouvons Ccrire lJimpCdance globale mesurCe sous la 
forme : 

Nous pouvons dCterminer les valeurs de Rt et CE+ACE en utilisantl le systbme 
dlCquations suivant, analogue au syst&me (5), (6), (7) et (8) : 

Rt = (IIR) [ I / ~ C )  (~/mCs - am- f) +GO)- f (11mCs - Rs)] (21) 

en posant 

Nos conditions expCrimentales sont assez diffCrentes puisque nous sommes 
partis de solutions de sulfate de thallium et non de nitrate + chlorure (adsorption 
moins forte dans notre cas6.14), et d'amalgames et non de mercure pur. D'autre part 
nous travaillons en courant sinusofdal pur et non en courants continu et alternatif 
surimposCs, et d des frkquences plus ClevCes. 

La rCsolution des Cqns. (20) et (21) n'est pas possible pour toutes les frCquences 
mesurCes. Pour les expCriences 11, I11 et IV, elle n'est possible qu'aux basses frC- 
quences, et aux fr6quences ClevCes seulement pour les expkriences I et VI. 

Les valeurs obtenues de Rt restent du mCme ordre de grandeur, 0.5-3 !2 pour 
toutes les experiences sans suivre la loi du transfert de charges Rt- 11CRaCol-a. Les 
capacitCs ACE varient systCmatiquement avec la frCquence. 

Cette interprbtation ne peut donc Ctre retenue dans nos conditions expCri- 
mentales. 

Une question se pose encore c'est celle de l'existence de l'adsorption de la 2" 

espbce dans les exp6riences I, 11, 111, V et VI. Nous avons examink le jeu des 
impCdances relatives de diffusion et d'adsorption. En effet, lJimpCdance d'adsorption 
n'apparaitra que si elle est petite ou comparable L llimpCdance de diffusion corres- 
pondante (Fig. I). Elle apparaitra donc plus facilement aux frCquences ClevCes oh 
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TABLEAU 5 

effectivement nous obtenons des Ccarts (F > 20 kHz) par rapport aux valeurs calcul6es 
aux frCquences plus basses. Mais dans ce domaine l'importance des erreurs expCri- 
mentales croit trhs rapidement. Nous avons essay6 un calcul d'impCdances relatives, 
(Tableau 5 ) ,  pour tenter de repondre 9. la question. 

Nous avons considCrC isolCment lJimpCdance correspondant 8 la diffusion et B 
l'adsorption hypothCtique de l'esphce apparemment non adsorbbe: Rdi, Cdt, Rai, 
Cat et pris RaI = o. Pour que l'adsorption ait un effet non n6gligeable sur cette imp& 
dance il faut Caz > 1/j/5o~wf. Si Rai a une valeur non nulle la limite de Cai sera plus 
ClevCe. 

Nous avons ainsi calculC les termes arz/aCt correspondants (Tableau 5). Nous 
avons fait ces calculs B 20 kHz, oh I'impCdance d'adsorption est relativement prC- 
ponderante. 

I1 faut ensuite comparer les impCdances relatives 0 et R pour avoir la valeur 
de 1'Ccart introduit dans les calculs par une deuxi6me adsorption hypothCtique. Et  18, 
le dCsCquilibre entre les deux grandeurs, amen6 par la dissymCtrie des concentrations 
des deux exphces, fait que l'influence de la deuxibme adsorption se trouve masquCe. 

En  utilisant les rCsultats de FRUMKIN ET GORODETSKAIA~, nous avons calculC 
la valeur (aFR/aCR), pour l'amalgame 8 I%, pour le potentiel -635 mV/ECS et 
trouvk qu'elle correspondrait une valeur de 8.4 . I O - ~  cm soit CaR = 2400 ,uF ~ m - ~  
pour'notre expCrience No. 11. A 20 kHz, cette capacitC amhnerait un Ccart de 10% 

maximum sur la valeur de 1'impCdance R. Mais llimpCdance 0 est alors IOO fois plus 
grande que llimpCdance R et les variations de cette derni6re ne peuvent Ctre observCes. 
L'adsorption R ne peut apparaitre dans nos calculs. 

En travaillant B des frCquences plus ClevCes l'importance relative de 1'impCdan- 
ce d'adsorption augmente, mais dans les conditions de nos experiences, nous avons vu 
que lJimpCdance globale mesurCe est si faible que les erreurs expkrimentales amhnent 
des Ccarts importants sur les valeurs calculCes. 

D'autre part, le domaine de potentiel dans lequel nous avons travail16 se situe 
autour du potentiel limite pour l'adsorption des deux esp&ces T10 et TI+ dCtermin6 par 
FRUMKIN~. Pour - E <  515 mV (ECN) commence le domaine d'adsorption du TI+ et 
pour -E  > 515 mV (ECN) celui du T10. Or nous avons observC les adsorptions inverses 
pour les expCriences I ,  11, I11 et VI et l'adsorption simultanCe des deux esp6ces pour 
lJexpQience IV. 

Compte tenu des comparaisons dlimpCdance exposCes plus haut, des travaux 
de FRUMKIN et des rgsultats de ce travail, il nous semble que ce domaine de potentiel 
autour du potentiel limite doit Ctre un domaine de transition o i ~  les deux esp&ces sont 
probablement adsorbCes, mais que l'adsorption n'est un frein cinCtique que pour des 
concentrations peu ClevCes. 
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CHRONOAMPEROMETRISCHE UNTERSUCHUNG VON 
BLEINIEDERSCHLAGEN AUF GOLDELEKTRODEN 

E. SCHMIDT WND H. R. GYGAX 

Institut fur anorganische, analytische und physikalische Chemie der Universitat Bern (Schweiz) 

(Eingegangen am 13. April, 1966) 

Bei den in vorangegangenen Mitteilungenl-5 beschriebenen chronoampero- 
metrischen Versuchen zur Abscheidung bzw. Auflosung metallischer Niederschlage 
auf festen Fremdmetallelektroden gemass 

Frerndunterlage Meu 
Me~++z e- . A Me(o<aMe<l) 

war die Auswahl des Depolarisators Me~f und des Elektrodenmetalls Me, so getroffen 
worden, dass in den binaren Systemen Me-Me, bei Zimmertemperatur weder inter- 
metallische Verbindungen noch feste Losungen nennenswerter Phasenbreite auf- 
treten und ("ungesattigte") Me-Niederschlage der Aktivitat aM, < I demnach (unter 
Ausschluss von Uebersattigungserscheinungen) nur in Form metallischer Mono- 
schichten3 vorliegen konnen. Nachfolgend wird am Beispiel der Reduktion von Pb2+ 
an Goldunterlagen das chronoamperometrische Verhalten einer Me-Me,-Kombination 
(Pb-Au) untersucht, die die genannten Mischbarkeitsbedingungen nicht erfiillt, und 
bei der deshalb die Moglichkeit einer Bildung von Legierungsphasen im Verlauf der 
elektrolytischen Me-Abscheidung nicht von der Hand zu weisen ist. Wie aus Tabelle I 

TABELLE 1 
EIGENSCHAFTEN DES SYSTEMS Au-Pb 

Nachgewiesene Verbindungen AuzPb (34.44 Gew.% Pb) AuPbz (67.76 Gew.% Pb) 

Gegenseitige Mischbarkeit der reinen Au in Pb: 0% Pb in Au: 0% 

Komponenten (25')  

Diffusionskoeffizienten extrapoliert nach ref. 17 : 
0 2 6 0  (AU in ~ b )  z 2 10-11 crnzsec-1 
Bruttokoeffizient nach ref. 8: 
Dzs. 1. Pb) = 1.89. 10-14 cmasec-1 

hervorgeht, sind im System Pb-Au auf thermoanalytischem und rontgenographischem 
Weg die Verbindungen AuzPb und AuPb2 nachgewiesen worden*, die gegenseitige 
Mischbarkeit der reinen Komponenten ist verschwindend (vgl. ref. 7). 

EXPERIMENTELLES 

Die Chronoamperogramme der untersuchten wassrigen Depolarisatorlosungen 

* Die Stabilitat von AusPb bei tiefen Temperaturen ist umstrittene. 
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(Bleikonzentration: 0.275 . 10-3< m< 0.536 I O - ~  mM cm-3; Leitelektrolyte: ver- 
schiedene, vgl. Tabellen 2 und 4) wurden unter Verwendung eines potentiostatisierten 
Gleichspannungspolarographen (Radiometer PO4 mit Hilfspotentiostat) als Potential- 
Sweep-Kurven 

registriert, die sich unter Beriicksichtigung von ( ~ b )  je nach Abscisseneichung in Zeit- 
oder Spannungseinheiten sowohl als Strom-Zeit-, wie auch als Strom-Spannungs- 
transienten auswerten lassen. Als polarisierte Goldunterlage diente eine Au-Elektrode 

TABELLE 2 

DATEN DER BLEIVORSTUFEN AN GOLDUNTERLAGEN (Peaks Nr. I, und In) 
- - 
Leitelektrolyt Depolarisator- Peakpotentiale gegen r E ~ b  ( m  V )  ~q 
(0.5 M )  konzentration ra ID (mA see em-2) 

(Mole 1-1 - 1 0 - 4 )  cath anod cath anod 

KC1 (PH 4.5) 3.90-5.36 370f 10 385f 10 180&5 205 f 5 0.465f 0.025 
KBr (pH 4.0) 2.75-5.36 ~ O O & I O  330&15 120&5 16of 5 0.420f 0.025 
KI (pH 5.0) 5.36 300%15 3 0 0 f I 5  165f  5 175f  10 0.435fo.025 
NH4C104 (pH 4.5) 3.90 380&15 420f1.5 185+5 210&5 0.445f 0.025 
HClOa (pH 0.5) 5.36 370&Io 3904 15 2 o o f 3  220&3 0.435% 0.025 
NHzS08H (pH 0.5) 3.90 400f1o 415 f 10 200&3 z1of3 0.450&0.025 
KOH (pH 13.5) 3.90-5.36 380f10 405f 15 175f5 210f.5 0.460f 0.025 

vom Kammertyp mit zylindrischem Elektrodenraum (Querschnitt A = 0.785 cm2, 
identisch mit der geometrischen Elektrodenoberflache; Kammerhohe 6 variabel, 
O< 6< 2.10-2 cm). Detaillierte Angaben iiber Konstruktion und Handhabung der 
Messanordnung finden sich an anderer Stellel.3. Die in der Elektrodenkammer ein- 
geschlossene Depolarisatonnenge N M ~  lag in der Regel zwischen I und 10 Nanomolen 
und wurde wahrend eines Einzelversuches jeweilen zunachst mit kathodisch steigen- 
dem Potential auf der Unterlage abgeschieden (p >o, kathodischer Durchlauf) und 
anschliessend, eventuell nach einer Wartezeit t, von I bis 20 min, mit anodisch 
ansteigendem Spannungssignal wieder abgelost (B c o, anodischer Durchlauf) . Die 
kathodischen und anodischen Teilkurven zeigen die fur Kammerpolarogramme 
charakteristische Peakform (im vorliegenden Fall Mehrfachpeaks) mit 

Ihre (grundstromkorrigierten) Stromintegrale stellen ein Mass fur das umgesetzte 
Depolarisatorquantum dar; im kathodischen Durchlauf z.B. gilt 

lim idt = qoath = z F N M ~  (vgl. ref. I) S t  t+oo 0 

(Vorzeichen von i : positiv fiir reduzierende Strome). 
Die Potentialangaben der Kurven und Tabellen beziehen sich entweder auf die 

gesattigte Kalomelelektrode (SCE) oder aber auf das Ruhepotential r E ~ e  der Messelek- 

* Unter i wird der durch die Reaktion (i) bedingte, d.h. grundstromkorrigierte Stromfluss ver- 
standen. 
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trode. r E ~ e  gibt denjenigen Potentialwert an, bei welchem sich ein stromloses Gleich- 
gewicht zwischen der Depolarisatorlosung der Anfangskonzentration m und einem 
("gesattigten") Me-Niederschlag der Aktivitat aMe = I auf der Elektrodenoberflache 
einstellt : 

RESULTATE UND DISKUSSION 

Diemit kathodischansteigendem Potential (/3 > o) aufgenommenen Teilkurven der 
Blei-Chronoamperogramme setzen sich aus drei deutlich getrennten, im Kurven- 

Fig. I. Strom-Spannungskurve der Dcpolarisatorabscheidung bzw. Auflosung im System Au-Pb 
in KCl. 
A: Potentialvorschub in kathodischer Richtung (Abscheidekurve) ; B, Potentialvorschub in ano- 
discher Richtung (Ablosekurve); I., ID,  Kathodische Pb-Vorstufen an Au; I.', I D ' ,  Anodische 
Pb-Vorstufen an Au; 11, II', Kathodische bzw. anodische Pb-Hauptstufe; III.', IIIb', Anodische 
Legierungsstufen; (- - -), Grundstrom; ,Epb, Ruhepotential einer reinen Pb-Elektrode. 
Depolarisator: 3.90. 10-4 M Pb2+; Leitsalz: 0.5 M KC1; Elektrodenflache: A = 0.785 cmz; 
Kammerhohe: 6 = 1.20 . 10-2 cm; Durchlaufgeschwindigkeit: = 0.1 V/min; Widerstand im 
Leitkanal: RK = 1100 a. 

Bei den angegebenen Potentialen wurde die Ohm'sche Spannungskorrektur nicht beriick- 
sichtigt. 

Fig. 2. Strom-Spannungskurven der Abscheidung von P b  auf Au in Abhangigkeit von der Kam- 
merhohe 6 (Potentialvorschub in kathodischer Richtung). 
I,, Ib, I S  und ?Epb wie in Fig. I. A, Grundstrom; B, o cm; C, 3.0. 10-3 cm; D, 6.0. 10-3 cm; 
E, 9.0 . 10-3 cm. Bei Kurve B entspricht das Kammervolumen dem Restvolumen (vgl. ref. I). 
Depolarisator, 3.06 I O - ~  M PbZ+; Widerstand im Leitkanal, RK = 1000-1200 L2. Leitsalz, 
Elektrodenflache und Durchlaufgeschwindigkeit wie in Fig. I. 

Bei den angegebenen Potentialen wurde die Ohm'sche Spannungskorrektur nicht beriick- 
sichtigt. 
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beispiel der Fig. I (Kurve A) als Peaks Nr. Ia, In und I1 gekennzeichneten Strom- 
maxima zusammen, von denen Nr. I, und I b  auf Grund ihrer Potentiallage gegeniiber 
dem Ruhepotential r E ~ b  (E > r E ~ b ,  vgl. (4)) als Abscheidepeaks einer ungesattigten 
Bleibedeckung (apb < I) zu identifizieren sind und demgembs in Analogie zur friiher 
eingefiihrten Terminologiel~3 als Vorpeaks bezeichnet werden, wahrend das Maximum 
Nr. 11 in das Stabilitatsgebiet gesattigter Bleiniederschlage (uph = I, E < rEpb; 
Haz@tpeak) fallt. Der Potentialabstand zwischen den Maxima I, bzw. Ih und rEpb 
betragt je nach Leitsalz 0.3-0.4 bzw. 0.1-0.2 V (Tabelle 2). Die Kurven lassen bezug- 
lich der Verteilung des kathodischen Gesamtstromintegrals qcath auf Haupt- und 
Vorstufen in Abhangigkeit von der Depolarisatormenge Npb ein ahnliches Verhalten 
erkennen wie die Abscheidedurchlaufe legierungsfreier Systeme vom Vorstufentyp 
(vgl. System T1-Au, ref. 3, Fig. 6). Die im Bereich der Vorpeaks I a  und I b  umgesetzte 
Stromsumme ~qcath strebt mit steigendem Npb einem Grenzwert ,q zu, der gleichzeitig 
den fur ein Auftreten des Hauptpeaks (Nr. 11) erforderlichen Mindestwert von qc,th 
darstellt (Fig. 2). Zwischen qcath, 1qcath und dem Stromintegral des Hauptpeaks 
11qcath besteht die Beziehung 

1qcath = qcath, 11qcath = o fiir qcath< sq (5) 
1qcath = sq, 11qcath = qcath- sq fur qcatb > sq 

(vgl. Fig. 3), wobei ,q nach Tabelle 2 in der Grossenordnung des Sattigungsstrom- 

Fig. 3.  Verteilung der kathodischen Strommenge auf die einzelnen Stufen des kathodischen 
Chronoamperogramms nach Gleichung (5). 

integrals monoatomarer Bleischichten in legierungsfreien Systemen liegt (0.42 mA sec 
cm-2< ,q< 0.46 mA sec cm-2, vgl. ref. 3). Die aus Auftragungen von qcath gegen S nach 

d qcath 
Z P ~  = (vgl. ref. 3, G1. (22))l 

mpa F A  dd 
ermittelte Ladungsaufnahme pro Bleiion weicht im gesamten Bedeckungsgebiet um 
hochstens +5% vom theoretischen Wert zpb = 2 ab*. Die beiden Vorpeaks werden 
daher der Ausbildung einer metallischen Monoschicht zugeordnet, und es wird an- 
genommen, dass bei der Reduktion des Pb2+, ahnlich wie bei der Bleiabscheidung auf 
Ag- und Cu-Unterlagen, an der Goldelektrode zunachst ein monoatomares Blei- 

* Uebersch~sseffekte3,~ wurden auch in Halogenidlosungen nicht beobachtet. 
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adsorbat entsteht, das nach Ueberschreiten des Ruhepotentials in eine Bedeckung der 
Aktivitat a p b  = I iibergeht: 

Pb2++ 2 e- + Pbadsorbiert,a<~ (Vorpeaks) (ii a) 

Pb2++2 e- s Pba=~  (Hauptpeak) (ii b) 

Die aus Scheinaktivitatsmessungen3 berechnete Aktivitatsisotherme der Monoschicht 

(y: Oberflachenkonzentration des Pb-Adsorbats; ,y: Sattigungswert von y) 
hat die Form einer Doppelsigmoiden mit zwei verhaltnismassig flachen Stufen bei 
lg a p b  x -6 und lg apb c - 13, die den Aktivitatsniveaus im Potentialintervall der 
Vorpeaks I, und I b  entsprechen (Fig. 4). 

Von den beiden genannten, in der kathodischen Teilkurve unterscheidbaren 

Fig. 4. Aktivitatsisotherme des Bleiniederschlages auf einer Goldelektrode als Funktion der 
Bedeckung. 
(a), kathodische Scheinaktivitat; ( o), anodische Scheinaktivitat (bis zum Beginn der Legierungs- 
bildung, vgl. Fig. I)  ; (-), reversible Aktivitat a m .  Messfehlerspanne: & 3  mV1o.z logarithmische 
Einheiten. ,y = 2.34 . 10-9 Mole . cm-2; C ,q = 0.460 rnA sec cm-2. I,, It,, Aktivitatsniveaus der 
Vorstufen Ia und Ib. 

Die Aktivitatsisotherme wurde aus der Strom-Spannungskurve der Fig. I berechnet. 

Fig. 5. Einfluss der Wartezeit t, auf die Kurvenform des anodischen Durchlaufes. 
Isf, Ib', anodische Pb-Vorstufen an Au; 11', anodische Pb-Hauptstufe; III.', IIIb', Legierungs- 
stufen; +, Potentialvorschub; (- - -), Grundstrom; rEpb, Ruhepotential einer reinen Pb- 
Elektrode; Kurven A und B, frisch abgedrehte Elektrodenoberflache. Experimentelle Bedingungen 
wie Fig. I. 

Bei den angegebenen Potentialen wurde die Ohm'sche Spannungskorrektur nicht beriick- 
sichtigt. 
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konsekutiven Abscheidungsformen Pbadsorbiert,a<l und Pba=~  tritt bei der Ablosung 
der Bleibedeckung im anodischen Potentialdurchlaf (@ < o, Kurve B in Fig. I) ledig- 
lich die Monoschicht mit unveranderter Aktivitatscharakteristik wieder in Er- 
scheinung (vgl. die anodischen Scheinaktivitaten in Fig. 4). Ihr oxydativer Abbau 
nach (ii a) fiihrt zur Ausbildung der anodischen Maxima I,' und Ib', die sich in 
~ebereinstimmung mit dem durch die Theories geforderten Verhalten von Mono- 
schichtvorstufen ;on den kathodischen Peaks 1,-und r b  praktisch nur durch das 
Stromvorzeichen unterscheiden, wahrend Peakpotential, Hohe und Absolutwert des 
Stromintegrals annahernd erhalten bleiben. Im Gegensatz dazu geht die gesattigte 
Bedeckung wahrend oder nach der Abscheidung im kathodischen Hauptpeak teil- 
weise in einen neuen ungesattigten, vom ~onos~hichtadsorbat jedoch verschiedenen 
Zustand der Aktivitat apb< I iiber, da das anodische Gegenstuck zum Maximum 
Nr. 11 alsanodischer Hauptpeak (Nr. II'in Kurve B der Fig. I) zwar nachgewiesen werden 
kann, bezuglich seines Stromintegrals r~qanoa aber wesentlich hinter dem entsprechen- 
den kathodischen Wert 11qcath zuriickbleibt (Tabelle 3). Dafur treten eine Reihe 

TABELLE 3 
BEISPIEL ~ i j ~  DIE STROMINTEGRALAUFTEILUNG AUF DIE EINZELNEN PEAKS 

Peak Nr. Stromintegral Summe 
(mA sec cm-2) (mA sec cm-2) 

Kathodischer I a  

Durchlauf I b ) .qe.th = 0.460 I qcath = 1.220 
I1 ~ ~ q c a t h  = 0.760 

Anodischer I a' 
Durchlauf I b' I 1qanod = 0.400' 

qanod = 1.240~ 
11' IIqanod = 0.350 I I; = 0.840 
I I Ia ,b '  IIIqanod = 0.490 

a Der Unterschied von lqcath und lqanad ist auf Unsicherheiten in der Abgrenzung der anodischen 
Vorstufe zuriickzufiihren. 

Der Wert von qanor liegt wegen Nachdiffusion von Depolarisator Pb2+ in die Kammer (vgl. ref. I) 
etwas haher als derjenige von qcath. 

zusatzlicher, elektropositiverer Ablosepeaks auf (in der Regel zwei, Nr. 111,' und 
IIIb' in Fig. I), die das Potentialgebiet zwischen den Maxima rat und TI' ausfiillen und 
in deren Bereich offenbar die neu entstandene ungesattigte Bedeckung wieder ab- 
gebaut wird. Diese Peaks haben folgende Eigenschaften: 
I) Die Summe ihrer Stromintegrale 111qmod ist annahernd gleich der Differenz zwischen 

11qanod und 1140ath : 

1111qsnodl = Inqcathl- lnqanodl ( ~ g l .  Tab. 3) (8) 

2) Mit zunehmender Wartezeit t, zwischen der Aufnahme der kathodischen und 
anodischen Teilkurven wachst I I I ~ ~ O , I  auf Kosten vorl 11Qanod (Fig. 5). 

3) Es existiert kein Sattigungswert fur III~,~. 

Letzteres wird insbesondere durch Ablosedurchlaufe nach extremer katho- 
discher Vorpolarisation in der offenen Kammer illustriert (6 + co), bei denen die 
abgeschiedene Bleimenge 20-50 Monoschichten erreicht. Der im Bereich der Peaks 
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111,' und 111~' umgesetzte Anteil der anodischen Gesamtstrommenge geht in KC1- 
Leitelektrolyt bei t,-Werten urn 5 min bis gegen 90% der Gesamtbedeckung, d.h. ca. 
25 Monoschichten, ohne dass eine Sattigung zu beobachten ware (Fig. 6). 

Sowohl die zeitliche Veranderlichkeit der Peaks IIId und IIIb' als auch das 
Fehlen einer Sattigungsschranke legen den Schluss nahe, dass das durch die Strom- 
menge 111qanod anodisch abgeloste ungesattigte Umwandlungsprodukt der primaren 

Fig. 6. Anodische Ablosekurven nach extremer Vorpolarisation in der offenen Kammer. 
Legende vgl. Fig. 5. 
Die in den Streifen innerhalb der Abloseflache angegebenen Zahlen bezeichnen die prozentualen 
Anteile der gesamten Abloseflache, welche auf die einzelnen Stufen entfallen. Stromintegrale der 
gesamten Abloseflache, q~ = 8.9 mC; q~ = 10.3 mC. Depolarisator, 5.3 . 1 0 - 4  M PbZ+; Kammer- 
hohe ,6 -t co ; Widerstand, 30 !2. Leitsalz, Elektrodenflache und Durchlaufgeschwindigkeit wie 
in Fig. I. 

Fig. 7. Ablosekurven bei verschiedenen kathodischen Potentialen der Vorpolarisation und ver- 
schiedenen Wartezeiten t,. 
I,', Ibf ,  anodische Pb-Vorstufen an Au; III.', positivere Legierungsstufe; -t, Potentialvorschub; 
(- - -). Grundstrom; *Epb, Ruhepotential einer reinen Pb-Elektrode. Kurven A und B, 
701E = + O . I ~ O  V VS. rEpb; Kurven C und D, $0.030 V; Kurve E, -0.020 V. Leitelektrolyt, 
0.5 M NHzS03H; Kammerhohe, 6 = 5.0. I O - ~  cm; Widerstand im Leitkanal, RK = 400 !2. 
Depolarisator, Elektrodenflache und Durchlaufgeschwindigkeit wie in Fig. I. 

kathodischen Hauptpeakabscheidung als Legie~ungsschicht vorliegt, die durch eine der 
Kationenentladung (ii b) nachgelagerte Reaktion mit der Goldunterlage entstanden 
ist : 

Pba=l+ x AU + PbAu, (iii) 

Die Aufspaltung des zugehorigen Ablosepeaks in ein Doppelmaximum deutet 
auf die Existenz zweier diskreter Aktivitatsniveaus dieser Legierungsbedeckung hin, 
von denen das elektropositivere (r\ Peak 111,') einer goldreicheren, das elektronega- 
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tivere (r\ Peak IIIbl) einer bleireichere~i Phase entsprechen sollte. Ob es sich dabei um 
die beiden Verbindungen AuzPb und AuPbz handelt, kann bislang nicht entschieden 
werden, da eine rontgenographische Identifikation der Elektrodenbelage bei Nieder- 
schlagsmengen um 50 Monoschichten durch die grosse Oxydationsempfindlichkeit 
solcher dunnster Bleiuberzuge sehr erschwert wird. Versuche einer Zuordnung der 
Peaks anhand ihrer Spitzenpotentiale (Tabelle 4) durch Vergleich mit Potential- 
messungen an thermisch hergestellten Pb-Au-Legierungen sind im Gang. WEAVER 
UND BROWNS haben durch Elektronenbeugung nachgewiesen, dass sich kombinierte 
Pb-Au-Aufdampfschichten bei Zimmertemperatur in die Verbindung AuPbz um- 
wandeln, wobei die Reaktionsgeschwindigkeit wahrscheinlich durch die relativ rasche 

- Diffusion des Au in die Bleimatrix hzw. in die Au-Pb-Mischphase bestimmt wird 
(Bruttodiffusionskoeffizient~ bei zoo: 1.89.10-14 cm2 sec-1). Allem Anschein nach 

TABELLE 4 

POTENTIALDATEN DER LEGIERUNGSSTUFEN IIIsr UND IIIb' IN DER OFFENEN KAMMER GEGEN =Epb 

Leitelektrolyt rEpb Peakpotentiale (m V us. r E ~ b )  
(0.5 M )  (mV us. SCE) 111~' III,' 

 KC^ - 5 2 0 ~ 3  1 0 5 f  5 175f 5 
KBr -535h3  1 3 5 f  5 1 8 5 f  10 

NH4C104 -47553  I I5k.5  I70f 5 
KNO3 -500&3 r o o f 5  I 5 5 f  5 
HClOl -47053 11055 190f 10 

NHzS03H -480f  3 11of5 rgof 10 

KOH -830h3  145k.5 2 0 0 f  5 

folgt die Legierungsbildung unter chronoamperometrischen Bedingungen einem 
ahnlichen Mechanismus; die Annahme einer Reaktion zwischen der Goldbasis und 
einer zumindest als wachstumsfahiger Keim vorhandenen Pb-Phase der Aktivitat 
apb = I entsprechend der in (iii) gewahlten Formulierung wird durch die Beobachtung 
gestutzt, dass der Legierungsvorgang nur im Stabilitatsgebiet gesattigter Bleinieder- 
schlage (apb = I, E <  Bpb) mit messbarer Geschwindigkeit ablauft und Legierungs- 
stufen im kathodischen Kurvendurchlauf durchweg fehlen. Auch eine langer an- 
dauernde kathodische Vorpolarisation bei Potentialell oberhalb des Blei-Ruhe- 
potentials =Epb fiihrt lediglich bis zur Monoschichtbedeckung; werden beispielsweise 
frische Goldelektroden bei konstantem Potential PolE kathodisch vorpolarisiert, so 
treten in einer unmittelbar anschliessend aufgenommenen Ablosekurve die Legierungs- 
peaks 1x1,' und IIIb' nur dann in Erscheinung, wenn polE der Bedingung 

entspricht. Andernfalls sind nur die Ablosestufen der Monoschicht (I,' und Ib') fest- 
zustellen (Fig. 7). 

Die Umwandlungsgeschwindigkeit der primaren Bleibedeckung wird bisherigen 
qualitativen Beobachtungen nach durch folgende Faktoren beeinflusst: 
I) durch Stromstarke und Stromintegral bei der primaren Bleiabscheidung (Ge- 

schwindigkeitserhohung bei intensivierter kathodischer Belastung der Elektro- 
denoberflache wahrend des Abscheidevorganges), 
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2 )  durch das Leitanion (Geschwindigkeitszunahme parallel der Anionenreihe KC1 < 
NH4C104, KN03 < KBr, HC104 < KI < NHsSOsH, KOH), 

3) durch einen Memory-Effekt der Elektrodenoberflache (Geschwindigkeitszunahme 
bei mehrmaliger Abscheidung auf der gleichen Goldelektrode ohne mechanische 
Zwischenreiiligung, vgl. Fig. 8). 
Diese Befunde konnen als Hinweis darauf angesehen werden, dass die Kinetik 

der Reaktion (iii) von den Bedingungen abhangt, unter denen innerhalb der fertig 

Fig. 8. Einfluss des Memory-Effektes auf die Form der Strom-Spannungskurve im Ablosedurch- 
lauf. 
I.', Ib', anodische Pb-Vorstufen an Au; 11', anodische Pb-Hauptstufe; IIIs', IIIb', Legierungsstu- 
fen ; +, Potentialvorschub ; (- - -), Grundstrom ; rEpb, Ruhepotential einer reinen Pb-Elek- 
trode. A, I .  Durchlauf, Elelrtrodenoberflache frisch abgedreht; B, 2. Durchlauf, ohne mechanische 
Zwischenbearbeitung der Goldoberflache. Experimentelle Bedingungen wie Fig. I .  

Bei den angegebenen Potentialen wurde die Ohm'sche Spannungskorrektur nicht beruck- 
sichtigt. 

ausgebildeten Blei-Monoschicht die Nukleation der primaren Blei-Hauptpeak- 
bedeckung erfolgt. Letztere liegt, vor allem bei Bruttobedeckungen in der Grossen- 
ordnung weniger Monoschichten, kaum als koharenter Metallfilm vor, sondern besteht 
aus isolierten Keimbezirken*, deren Zahl (bei gegebener Gesamtbleimenge) die 
effektive Kontakt- und Reaktionsflache zwischen Niederschlag und Unterlage 
bestimmt. Einfliisse, die eine Erhohung der Keimzahl der Primarschicht zur Folge 
haben (Erhohung der Abscheidungsiiberspannung, Veranderungen in allfalligen 
Anionenadsorbaten, Restkeime friiherer Bleibedeckungen), sollten daher eine be- 
schleunigende Wirkung auf die Pb-Au-Legierungsreaktion ausiiben, was durch die 

- - 

* Insulare Strukturen in ultradunnen elektrolytischen Metallfilmen sind aus Untersuchungen von 
DICKSON, JACOBS UND PASHLEY am System Au-Ag bekanntg. 
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oben angefuhrten Beobachtungen bestatigt wird. Ueber quantitative Zusammenhange 
wird bei spaterer Gelegenheit berichtet. 

Es stellt sich die Frage, ob die beschriebenen chronoamperometrischen Phano- 
mene, namlich die konsekutive Bildung von Metallmonoschichten und Legierungs- 
phasen auf der gleichen Unterlage, auf das System Pb-Au beschrankt bleiben, oder 
ob analoge Erscheinungen unter vergleichbaren Versuchsbedingungen* auch bei 
anderen Me-Meu-Kombinationen auftreten. Eine Reihe experimenteller Beobach- 
tungen verschiedener Autoren, insbesondere das Auffinden multipler Stripping-Peaks 
ahnlich den Pb-Maxima 11', 111,' und 1111,' bei der anodischen Untersuchung von 
Metallniederschlagen, lasst sich durch eine Legierungsbildung wahrend oder nach der 
Abscheidung erklaren; in den meisten der in Tabelle 5 aufgefiihrten Falle ist jedoch 
uber die Existenz der Monoschichtstufe nichts Sicheres bekannt. Nach eigenen Ver- 
suchen fuhrt die Wismut-Abscheidung auf Au (System Au-Bi mit Verbindung7 
AuzBi, Existenz bei tiefen Temperaturen umstrittenlo) uber eine Monoschicht, doch 
ist hier der Legierungspeak nur bei geringer Bruttobedeckung und grosser Wartezeit 
vor dem Ablosedurchlauf nachzuweisen. 

Die Arbeit wurde mit Unterstutzung des Schweizerischen Nationalfonds zur 
Forderung der Wissenschaftlichen Forschung durchgefuhrt. Wir danken Herrn Prof. 
K. HUBER fur sein unseren Untersuchungen entgegengebrachtes Interesse. 

SUMMARY 

The reduction of lead from aqueous solutions on the surface of gold electrodes 
is studied chronoamperometrically using a thin-layer technique employing a chamber 
type cell. The current balance of the deposition or dissolution of lead on the electrode 
is verified by coulometrical evaluation of the chronoamperograms. 

In the binary system Pb-Au there exist at room temperature two intermediate 
phases, namely AuzPb and AuPbz. 

The lead deposited on gold forms at first a metallic monolayer, defined as a 
layer of electrically neutral lead atoms at the electrode+lectrolyte interface, the de- 
posit having the appropriate thickness of one atomic diameter of lead. The activity 
isotherm of lead, a p b ,  depends upon the coverage of the electrode within the mono- 
layer region. The existence of the unsaturated (submonoatomic) coverage of the gold 
electrode leads to the splitting of the cathodic current transient into a so-called pre- 
wave region, within which the activity of the metal is less than unity, and a main 
peak with unit activity of the electrodeposited depolarizer. 

The formation of Au-Pb alloys only happens when the lead coverage reaches 
unit activity. The alloying of the lead deposited cathodically in the main peak gives 
rise during the anodic stripping to two new dissolution peaks of unsaturated lead 
layers, besides the current maxima of the main peak and the prewave region. 

As opposed to the prewave peaks, the shape and current-integral values of 
these intermediate peaks are found to be functions of various experimental param- 
eters, for instance of the time interval between cathodic deposition and anodic 
stripping of the lead deposit. 

* Es wird Zimmertemperatur vorausgesetzt; das Verhalten der Systeme bei hoherer Arbeits- 
temperatur (Salzschmelzenpolarographie) bleibt hier ausser Betracht. 
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ELECTROANALYTICAL CHEMISTRY AND INTERFACIAL ELECTROCHEMISTRY 

INFLUENCE OF THE SOLVENT SYSTEM ON THE ORIENTATION OF 
3-BUTENENITRILE AND 3-DIMETHYLAMINOPROPIONITRILE IN THE 
CO-ORDINATION SPHERE OF COPPER(1) AND SILVER IONS 

FLOYD FARHA, JR. AND REYNOLD T. IWAMOTO 

Department of Chemistry, University of Kansas, Lawrence, Kansas (U.S.A.)  

(Received April 7th, 1966) 

In a previous studyl, it was shown that in solvents containing both hydroxy 
and the nitrile groups (hydracrylonitrile and alcohol-aliphatic nitrile mixtures) the 
particular functional group that co-ordinates to copper(I1) ion is determined by the 
polar characteristic of the medium. The compatibility of the solvated species with 
the solvent appears to be an important factor in determining whether hydroxy groups 
or nitrile groups co-ordinate to the metal ion. In a polar medium, the mode of co- 
ordination favored is that which results in the formation of the more polar of the 
two possible solvated species. In a non-polar medium, the reverse is true. 

In this regard, 3-butenenitrile and 3-dimethylaminopropionitrile also are 
interesting solvents. They each contain two functional groups of markedly different 
polar characteristics but of closely similar co-ordinating ability for copper(1) and 
silver(1) ions. In this paper, we deal with the question of which functional group of 
3-butenenitrile and of 3-dimethylaminopropionitrile co-ordinates to these metal ions 
in a particular medium. For this study, use has been made of the potentials of the 
copper(I)-copper and the silver(1)-silver couples in the pure solvents and in mixed 
solvents of widely differing polar characteristics. The results of previous voltammetric 
studies on the solvation of copper(1) and silver ions in nitrilesl-5 and olefinsl.6 and 
of those on tertiary amines carried out in connection with this investigation also, 
have been used. From these studies of solutions of copper(1) and silver ions in nitriles, 
olefins, and tertiary amines, the relative solvation energies of copper(1) and silver 
ions in the three types of solvents appear to be tertiary amines > nitriles 9 olefins. 
Infrared and proton nuclear magnetic resonance studies have been carried out to 
substantiate and, in some cases, to clarify the information derived from the voltam- 
metric data. 

EXPERIMENTAL 

The organic solvents were purified by treatment with appropriate reagents 
followed by fractional distillation. Practical-grade propionitrile from Eastman 
Kodak Co. was distilled first from calcium hydride, then from a small amount of 
phosphorus(V) oxide. Propylene carbonate (practical grade, J. T. Baker Chemical 
Co.), 3-butenenitrile (Eastman White Label), 3-dimethylaminopropionitrile (Eastman 
White Label), and @-dimethylaminoisopropyl acetate (purest available, Aldrich 
Chemical Co.) were purified by passage, first through a 2.5-cm (i.d.) x 55-cm column 
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of mixed acidic and basic Woelm chromatographic alumina, activity grade I, then 
through a similar column of neutral Woelm chromatographic alumina, activity 
grade I, and finally by fractional distillation under reduced pressure. The purest 
available 1'2-dichloroethane from Matheson, Coleman and Bell was purified by the 
same chromatographic procedure, followed by fractional distillation at  atmospheric 
pressure. 

Hexaaquocopper(I1) perchlorate and anhydrous silver(1) perchlorate (both 
G. I?. Smith Chemical Co.) were dried in vaczlo at 70' and stored over anhydrous 
magnesium perchlorate. The dried copper salt was analysed and found to be, approx- 
imately, the trihydrate. Tetrakis(acetonitrile)copper(I) perchlorate was obtained by 
the reaction of copper metal with copper(I1) perchlorate in acetonitrile. The solvated 
copper(1) salt was collected on a sintered-glass filter and dried in a vacuum oven at  
room temperature. Tetraethylammonium perchlorate ((CzH5)4NC104) was prepared 
by the neutralization of 10% tetraethylammonium hydroxide solution (Eastman) 
with 70% reagent-grade perchloric acid. The salt was recrystallized six times from 
water, and dried in vacuo at  70°. Tetrabutylammonium perchlorate7 and tris(4,7- 
dimethyl-I,IO-phenanthroline)iron(II) perchlorates were prepared as described 
previously. Ferrocene (Aldrich Chemical Co. product) was purified by sublimationg. 

One-tenth formal (0.10 F) tetraethylammonium perchlorate solutions ca. 
5.10-~ F in copper(I.1) or silver(1) perchlorate were used in the electrochemical 
study. Tetrakis(acetonitrile)copper(I) perchlorate was substituted for copper(I1) 
perchlorate in the tertiary amine solvents because of the insolubility of the copper(I1) 
salt. All solutions were deoxygenated with purified nitrogen and protected from 
atmospheric oxygen and moisture during the course of measurement by passing 
nitrogen over the surface. 

Current-voltage curves were obtained with a Kelley-Jones-FisherlOJl con- 
trolled-potential polarograph. The polarographic cell and electrodes are similar to 
those used previouslyl. All solutions were examined at  25 + I". 

The infrared spectral data were obtained with a Perkin-Elmer Model 421 
spectrophotometer. The proton NMR studies were carried out with a Varian Model 
A-60 spectrophotometer with tetramethylsilane as the internal standard. 

A calibration curve of dielectric constant vs.  capacitance reading of a Sargent 
Model V chemical oscillometer was used to obtain the dielectric constants of solvents 
for which no literature values are available. 

RESULTS 

The pertinent electrochemical data on the behavior of copper and silver ions 
a t  the dropping mercury electrode and at the rotating platinum electrode, in 3- 
butenenitrile, 3-dimethylaminopropionitrile, mixtures of each of these nitriles with 
propylene carbonate and with 1,z-dichloroethane, and several other solvents of 
importance in this study, are summarized in Table I. Each potential has been adjusted 
to correct for differencesin liquid-junction potential among the solventss. Propionitrile 
0.10 F in (CzH5)4NC104 has been selected as the reference solvent. EGO,,. = Et orid. or 
tris(4,7-dimethyl-l,l0-phenanthroline)irn) (propionitrile 0.10 F in (CzHs)4NC104) - E, .,id. or 

tris(4,7-dimethyl-l.l0-phen&nthroline)iron(11) (solvent) or Ecorr. = Et oxid. of ferrccene (propionit- 
rile 0.10 F in (CzH5)4NC104) - Et ~ ~ i d .  OP ferrocene (solvent). Table 2 contains the half- 
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TABLE 2 

HALF-WAVE POTENTIALS FOR THE OXIDATION O F  TRIS(~,~-DIMETHYL-I,IO-PHENANTHROLINE) 
IRON(II) PERCHLORATE AND FERROCENE a, 

4,7-Dimethylferroin Ferrocene 
Et  us. S.C.E.1 Et vs.  S.C.E.k 

Propionitrile (PrCN) 
50% PrCN-50% PrCOp 
30% PrCN-70% PrCOa 
50% PrCN-50% DCEf 
30% PrCN-70% DCE 
3-Butenenitrile (BuCN) 
50% BuCN-50% PrCOa 
30% BuCN--70% PrC03 
50% BuCN-50% DCE 
30% BuCN-7oX DCE 
3-Dimethylaminopropionitrile (DMAP) 
50% DMAP-50% PrC03 
30% DMAP-70% PrC03 
50% DMAP-50% DCE 
30% DMAP-70% DCEg 
50% /?-Dimethylaminoisopropyl acetate-50% PrCOa 
PrCOn 

&O.IO F ( C Z H ~ ) ~ N C ~ O ~  s o h .  b Obtained with the rotating platinum electrode. C % by volume, d 
Dielectric constant. Propylene carbonate. f I,;?-Dichloroethane g 0.10 F (C4H9)4NC104. Taken 
from ref. 8. i 0.10 F LiC104. 1 - k  Slope of E us.  log (id - i) / i  plot: j0.062 + 0.005, k 0.070 + 0.008. 

wave potentials for the oxidation of tris(4,7-dimethyl-I,IO-phenanthroline)iron(II), 
and ferrocene in the solvents used in this investigation. 

The infrared and proton NMR spectral data are summarized in Tables 3 and 4, 
respectively. 

DISCUSSION 

3-Butenenitrile 
3-Butenenitrile has two functional groups, an olefinic group and a nitrile 

group, both capable of co-ordinating to copper(1) and silver ions. Because the two 
groups do not differ markedly in their abilities to co-ordinate to these two ions, in a 
particular medium the polar characteristics of the solvent system should play an 
important role in determining which group co-ordinates to the metal ions and which 
makes up the outer sheath of the solvated species. Since the nitrile group is more 
polar than the olefinic group, in a polar medium the solvated ions will be expected 
to have olefinic groups co-ordinated to the metal ions and nitrile groups in the outer 
sheath. In a non-polar medium, the non-polar-like solvated species in which nitrile 
groups are co-ordinated to the metal ions and olefinic groups are in the outer sheath, 
should be favored. 

Comparison of the potentials of the copper(1)-copper and silver(1)-silver 
couples in 3-butenenitrile, with those in propionitrile and ally1 alcohol (see Table I) 

indicates that in 3-butenenitrile, nitrile groups are co-ordinated to copper(1) and 
silver ions preferentially, i.e., the less polar of the two possible solvated species is 
favored. In 3-butenenitrile-I,Z-dichloroethane mixtures, which are less polar in 
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TABLE 3 

INFRARED DATAB, 

Soln. C m N  stretching C=C stretching C-N asymmet- 
ric stretching 

3-Butenenitrile (BuCN) 
BuCN, 0.5 F AgC104 

BuCN, 0.5 F CuC104 

30% BuCN-70% DCEd 
30% BuCN-70% DCE, 0.5 F AgC104 

3-Dimethylaminopropionitrile (DMAP) 
DMAP, 0.5 F AgC104 

30% DMAP-70% DCE 
30% DMAP-70% DCE, 0.5 F AgC104 

2220, 2250 
2220 

ca. 2238(bl.sh.) 
ca. 2250 
ca. 2268(bl.sh.) 

2220 
ca. 2238(bl.sh.) 
Ca. 2250 
ca. 2268(bl.sh.) 

2218, 2248 
2218 
ca. 2238(bl.sh.) 
ca. 2248 
ca. 2268(bl.sh.) 

2218, 2248 
2218 
ca. 2238(bl.sh.) 
ca. 2248 
ca. 2268(bl.sh.) 

2245 
2245 
ca. 2255(bl.sh.) 

1625. 1635 
1625 
ca. 1635(rd.sh.) 

1625 
ca. 1635(rd.sh.) 

1625, 1635 
1625 
ca. 1635(rd.sh.) 
ca. 1565(bl.sh.) 

1625, 1633 
1625 
ca. 1635(rd.sh.) 

ca. logo 
ca. 105oe 
g8o(w.rd.sh.) 

ca. 1050 
ca. 105oe 
980 

ca. 1050 
ca. 1050~ 
g8o(w.rd.sh.) 

All frequencies in wave numbers (cm-1) with uncertainty of & 2 cm-1. b Obtained in liquid 
cells with sodium chloride windows. Propylene carbonate. d 1,2-Dichloroethane. e Interference 
due to absorption band of perchlorate. 

character than 3-butenenitrile itself, i t  should follow that nitrile groups are again 
co-ordinated to the two metal ions. The similarity of the potentials of each couple 
in 3-butenenitrile-I,Z-dichloroethane and propionitrile-I,Z-dichloroethane mixtures 
indicates that this is indeed the situation. Because the potentials of the two couples 
are considerably more positive in propylene carbonate than in propionitrile or ally1 
alcohol and also more positive in the propionitrile-propylene carbonate mixtures 
than in propionitrile, it is difficult to attribute unequivocally the more positive values 
in 3-butenenitrile-propylene carbonate mixtures than in 3-butenenitrile to increase 
in olefinic co-ordination of the metal ions, although preferential co-ordination by 
olefinic groups leading to the formation of a polar solvated species (as explained 
previously) is expected in the polar propylene carbonate mixtures. 

Infrared and proton NMR studies of copper(I), and silver solutions show 
clearly that in 3-butenenitrile-propylene carbonate mixtures there is increased 
participation of olefinic groups in the co-ordination of these ions. In the infrared 
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TABLE 4 

PROTON NUCLEAR MAGNETIC RESONANCE DATA 

Ligand Soln. Chemical shifts * 
a b c  

8 b 

CHFCHZ-C N 30% PrCNe-70% DCEr 1.17 2.24 
1.28 2.37 
1.41 2.48 

2.59 

30% PrCN-70% DCE, 0.5 F AgC104 1.19 2.34 
1.32 2.47 
1.43 2.58 

2.71 

3-Butenenitrile (BuCN) 

BuCN, 0.5 F AgC104 

30% BuCN-70% DCE 

307, BuCN-70% DCE, 0.5 F AgC104 5.52' 3 . 3 ~ ~  
5.69 3.35 

3.38 

3-Dimethylaminopropionitrile (DMAP) 2.25 2.56 
DMAP, 0.5 F AgC104 2.30 2.62 

30% DMAP-70% DCE 

to be continued 
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TABLE 4 (Continued) 

Ligand Chemical shiftsa 

a b c  

30% DMAP-70% DCE, 0.5 F AgC104 2.30 2.58 
2.63 
2.68 

a,b.c See formulae above (methyl hydrogens, methylene hydrogens, etc.). d Chemical shifts are in 
parts per million (p.p.m.) us. tetramethylsilane internal standard. Propionitrile. 1.2-Dichloro- 
ethane. g Propylene carbonate. h Methyl group on propylene carbonate interferes. Complicated 
spectrum-only major peaks are reported. 

study, consistent with the electrochemical results, the spectra of solutions of the 
two metal ions in 3-butenenitrile and of silver ion in 30% 3-butenenitrileyo% 1,2- 
dichloroethane show new bands in the 2220-2250 cm-1 region for the C = N  stretching 
vibration, but no new bands in the 1630 cm-1 region for the C=C stretching vibration. 
On the other hand, in polar 30% 3-butenenitrile-70% propylene carbonate containing 
silver perchlorate, new bands are observed for both the C =C andC = N stretching vibra- 
tions. Co-ordination of the lone pair of electrons on the nitrogen of the nitrile group has 
been shown to result in a high frequency (blue) shift of the nitrile stretching bandl2. 
Raman13 and infrared14 studies on silver-olefin complexes indicate that the stretching 
vibration of the double bond in the complex is shifted to a lower frequency, by about 
50-70 cm-1, than that for the free ligand. In the 70%-propylene carbonate mixture, 
apparently, because of the stronger co-ordinating ability of the nitrile group than of 
the olefinic group for silver ion, orientation of all the butenenitrile molecules in the 
co-ordination sphere with the nitrile group in the outer sheath of the solvated species, 
is not possible. 

The proton NMR spectrum of 3-butenenitrile has absorption peaks at  ca. 
3.2 p.p.m. (us. tetramethylsilane) for the methylene hydrogens, and at  ca. 5.5 p.p.m. 
for the olefinic hydrogens. Owing to the complexity of the spectrum15, only the major 
peaks of this compound are reported in Table 4. In the spectra of 0.5 F solutions of 
silver perchlorate in 3-butenenitrile, and in 30% 3-butenenitrilyo% I,Z-dichloro- 
ethane, the absorption peaks of the methylene hydrogens are shifted to a lower field 
while those of the olefinic hydrogens remain unaltered. These results indicate, in 
agreement with the results of the electrochemical and infrared studies, that in these 
solutions only the nitrile groups of the 3-butenenitrile molecules in the primary 
solvation sphere are co-ordinated to silver ion. A downfield chemical shift of the 
absorption peaks of the methyl hydrogens in acetonitrile and of the olefinic hydrogens 
in acrylonitrile upon co-ordination of the pair of electrons on the nitrile nitrogen, has 
previously been reportedlo. Similar data for propionitrile in 70% I,Z-dichloroethane 
and 70% propylene carbonate mixtures containing silver perchlorate are presented 
in Table 4. The absorption peaks of olefinic hydrogens have also been shown to be 
shifted downfield in olefin-silver complexesl7.ls. Definite downfield shifts of the 
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peaks of the olefinic hydrogens as well as of those for the methylene hydrogens of 
3-butenenitrile in the 70% propylene carbonate solution 0.5 F in silver perchlorate, 
support the infrared results that in this polar medium there is a degree of preferential 
orientation of 3-butenenitrile molecules in the solvation sphere of silver ion with 
the polar nitrile groups in the outer sheath. 

3-Dimethylaminopropionit~ile 
The tertiary amine group of 3-dimethylaminopropionitrile is a non-polar-like 

functional group of greater co-ordinating ability for copper(1) and silver ions than 
the olefinic group. This is evident from the fact that the potentials of the copper(1)- 
copper and silver(1)-silver couples in I : I (by volume) 8-dimethylaminoisopropyl 
acetate-propylene carbonate mixture are more negative than those in I : I propio- 
nitrile-propylene carbonate mixture, and the potentials of the copper and silver 
couples in propionitrile in turn are more negative than those in ally1 alcohol. On this 
basis and since in a polar medium, 3-dimethylaminopropionitrile molecules in the 
solvation spheres of copper(1) and silver ions would very likely be preferentially 
oriented with the nitrile groups in the outer sheath, i t  is not surprising that the poten- 
tials for the two metal ion couples in 50% 3-dimethylaminopropionitrile-50% 
propylene carbonate and in 30% 3-dimethylaminopropionitrile-70% propylene 
carbonate are very similar to those in 50% 8-dimethylarninoisopropyl acetateso% 
propylene carbonate, indicating extensive co-ordination of the metal ions by tertiary 
amine groups. The considerably more negative potentials of the copper(1)-copper 
and silver(1)-silver couples in 3-dimethylaminopropionitrile than in propionitrile 
suggest a high degree of preferential co-ordination of copper(1) and silver ions by 
tertiary amine groups also in the substituted aminopropionitrile. The more positive 
potentials of the 1,0 couples of the two metal ions in each of the 3-dimethylamino- 
propionitrile-I,Z-dichloroethane mixtures than in the corresponding 3-dimethyl- 
aminopropionitrile-propylene carbonate mixture and the more negative potentials 
in the former mixtures than in the corresponding propionitrile-I,Z-dichloroethane 
mixtures mean that the polar character of the solutions in 3-dimethylaminopropio- 
nitrile-I,Z-dichloroethane mixtures (although there is, as expected, increased nitrile 
co-ordination) is not low enough to overcome the stronger co-ordinating ability of 
the tertiary amine group to give completely nitrile-co-ordinated solvated species. 

The infrared studies of solutions of silver perchlorate in g-dimethylamino- 
propionitrile, 30% 3-dimethylaminopropionitrile-70% propylene carbonate, and 30% 
3-dimethylaminopropionitrile~o~ 1,2-dichloroethane give further information on 
the solvation phenomenon in solutions of this substituted nitrile. Here again, in the 
interpretation of the spectral data, use is made of the fact that co-ordination of the 
lone pair of electrons on the nitrogen of the nitrile group results in a high-frequency 
shift of the nitrile stretching bandl2. Co-ordination of the amine group to the metal 
ions is ascertained by examination of the asymmetric C-N stretching band at  ca. 
1050 cm-1. Previous infrared studies of trimethylaminelS.20 and trimethylamine- 
BXa ~omplexes21~22~23, where X = H-, F-, C1-, or Br-, indicate that when the amine 
co-ordinates to BX3, the asymmetric C-N stretching band of the free ligand (1043 
cm-1) shifts to lower frequencies (975 f 15 cm-1). 

In the case of 30% 3-dime thy la mi no prop ion it rile^% propylene carbonate 
containing silver perchlorate, the infrared spectrum not only confirms the electro- 
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chemical evidence that in this polar medium there is extensive co-ordination of silver 
ion by tertiary amine groups, but indicates that there is essentially no nitrile co- 
ordination. The spectrum has a new band at  980 cm-1 for the C-N stretching vibration 
of the amino group, but no new C- N band at  2243 cm-1. The fact that the non-polar- 
like tertiary amine group is a stronger co-ordinator of silver ion than the non-polar 
olefinic group, appears to be enough of a factor to give essentially amine-co-ordinated 
solvated silver ion in this polar medium instead of the partially nitrile-co-ordinated 
solvated silver ion that is obtained in the 3-butenenitrile-containing solution. 

A clear indication of partial co-ordination of silver ion by tertiary amine groups 
in 3-dimethylaminopropionitrile, and 30% 3-dimethylaminopropionitrilqoO/b 1,2- 
dichloroethane is presented by the infrared spectra of these solutions. A new nitrile 
band at  ca. 2255 cm-1 and a weak C-N band at 980 cm-1 characterize the spectra 
of the two solutions. Whereas the strong co-ordinating ability of the amino group for 
silver ion enabled essentially amine-co-ordinated solvated silver ion to be obtained 
in the polar propylene carbonate mixture, it prevents the formation in the 1,2- 
dichloroethane mixture of low polar characteristic, of the preferred non-polar-like 
solvated species. 

The proton NMR spectrum of 3-dimethylaminopropionitrile exhibits only 
two absorption peaks, one at 2.56 p.p.m., attributable to four equivalent methylene 
hydrogens, and the other at  2.25 p.p.m., attributable to the six equivalent metbyl 
hydrogens. The study of boron-containing addition compounds of Lewis bases, e.g. ,  
(C2H5)aN :BHa, (C2H5)aN :BF3, (CH3)3N :BH3, and (CH3)sN :BF3, has shown that a 
downfield chemical shift of the absorption peaks of the hydrogens on the methyl- 
and ethyl-groups occurs upon co-ordination of the two free electrons on the base24. 

The NMR studies provide a clearer picture than the infrared study of the 
difference in solvation of silver ion in 3-dimethylaminopropionitrile and in the 3- 
dimethylaminopropionitrile-I,Z-dichloroethane mixture. The difference is consistent 
with that suggested by the electrochemical data. In pure 3-dimethylaminopropio- 
nitrile, the addition of silver perchlorate brings about a downfield chemical shift of 
the two absorption peaks, with the peak of the methylene hydrogens shifted a little 
more than that of the methyl hydrogens. The observed shifts indicate that both 
tertiary amine groups and nitrile groups are co-ordinated to silver ion in this medium. 
When diluted with I,Z-dichloroethane, 3-dimethylaminopropionitrile exhibits a 
singlet for the absorption peak of the methyl hydrogens and a triplet for the absorption 
peak of the methylene hydrogens. The latter hydrogens evidently become slightly 
unequivalent in this medium. A very small downfield chemical shift of the absorption 
band of the methyl hydrogens and a substantial downfield shift of the absorption band 
of the methylene hydrogens in the spectrum of the I,Z-dichloroethane mixture con- 
taining silver perchlorate, clearly indicate that in this low polar medium there is, as 
expected, a high degree of preferential co-ordination of silver ion by nitrile groups. 
The proton NMR spectrum of the 3-dimethylaminopropionitrile-propylene carbonate 
mixture containing silver perchlorate shows large downfield shifts of the methyl and 
methylene hydrogen peaks consistent with the electrochemical and infrared picture of 
essentially complete co-ordination of silver ion in this medium by tertiary amine groups. 

In summary, the combination of electrochemical, infrared, and proton NMR 
studies shows that in 3-butenenitrile-I,Z-dichloroethane mixtures of low polar 
characteristic, there is essentially complete co-ordination of copper(1) and silver ions 
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by nitrile groups; however, in polar 3-butenenitrile-propylene carbonate mixtures, 
olefinic and nitrile groups are co-ordinated to these ions. Complete co-ordination of 
olefinic groups is not possible in the latter media because of the stronger co-ordinating 
ability of the nitrile group for copper(1) and silver ions. In 3-butenenitrile itself, the 
solvated ions appear to be completely nitrile co-ordinated. In the case of solutions 
of 3-dimethylaminopropionitrile, essentially complete co-ordination of copper(1) and 
silver ions by tertiary amine groups is observed in the polar propylene carbonate 
mixtures. Although the tertiary amine group has a stronger co-ordinating ability 
for copper(1) and silver ions than the nitrile group, in I,Z-dichloroethane mixtures 
there appears, nevertheless, to be a high degree of preferential co-ordination of the 
metal ions by nitrile groups. In 3-dimethylaminopropionitrile, both tertiary amine 
and nitrile groups are co-ordinated to copper(1) and silver ions. 
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SUMMARY 

The influence of the solvent system on the orientation of 3-butenenitrile and 
3-dimethylaminopropionitrile in the co-ordination sphere of copper(1) and silver ion 
has been investigated by using propylene carbonate and 1,2-dichloroethane solutions 
and electrochemical, infrared, and proton NMR techniques. 
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INTRODUCTION 

One of the principal characteristics of chromium(111) is the ability to form a 
large number of relatively stable complexes. Because of their kinetic inertness, many 
complex species can be isolated as solids, and persist for relatively long periods of time 
in solution, even under conditions where they are thermodynamically unstable. 

Chromium(II1) complexes are generally reduced to chromium(I1) complexes, 
which are further reduced to chromium metal with the destruction of the complex. 
However, complex formation with 2,~'-bipyridine stabilizes uncommon low-valence 
states of chromium such as chromium(1) and chromium(o). Tris-z,zl-bipyridine com- 
plexes of chromium(III), -(II), -(I), and -(o) in non-aqueous solvents have been 
reportedl-3. 

Using a commutator technique to obtain current-voltage curves, VLCEK~ 
reported that tris(z,zf-bipyridine)chromium(III) ion was reduced at the dropping 
mercury electrode in three waves of approximately equal height both in water and in 
50% ethanol. He reported half-wave potentials of -0.36, -0.73, and -1.38 V vs.  
S.C.E. in aqueous 0.5 M sodium chloride. Comparing these figures with the wave 
height of the hexamminechromium(111) ion, he concluded that each of the waves of 
Cr(bipy)33+ corresponded to a reversible one-electron transfer, resulting finally in a 
tris(z,zf-bipyridine)chromium(o) complex. This reduced complex could be air-ox- 
idized to the original tris-complex. 

Such a series offered a possibility of extending the work of STREHLOW et aL5 
and NELSON AND IWAMOTO~ on reference half-cells suitable for relating measurements 
of potentials in different solvents. Three oxidation-reduction pairs, all having the 
same chemical composition, would be available in the chromium system alone. There- 
fore, the original aim of the present study was to use the three one-electron steps of 
the Cr(bipy)33+ ion to explore the effects of changes in charge and solvation on the 
relative positions of the half-wave potentials (and later the potentials of conventional 
half-cells) . 

Unfortunately, our attempts to reproduce the results of VLCEK, using conven- 
tional polarography, were unsuccessful. This was probably due to our using a different 
measuring technique, but it is possible that we had a different compound. The 
behaviour was sufficiently different, however. to make further study worthwhile. 

* Chevron Chemical Co., 940 Hensley St., Richmond, Calif. 
**  Department of Chemistry, Seton Hall University, South Orange, N. J. 
*** Department of Chemistry, Louisiana State University, New Orleans, La. 
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We found that the tris-complex readily converted to a bis-complex on reduc- 
tion. Because two other bis-complexes could be prepared more easily than the tris and 
their polarographic behaviour proved to be very similar to that of the tris, they were 
selected for detailed study. Dichlorobis(z,z'-bipyridine)chromium(III) chloride, 
[Cr(bipy)zCl~]Cl- 2 HzO, and chloroaquobis(z,~'-bipyridine)chromium(III) perchlo- 
rate, [Cr(bipy)~ClHzO](CI04)~. 2 Hz0 appeared to have nearly the same electrochem- 
ical behaviour in our preliminary electrochemical studies and were, in turn, similar to 
a bis(2,z1-bipyridine) chromium(111) complex produced from the tris-complex. For 
these reasons, one of the bis complexes, [Cr(bipy)zClz]Cl. 2 HzO, was made the subject 
of an extensive study. 

EXPERIMENTAL 

A@$arat.us 
An Oak Ridge National Laboratory Model Q-2005 controlled-potential cou- 

lometer7 and a Model Q-1988 controlled-potential (and derivative) polarograph8 were 
used to obtain the electrolytic and polarographic data. A Kintel digital voltmeter, 
Model 473A, was used for instrument calibration, and a Beckman Zeromatic pH- 
meter was used as the read-out device for the coulometer and for all pH measure- 
ments. 

The cell used for both electrolytic and polarographic studies consisted of a 
150-ml water-jacketed beaker fitted with a rubber stopper that contained a commer- 
cial reference electrode, a medium-porosity gas-dispersion tube, a dropping-mercury 
electrode for polarography, a platinum connecting lead for the mercury-pool cathode 
for coulometry, and one end of a 0.1 M potassium chloride salt bridge. The other end 
of the salt bridge was immersed in a 0.1 M potassium chloride solution containing a 
platinum counter electrode. The open-circuit m- and t-values of the capillary were 
1.29 mg/sec and 4.83 sec in 0.1 M potassium chloride at 25". This gave a capillary 
constant of 1.55 rng2l3 secl16. 

Nitrogen, for de-aeration, was passed successively through vanadium(I1) sul- 
fate, sulfuric acid, anhydrous calcium sulfate, and pure solvent, prior to passage 
through the sample. 

Absorption spectra were obtained using Perkin-Elmer Model 202 and Cary 
Model 11 recording spectrophotometers. 

Reagents 
All chemicals were reagent grade. Spectrophotometric-grade solvents were 

used for absorption spectra. Chloroform for extraction was washed with I M sodium 
hydroxide and then twice with distilled water immediately prior to use. The 2 , ~ ' -  
bipyridine was obtained from the G. Frederick Smith Chemical Company. 

BURSTALL AND NYHOLM'S~ procedures were used to prepare Cr(bipy)3(C104)3. 3 
Hz0 and [Cr(bipy)zClz]Cl. 2 HzO. The [Cr(bipy)zClHzO](C104)~- 2 Hz0 was prepared 
without benefit of a previously-published procedures. 

Analysis. Calcd. for Cr(bipy)3(C104)3. 3 HzO: C,41.27; H, 3.46; N, 9.63. Found: 
C, 41.08; H, 3.70; N, 9.83%. 

Analysis. Calcd. for [Cr(bipy)zClz]Cl. 2 HzO: C, 47.39; H, 3.98; N, 11.09. 
Found: C, 47.65; H,4.16; N, 10.92%. 
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Analysis. Calcd. for [Cr(bipy)zClH2O](C104)~. 2 HzO: C, 36.79; H, 3.40; N, 
8.58; C1, 16.30; Cr, 7.97, Found: C, 36.74; H, 3.54; N, 8.53; C1, 16.30; Cr, 8.10%. 

After one week, less than 3% of the total 2,~'-bipyridine content could be 
extracted with chloroform from solutions of the complexes in 0.1 M potassium chlo- 
ride. No major difference in electrochemical behaviour was observed between fresh 
solutions and week-old solutions. Nevertheless, fresh solutions were prepared every 
week. 

Procedwes 
Absorption spectra of reduced aqueous solutions were obtained by withdraw- 

ing 2-3 ml of the solution with a syringe and transferring through a rubber septum 
into a de-aerated I-cm round-neck absorption cell. 

The extraction studies involving reduced solutions were crucial and are, there- 
fore, reported in detail. The extractions had to be carried out in the absence of even 
traces of oxygen. The following procedure was used for all chloroform extractions in- 
volving reduced solutions. A 2.00-ml aliquot was removed from the nitrogen-deaerated 
cell through a rubber septum by means of a 2-ml syringe and transferred to a 50-ml 
weighing bottle fitted with a one-hole stopper which, in turn, was fitted with a rubber 
septum. The weighing bottle contained 20.00 ml of chloroform which was continuous- 
ly flushed, before and after addition of the de-aerated sample, with nitrogen that 
entered and left through syringe needles in the rubber septum. After two minutes of 
mixing, about 10 ml of the chloroform phase was transferred by means of a syringe to 
a stoppered bottle. Proper dilution of an aliquot of the chloroform phase was then 
made and an absorption spectrum obtained. A similar procedure was used for extrac- 
tion and measurement of oxidized solutions except that no precautions were taken to 
eliminate air. 

RESULTS 

Preliminary studies 
Strong acid or base destroyed the complexes, so reduction studies of the com- 

plexes were performed in weakly acidic and basic solutions. McIlvaine and acetate 
buffers covering the pH range from 2 to g were used in preliminary studies. Although 
the polarographic behaviour of the different complexes was fairly similar in a given 
buffer, the behaviour varied markedly at  a given pH in buffers of different composi- 
tion. This was not surprising in view of the reportlo that citrate, phosphate, and 
similar anions participate in catalytic electron-exchange reactions with chromium(I1) 
to form chromium(111) complexes. Unbuffered solutions (between pH 5.0 and 5.5) 
were used, therefore, in the remainder of the experiments but selected pH meas- 
urements were made after electrolyses to determine if significant pH changes had 
occurred. In all cases, the changes were insignificant. 

Figure I shows the polarograms of two chromium(111) complexes in 0.1 M 
potassium chloride. As discussed later, it was found that our data for the tris did not 
agree with that in the existing literature4 (however, it does agree closely with the 
results published recently by BAKER AND DEV M E H T A ~ ~ ) .  We thought that loss of a 
molecule of 2,~'-bipyridine from the complex might be a source of the discrepancy. A 
brief examination of the ultraviolet spectra of the complexes (Fig. 2) and of 2 , ~ ' -  
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bipyridine indicated that i t  should be possible to detect free 2,~'-bipyridine in the 
presence of the complexes. This was checked and confirmed by adding free 2 ,~ ' -  
bipyridine to solutions of the individual complexes. The spectrophotometric technique 
for the detection of free z,zl-bipyridine was so sensitive that, a t  the concentrations at 

VOLTS V S .  S.C.E. 

Fig. I. Polarograms of o.001 M chromium(1II)-2.2'-bipyridine complexes in 0.1 M KCI. (-), 
Cr(bipy)s(ClOd)s . 3 HzO; (------), [Cr(bipy)zClz]Cl. 2 HzO. 

2 5 0  0 ~ ' 3 b 0 '  I I 350 ' . I  " ' 400 I 
WAVELENGTH ( m p )  

Fig. 2. Ultraviolet spectra of Cr(bipy)3(C104)3. 3 HzO and of bis- and mono-complexes resulting 
therefrom. (. . . . . . .), 5 . 10-5 M Cr(bipy)s(ClOa)a . 3 HzO; (-), bis-complex derived from the 
tris-complex; (-------), mono-complex derived from the tris-complex. 

which we were working, dilutions were necessary prior to measurement. I t  was also 
established that neither the tris- nor bis-complexes were extractable into chlo- 
roform whereas free z,zf-bipyridine was. 

Bis-complex 
In order to characterize the behaviour of [Cr(bipy)zClz]Cl- 2 HzO, controlled- 

potential electrolyses were planned for a suitable potential on the plateau of each 
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polarographic wave. The reduced solutions were first examined polarographically. 
They were also examined spectrophotometrically, both before and after extraction 
with chloroform. In addition, the extracts were examined spectrophotometrically for 
2,~'-bipyridine. The remainder of the reduced aqueous solution was oxidized and then 
re-examined in the same manner. Figure 3 shows the polarograms obtained for the 
products of controlled-potential reductions of the bis-complex at a series of progres- 
sively more negative potentials. The reduction appeared to be stepwise; however, 
evidence given below suggests that two different chromium(111) complexes were 
reduced and that the chromium(I1) complex underwent a slow disproportionation to 
the chromium(111) complexes and a chromium(1) complex. 

VOLTS vS. S. C. E. 

Fig. 3. Polarograms of the products of successive coulometric reductions of 0.001 M [Cr(bipy)zClz] - 
C1. 2 Hz0 in 0.1 M KCl. (-), [Cr(bipy)sCl~]C1. 2 Hz0 (light yellow solution); (-------), after 
electrolysis a t  -0.78 V, n = I,O (deep red solution) ; (-.-.-.-), after further electrolysis a t  -0.78 
V, n = 1.0 (total n = 2 ;  very slightly pink solution); (- x - x - x -), after further electrolysis a t  
- 1.26 V, n = 1.0 (total n = 3 ; black turbidity) ; (-0-0-o-), after air oxidation (light yellow 
turbidity). 

When a solution of the bis-complex was electrolyzed at - 0.78 V, the solution 
first became intensely red and then decreased in intensity to a nearly colorless solu- 
tion when significant current ceased to flow. The formation and disappearance of the 
red color was followed spectrophotometrically and found to reach maximum intensity 
at about 0.9 electrons/molecule. In going to the nearly colorless solution at the end of 
the electrolysis, another 1.1 electrons/molecule were passed. The fact that a total of 
2.0 electrons was passed by electrolysis on the plateau of the first polarographic wave, 
and that a striking reversal of color appeared near the halfway point of the reduction, 
indicated that more than a simple one-step process was involved. Furthermore, i t  was 
noted that the rate of reduction, as indicated by the magnitude of the cell current, was 
quite fast until a coulometric n-value of about 0.9 had been obtained after which it 
slowed considerably so that the remainder of the reduction took four to five times 
longer. 

When electrolyses are performed at  a potential corresponding to the top of a 
polarographic wave, the polarogram of the reduced solution usually contains none of 
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the waves that occur at  more positive potentials but all of the waves that occur at  
more negative potentials. In our experiments, however, polarograms obtained after 
electrolysis at  -0.78 V (corresponding to the top of the first wave) to a coulometric 
n-value of 1.0, showed that two waves instead of one had disappeared, including the 
second that had a half-wave potential of -0.88 V. The manner of disappearance of 
the first two waves was investigated by performing other electrolyses on fresh aliquots 
and stopping at  the intermediate coulometric n-values of 0.2 and 0.5. Polarograms of 
these showed that the heights of both waves had decreased proportionately, their 
relative heights thus remained the same. This strongly suggested the presence of two 
different species in slow equilibrium which reduced polarographically at  different 
potentials. One possibility is that the waves corresponded to cis- and trans-isomersl2. 

If, instead of stopping at a coulometric n-value of 1.0, electrolysis at  -0.78 V 
was continued until significant current ceased to flow, a coulometric n-value of 2.0 

was obtained. A polarogram of the final solution showed that the first three waves had 
disappeared and the fact that waves disappeared in regions of potential more negative 
than the reduction potential, was again very unusual. Furthermore, the marked dif- 
ference in electrolysis rate between the reductions for n = I and n = 2 while electro- 
lyzing at a potential on the first wave, the disappearance of the third wave, and the 
discrete color changes during electrolysis, all indicated that the chromium(I1) com- 
plex-formed by the passage of one equivalent of electrons-was disproportionating 
slowly to chromium(111) complex(es) very much like the original one(s) and a chro- 
mium(1) complex. Thus, the chromium(I1) complex (E,= -1.03 V) was not being 
reduced at  -0.78 V but appeared to be producing chromium(111) and chromium(1) 
by slow disproportionation. The chromium(111) produced by disproportionation was 
then reduced. The net effect was to produce chromium(1) from chromium(111). These 
conclusions were substantiated further by the following experiments. 

A solution of the bis-complex, electrolyzed at  - 0.78 V to the extent of only one 
electron/molecule (complete formation of the chromium(I1) complex), was scanned 
polarographically at  go-min intervals while standing under nitrogen. The polarogram 
obtained immediately after reduction showed no evidence of the first two waves. 
However, the polarogram taken after the solution had aged for 60 min showed that 
both the waves, now attributed to chromium(111) complexes in the original solution, 
had grown to maximum values that were approximately one-half their initial heights. 
In other words, after standing 60 min, one-half the original amount of chromium(111) 
complexes had been reformed. Disproportionations of chromium(I1) complexes of this 
sort have already been reported3~13.14. 

Electrolyses were also performed at more negative potentials, thus permitting 
electron-transfer values greater than two to be examined. When a solution, which had 
previously been electrolyzed on the top of the first wave to a coulometric n-value of 
2.0, was further electrolyzed at - 1.26 V, a black turbidity and a black film on the cell 
wall resulted. A coulometric n-value of 1.0 (or a total of 3.0) was obtained. This solu- 
tion showed a polarog.raphic wave at  - 1.40 V followed by a sharp wave characteristic 
of hydrogen evolution. The fact that air oxidation of the solution resulted in a light 
yellow turbidity indicated that the black deposit was not chromium metal but a chro- 
mium(~)  complex. 

The discussion of redox behaviour has so far been limited to the electrochemical 
behaviour and the effects of reductions. A study of the solutions following an oxida- 

J.  Electroanal. Chem., 13 (1967) 400-410 



4 0 ~  B. V. TUCKER, J .  M. FITZGERALD, L. G. HARGIS, L. B. ROGERS 

tion step, led to other interesting and unusual results. I t  was noted that ligand lability 
was greater in the oxidized complexes than in the original complex. For example, al- 
though the 2,~'-bipyridine ligands in the original bis-complex were inert to chloroform 
extractions, a complex that had been reduced and then oxidized gave up z,z'-bypyri- 
dine readily. A careful study was made to determine the conditions under which the 
2,~'-bipyridine was made labile. 

Solutions of the bis-complex were reduced at -0.78 V to stages corresponding 
to 0.5, 1.0, 1.5, and 2.0 electrons/molecule and then extracted with chloroform. In all 
cases, the spectra of the extracts showed a small amount of residual absorption in the 
region of 2,~'-bipyridine absorption, but the shape of the curves and the low intensity 
of the absorption indicated that it was not due to free 2,~'-bipyridine or to reduced 
2,~'-bipyridine. Since it is known that chloroform is sometimes reduced by lower- 
valent metal ions and complexes, the experiment was repeated using I,Z-dichloro- 
ethane as the extractant. Similar results were obtained, indicating that the chloroform 
extraction data were valid. 

These experiments were then repeated except that each sample was oxidized 
prior to extraction. Ultraviolet spectra of the oxidized aqueous solutions prior to 
extraction did not show evidence of eliminated z,z'-bipyridine, but, in all cases, the 
chloroform extract did show the presence of 2,~'-bipyridine. Apparently, z,zl-bipyri- 
dine was not free in the aqueous solution of the complex but was labile because it was 
easily extractable. 

Quantitative data regarding the number of extractable 2,~'-bipyridine mole- 
cules liberatedlelectron passed were difficult to obtain, especially for values of n less 
than unity. However, for solutions reduced to a total of 2.0 electrons/molecule, the 
amount of 2,~'-bipyridine extractable from the oxidized solution was close to one 
ligand/complex. This indicates that it was probably oxidation of chromium(I), not 
chromium(II), that led to lability of the 2,~'-bipyridine in the bis-2,~'-bipyridine com- 
plex of chromium(II1) produced by oxidation. 

Similar chloroform extractions made on samples that had been reduced at 
- 1.26 V, on the top of the fourth wave to the extent of 3.0 electrons/mole, gave al- 
most identical results with those obtained for 2.0 electrons/mole. Only one equivalent 
of z,zt-bipyridine could be extracted from the oxidized complex and the chemical 
change that made this ligand labile occurred during the oxidation of the reduced chro- 
mium complex. 

The absorption spectrum of the mono-complex, derived from the bis-complex 
by reduction at  -0.78 V followed by air oxidation and successive chloroform extrac- 
tions (to remove all labile 2,~'-bipyridine), showed an absorption maximum at a slight- 
ly shorter wavelength than that of the bis-complex (Fig. 2). This shift was in the 
expected direction. 

The oxidation step was also interesting for another reason. Solutions of the bis- 
complex that had been reduced to the extent of 1.0 or 2.0 electrons/molecule gave 
polarograms that were identical with those obtained for the same solutions after 
oxidation by air (solutions were de-aerated again prior to the taking of polarograms). 
This unusual result indicates not only that the form of chromium(111) produced by air 
oxidation was not the same as that originally present, but also that the new oxidized 
form was no more easily reduced than the chromium(I1) or (I) from which it had been 
produced. I t  has been reported that air oxidation of chromium(I1) salts can result in 
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the formation of [Cr-0-Cr]- or [Cr Cr]-type polymersl5~16. The oxygen bonds in 
'0 

these polymers appeared, from our polarographic studies, to be resistant to electron 
transfer. Only when the chromium(o) complex was air oxidized did the polarogram of 
the oxidized solution differ from that of the reduced solution (see Fig. 3). 

Solutions of the bis-complex that had been reduced to the extent of 1.0 or 2.0 
electrons/molecule and then oxidized with an equivalent amount of cerium(1V) sulfate 
(in a small volume of water adjusted to pH 2 with sulfuric acid and then de-aerated) 
gave polarograms that closely resembled the polarogram of the bis-complex contain- 
ing a small amount of the oxidant (the excess cerium(1V) was probably reduced by 
chemical reaction with mercury from the D.M.E., and was present as cerium(II1)). 
The positions of the waves in the polarogram of the bis-complex were the same with 
or without excess cerium but in the presence of excess cerium the diffusion current of 
the third wave was larger by an amount dependent upon the amount of cerium. Hence, 
oxidation by cerium(1V) generated an easily-reduced chromium(II1) complex whereas 
air oxidation did not. Since the polarogram of the cerium(1V)-oxidized solution was 
very different from those of the reduced solutions but similar to that for the original 
bis-complex, it was evident that 0x0-bridge polymers proposed for the air-oxidized 
solutions were not being formed to an appreciable extent. Nevertheless, the same 
changes in lability of 2,~'-bipyridine occurred upon treatment of reduced solutions 
with cerium(1V) as with air. 

Tris-complex 
Coulometric electrolyses were performed at controlled potential on tris(z,zl- 

bipyridine)chromium(III) perchlorate to elucidate the polarographic processes and to 
determine if the low-valent tris-complexes could be prepared electrochemically. Fig- 

VOLTS VS. S.C.E 

Fig. 4. Polarograms of  the  products o f  successive coulometric reductions o f  0.001 M Cr(bipy)s- 
(C104)3 . 3 Hz0 in  0.1 M KCl. (-), Cr(bipy)~(C104)3 . 3 Hz0 (deep yellow solution) ; (. . .. . .), 
after "electrolysis" at -0.64 V ,  n - o (light yellow solution); (-.-.-.-), after further electrolysis 
a t  -0.82 V ,  n = 0.9 (deep red solution) ; (- x - x - x -), after further electrolysis a t  -1.05 V ,  
n = 1.1 (total n = 2.0; light blue solution) ; (-------), after further electrolysis a t  - 1.30 V, 
n = 1.7 (total n = 3.7, includes some hydrogen evolution; black turbidity); (-o-o-o-), after 
air oxidation (light yellow turbidity). 
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ure 4 shows the polarograms obtained for the products of controlled-potential reduc- 
tion of the tris-complex at a series of progressively more negative potentials. The 
polarographic half-wave potentials for the original tris-complex agree quite well with 
those just reported by BAKER AND DEV M E H T A ~ ~ .  We, too, found that the first small 
wave disappeared after passing only a negligible amount of electricity. In fact, the 
wave also disappeared after several polarographic scans, indicating that a catalytic 
process was involved. At the same time, there was a marked change in color from a 
deep yellow to a very pale yellow. The ultraviolet spectrum of the aqueous solution 
showed that free 2,~'-bipyridine was present, and a chloroform extraction indicated 
that one molecule of 2,~'-bipyridine had been eliminated from the complex. I t  is clear 
that the elimination of 2,~'-bipyridine was catalyzed by chromium(I1) produced 
during the brief electrolysis. This was not very unusual, considering that tris(2,2'- 
bipyridine)chromium(III) salts cannot be prepared directly but are made under rath- 
er forcing conditions in non-aqueous solvents. 

Removal of the eliminated 2,~'-bipyridine by successive chloroform extractions 
left a bis-complex the polarographic, coulometric, extraction, and spectrophotometric 
behaviour of which was very similar to that discussed above for the bis-complex. 
Consequently, discussions of its characteristics will not be repeated here. 

DISCUSSION 

The reactions can be summarized as follows: 

CHC13 
[Cr(L)aClz]+ exl;n? no ligand extracted (1) 

-0.78 V CHCl3 
[Cr(L)zClz] + + e- --- -+ [Cr(L)zC12] t n ~  no ligand extracted 

2 [Cr (L) zC12] 2'5 [Cr (L) 2C12] + + [Cr (L) 2C12] - 
CHCl3 I--+ no ligand extracted 
extn. 

-1.26 V CHCl3 
[Cr(L)zClz] - + e- --+ [Cr(L)~C12]2- extn? no ligand extracted (6) 

air or [Cr(L)aClz] 2 -  ~z ICr*(L)zC12I++ 3 e- 

The asterisk denotes a chromium complex which appears to be stable but from which 
a bipyridine ligand could be extracted. 

Two polarographic waves (Ed = - 0.71 and - 0.88 V) were associated with 
reaction (2) and their behaviour suggested the presence of two species, in equilibrium, 
which reduced polarographically at different potentials. I t  is likely that these result 
from cis- and trans-isomersl3. Whether both forms existed together in the bulk of the 
solution or only at the electrode surface was not resolved in our study. 
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The disproportionation illustrated in reaction (3) was substantiated polaro- 
graphically, coulometrically, and spectrophotometrically. Oxidation of the reduced 
complexes formed by reactions (4) and (7) gave a bis(z ,z' -bipyridine) chromium(111) 
complex (indicated by asterisk) which differed, both polarographically and spectro- 
photometrically from the original bis-complex in that one molecule of z,z'-bipyridine 
was labile and could be extracted with chloroform (eqn. (5)) (note that bipyridine was 
fiat extractable from the original bis-complex or at  say stage of reduction, but only 
after oxidation to chromium(II1)). After oxidation, although free bipyridine could not 
be detected spectrophotometrically in the aqueous phase, it must have become labile 
because one ligand could be extracted into chloroform. I t  would be of interest to 
check this unusual behaviour in future studies of other similar ligands. 

Polarographic and spectrophotometric data indicated that, using either the 
tris- or bis-complex as the starting material, the same compound was formed by oxida- 
tion of the respective chromium(o) complexes. In both cases, a final oxidized species 
was produced which had one labile and one non-labile z,zl-bipyridine. These reactions 
appear to offer a convenient preparation of a mono(2,z'-bipyridine)chromium(III) 
complex. 

I t  is evident that the choice of oxidant is important in determining the nature 
of the final oxidation product. Although oxidation of the reduced complexes by air 
and cerium(1V) both produced bis-complexes containing one labile ligand, only 
cerium(1V) gave a product having virtually the same polarographic waves as those for 
the original solution prior to electrolysis. Although we have suggested that air oxida- 
tion of reduced complexes probably resulted in the formation of [Cr-0-Cr]- or 

[Cr<$Xr]-type polymers, the exact structures of the oxidation products obtained 

in the present study have yet to be elucidated. 
The fact that the reactions occurring in oxidation steps were different from 

those in reductions, was revealed in another way. Although reduction of chromium(II1) 
to chromium(I1) produced a red solution, no red intermediate was visible in oxidations 
of chromium(o) or (I) by air to chromium(111) or in oxidations of chromium(1) by 
either one or two equivalents of cerium(1V). The absence of a red chromium(I1) inter- 
mediate for the reaction of chromium(1) with oxygen can be rationalized on the basis 
of a two-electron transfer, but the reactions of chromium(o) with oxygen and chro- 
mium(1) with one equivalent of cerium(IV), cannot. Possibly, the chromium(I1) 
species produced by oxidation disproportionated so rapidly that i t  escaped visual 
detection. 

In all the above equations, two chloride ions have been shown in the coordina- 
tion sphere on the assumption that the number did not change from that in the original 
complex. Preliminary experiments have been completed which show that one equiv- 
alent of chloride was liberated during the overall process of a two-electron reduction 
followed by air oxidation (Amperometric chloride titrations were performed on solu- 
tions of I mM [Cr(bipy)~Ch]Cl in I mM KC1 both before and after electrolysis at  
-0.78 V; the labile z,zf-bipyridine molecule was found to interfere and was removed 
by successive chloroform extractions prior to the titration). Loss of chloride may have 
occurred in the oxidation step that led to one molecule of z,zl-bipyridine becoming 
labile. A complete series of experiments comparable to those reported for the bipyri- 
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dine series would be necessary, however, in order to establish the exact conditions for 
the elimination. 

As stated earlier, the original aim of the present study was to use the three one- 
electron steps of the Cr(bi~y)~3+ ion to explore the effects of changes in charge and 
solvation on the relative positions of the half-wave potentials (and later the potentials 
of conventional half-cells). Although conventional polarography proved to be unsuit- 
able, the earlier work of VLCEK~ indicates that fast-scan techniques would make such 
a current-voltage study feasible. In that case, extension to related series involving 
different metal ions and/or different ligands would permit the generality of any con- 
clusions to be tested. 

Preliminary results9 indicate that in some solvents bis-bipyridine complexes of 
chromium(111) are reduced directly to chromium(1). 
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SUMMARY 

Dichlorobis(z,z'-bipyridine)chromium(III) chloride and tris(z,z'-bipyridine)- 
chromium(II1) perchlorate have been investigated using polarography and controlled- 
potential coulometry. In aqueous medium, neither complex underwent three simple 
one-electron reductions to the corresponding chromium(o) complex; reductions were 
complicated and changes occurring on oxidation allowed z,zf-bipyridine to be extract- 
ed from either complex. In one instance, reduction was complicated by a dispropor- 
tionation reaction. Results indicated that, after reduction of either chromium(111) 
complex to the chromium(o) complex, the product of an oxidation by cerium(1V) or 
air was a bis(z,zr-bipyridine) chromium(II1) complex from which one mole of 2 , ~ ' -  
bipyridine could be extracted. However, the polarographic and coulometric behav- 
iour of the chromium(111) products from the two treatments differed considerably. 
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Comparison of the stepwise formation constants of the chloro complexes of 
copper(I1) in acetonitrilel with the corresponding constants in water2 illustrates the 
importance of the solvent in complex-ion stability. In water, the stepwise formation 
constants of CuCl+, CuC12, CuCl3-, and CuC142- are I, 0.2, 0.04 and 0.01, respectively, 
whereasin acetonitrile thevalues are 5.109,8- 107, I. 107 and 5. 103. In order to illustrate 
further the role of solvent in complex-ion stability and because of the considerable 
current interest in the chemistry of non-aqueous copper-halide solutions, we have 
determined the formation constants of the chloro complexes of copper(I1) and of 
copper(1) in 0.10 F (LiC104+LiCl) solutions of methanol, ethanol, 2-propanol, 
2-butanol and acetone. At this time, because of the understandable lack of quantita- 
tive supporting data, e.g., ion-pair formation constants, a completely rigorous quan- 
titative evaluation of the data obtained obviously is not possible. However, in spite of 
the slightly-larger-than-usual uncertainty of the constants obtained, a considerable 
understanding and appreciation of the nature and stability of the chloro complexes of 
copper(1) and copper(I1) in the lower alcohols and in acetone have been realized. 

EXPERIMENTAL 

Methanol and ethanol were purified and dried by treatment with Grignard 
reagent (prepared by refluxing IOO ml of alcohol containing 0.5 g of iodine and in 
contact with 5 g of magnesium-sufficient to dry I 1 of alcohol) followed by two 
distillations. 2-Butanol was refluxed over calcium hydride (CaH2) and a small quantity 
of sodium borohydride (NaBH4) prior to distillation. 2-Propanol and acetone were 
allowed to stand over Drierite for a week and were distilled after decantation. These 
procedures reduce the water content of the solvents, in general, to below 10-2 M. 

Lithium perchlorate was prepared by adding a slight excess of 70% reagent- 
grade perchloric acid to reagent-grade lithium carbonate, followed by three re- 
crystallizations from water. The product was dried in an oven at  200" for several days. 
Reagent-grade lithium chloride was dried at a high temperature on a hot plate and 
ground to a powder in a dry box. Copper(I1) perchlorate, Cu(C104)~.xHz0, (G. F. Smith 
Co.) was dried irz vacuo at 70" for 48 h. Copper(1) was added to the solvents as cuprous 
chloride (Fisher reagent-grade) . 

A controlled-potential polarograph of the type designed by Kelley, Jones and 
Fisher3 was used to obtain the current-voltage curves. The copper amalgam data 
were obtained with a dropping copper amalgam electrode of special design4. The 
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TABLE 1 

HALF-WAVE POTENTIALS FOR THE &(I), C U ( H ~ )  AND Cu(II), CU(I) COUPLES IN METHANOL, ETHANOL, 
2-PROPANOL, 2-BUTANOL, AND ACETONE AT VARIOUS CHLORIDE CONCENTRATIONS (V US. S.C.E.) 

Supporting electrolyte: 0.10 F (LiC104 + LiCl); temp. 25 + I". 

Methanolb 
no chloride +0.175 +O.PIO 
3.12 -0.016 - 

3.03 - +0.331 
2.82 -0.045 - 
2.77 - t 0 .340  
2.64 -0.066 +0.343 
2.42 -0.084 +O.355 
2.27 -0.105 +0.370 
2.12 -0.125 +0.375 
1.82 -0.161 +0.373 
1.41 -0.207 +0.368 
1.10 -0.242 +0.375 

KL~+,cIO~- = strong electrolyted 
KLI+,c~- = 100.5 e 

Ethanola 
no chloride +0.275 
3.46 -0.058 
3.16 -0.085 
2.76 -0.130 
2.40 -0.173 
2.08 -0.209 
1.67 -0.267 
1.35 -0.318 

KLI+,C104- = 100.80 d3f.g 

KLI+,Cl- = 101.43 d.g 

2-Propanolb 
no chloride 
4.12 
3.89 
3.59 
3.42 
3-41 
3.29 
3.19 
3.12 
3.03 
2.86 
2.82 
2.68 
2.52 
2.43 
2.33 
2.22 

2.08 

2-Butanolc 
no chloride +a345 
3.94 -0.035 
3.64 -0.073 
3.46 - 
3.34 -0,ogg 
3.16 -0.114 
2.98 
2.93 -0.135 
2.89 - 
2.60 -0.170 
2.58 - 

K=i+,c104- = 1 0 " ~  E 

KL~+,CT = 1 0 2 . ~  g 

-log [LiCl] 

Acetoneb 
no chloride +0.365 
3.22 
3.00 -0.408 
2.80 
2.70 -0.444 
2.58 
2.52 -0.463 
2.44 
2.30 ~ O . 4 7 5  
2.25 
2.07 
2.00 -0.504 
1.77 -0.528 
1.75 
1.59 -0.539 
1.58 
I.37 -0.550 
1.36 
1.16 -0.556 

KLI+,c~o~-  = 103 h 

KLI+,c~- = 103 h 

a Corrected for liquid-junction p. d. from 0.10 F LiC104 soln. by the use of the half-wave potentials 
for the oxidation of ferrocene in the chloride-containing soln. and in 0.10 F LiC104 soln. 
b Not corrected for liquid-junction p. d. from 0.10 F LiC104 soln. because of less than 30-mV 
change in E* oxidation of ferrocene from non chloride-containing soln. to  highest chloride- 
containing soln. This difference in E I . ~ . ,  however, is taken into consideration in the analysis of the 
data. 
c Not corrected for AEI.,. as max. LiCl concn. was only 0.02 F. 
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d Ref. 10. 

e In  a recent conductance study, KAY found no evidence for association between lithium and 
chloride ions in methanolll. The 100.6 value for the ion-pair formation constant of Li+, C1- in 
methanol was obtained by an extrapolation procedure involving the use of the ion-pair formation 
constantsof Na+, C1- and K+, C1- in this solvent. The plot of ion-pair formation constantsof K+, C1- 
and Na+, C1-in ethanolvs. the same information in methanol extrapolated to the ion-pair formation 
constant of Lit, C1- in ethanol gives 100.5 for CI- in methanol. This extrapolation procedure 
is based on the observed, approx. linear relationship for plots of the ion-pair formation constants of 
Li+, NOs-; Na+, NOs-; and K+, NOS- in methanol and of the ion-pair formation constants of 
Li+, C1-; Na+, C1-; and K+, C1- in ethanol us. the formation constants of the same salts in water 
(for details of this extrapolation method, see ref. 4). Assuming that LiC104 is a strong electrolyte in 
methanol, one can determine the ion-pair formation constant of Li+, C1- that gives the most 
consistent value of j3c,cl,- in this solvent. The value of 100.5 for KLI+,CT, which is identical with 
that obtained by the extrapolation procedure, best fits the copper(1) data in methanol. 
f Ref. 12. 

s Evaluated by an approximation method based on the value of a in the equation K = KO exp 
(q21a DkT), being approximately constant for a given salt in all four alcohols studied. The a-values 
used were crystal radii plus corrections for solvation (W. M. LATIMER, K. S .  PITZER AND C. M. 
SLANSKY, J .  Chem. Phys., 7 (1939) 108) [For a detailed discussion of this approximation procedure 
see ref. 4].- 
h Evaluated by an approximation method similar to that referred to in footnote g. 

supporting electrolyte was 0.10 F (LiC104 + LiC1). All determinations were carried out 
at  25 rtr I". 

Changes in liquid-junction potential at  high chloride concentrations were 
estimated from changes in the half-wave potential for the oxidation of ferrocene5. 

The values for the chloride concentrations in Table I have been corrected for 
the formation of Li+, C104- and Li+, C1- ion-pairs in these solvents by the use of the 
formation constants given in Table I. Because little information is available in the 
literature on the formation of these ion-pairs, approximation procedures (see footnotes 
in Table I and for a detailed discussion, ref. 4) were used to obtain the constants. The 
estimated values show the correct variation with solvent and are probably good to 
0.3 of a log unit, certainly adequate for the purpose of (I) determining the nature of 
the copper(1r) - and copper(1) -chloro complexes in these solutions, (2) estimating 
their formation constants, and (3) obtaining information on the effect of solvent on the 
nature and stability of these complexes. 

RESULTS AND DISCUSSION 

Polarographic study of copper (I) complexes 
The copper(1) complex species in solution were studied by voltammetry at  the 

dropping copper amalgam electrode (ca. 2 m F  in copper metal). The dropping copper 
amalgam electrode (d.a.e.) has been found to have several advantages over the con- 
ventional dropping mercury electrode in the study of copper(1) complexes1. 

The formulae and stepwise formation constants of the complexes of copper(1) 
ion with chloride ion in solution may be evaluated from the expression below for the 
dependence of the half-wave potential of the Cu(I), Cu(Hg) wave on the concentration 
of chloride: (E&- (E,), = -0.059 log (I +/3 [Cl-lo+ ... +pp [C1-IoP)e. The PS are the 
overall formation constants of the copper(1) complexes, and subscript zero denotes 
concentration a t  the electrode surface. The other terms have their usual significance7. 

Data showing the observed half-wave potentials as a function of chloride ion 
concentration in 0.10 F (LiC104+LiC1) solutions are given in Table I. In the alcohols 
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and in acetone, the anodic copper(I), copper(0) polarograms were in all cases revers- 
ible or nearly reversible. Where the wave was drawn out, a model of a reversible wave 
was fitted to the foot of the experimental wave to obtain the half-wave potentiall.s.9 
listed in Table I. With the alcohols, the plots of (E+),- (E*), vs. -log(Cl-) are linear 
with slopes of ca. +o.12, indicating that CuC12- is the copper(1) speciesinsolution. The 
corresponding plots of the data for acetone solutions have slopes of +o.118 at  chloride 
concentrations below ca. 10-2 F, but at  higher concentrations, the curves appear to be 
flattening out. Since this result is the opposite of what should be observed for the 
formation of complexes higher than CuC12-, it is concluded that perhaps LiCl is 
precipitating in solutions of high chloride concentration. The data for chloride ion 
concentrations in excess of 10-2 F,  therefore, are suspect. The overall formation 
constants for CuC12- in 0.10 F (LiC104+LiCl) solutions of the solvents investigated 
were calculated by standard procedure13 and are given in Table 2. Values for Pcucl,- 
in 1.0 F (LiC104+ LiC1) solutions of some of the solvents are also included in the table. 
The uncertainty of the Bcucl,- is within ca. IO*~ .~ .  

TABLE 2 
FORMATION CONSTANTS OF THE CHLORO COMPLEXES OF COPPER(II) AND COPPER(I) IN  METHANOL, 

ETHANOL, 2-PROPANOL, 2-BUTANOL, A N D  ACETONE 

0 . 1 0  F ( L i C l O 4  + LiCl); t e m p .  25 f I". 

Methanol Ethanol 2-Propanol 2-Butanol Acetone 

Copper (11) 
, ~ c u c ~ +  1 0 4 . 2  (104.1)s < 1 0 6 . 6  c - - - 

1 0 3 . 3  b 

~ C U C ~ ,  1 0 6 . 5  ( 1 ~ 8 . 3 ) a  1010.1 ( 1 0 9 . 4  1 a 1012.3  (1010.8)s  1013.5  ( 1 ~ 1 1 . 4  1 a - 
1 0 5 . 4  b 101l.O b 1019.9 b 

,!?cucl,- - < 1 0 l l . ~  d ( 1 ( 1 1014.9 1012.7)s  1016.3  1013.3  a 1025.1 1 0 2 2 . 3  a ( 
1 ~ 1 5 . 1  1 0 2 3 . 5  b 

Formal c o n s t a n t ,  not corrected for i o n - p a i r i n g .  

b Value in 1 . 0  F ( L i C 1 0 4  + LiCl). 
c M a x .  value for ,9cUcl+ if CuCl+ is o b t a i n a b l e .  

d Max. value for pcucl , -  if CuCls- is obtainable. 

Voltammetric study of the copper (11) complexes 
The copper(rr), copper(1) polarographic wave cannot be observed at the drop- 

pingmercuryelectrodein the presence of chloride ion because of the relatively negative 
potential for the dissolution of mercury in chloride media. I t  is possible, however, to 
obtain current-voltage curves for this redox system at  the rotating platinum elec- 
trode (r.p.e.). The methanol and ethanol solutions examined were ca. 2 - 1 0 - ~  F in 
copper(I1). The current-voltage curves for 2-propanol, 2-butanol, and acetone 
solutions were obtained by the use of solutions containing both copper(1) and copper- 
(11), each at ca. 2-  10-4 F concentration. Such a system has the advantage that the 
half-wave potential occurs very near zero current, the current region in which, in this 
case, there nearly always appears to be reversible behavior. 

The cathodic copper(II), copper(1) reduction waves in methanol and ethanol 
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at the r.p.e. were well-defined with "o.ogg,!n"-values of 0.065-0.090 V. The waves 
were drawn-out for solutions of high chloride content. The half-wave potentials were 
evaluated, as in the copper(I), copper(Hg) case, by fitting a model of a reversible wave 
to the foot of each of the waves1,s~g. In 2-propanol, a-butanol, and acetone, the half- 
wave potentials for the copper(II), copper(1) couple were evaluated from the contin- 
uous anodic-cathodic waves. The half-wave potentials coincided or very nearly 
coincided with the potentials at  zero current. 

The concentration regions of chloride examined were such that CuC12- was the 
only copper(1) complex species in solution. Under this condition, the following 
equation holds : 

(E*), - (E*), = 0.059 log 
pcuc12-[c1-] 

I +pcucl+[C1-]o + . . . +/3cuc14"[Cl-lo4 

The 0's represent the overall formation constants of the respective species, and sub- 
script zero denotes concentration at  the electrode surface. Examination of the above 
equation reveals that increasing chloride ion concentration shifts the half-wave 
potential positive, negative, or not at all, depending upon whether the primary 
copper(I1) complex in solution has less than two, more than two, or exactly two 
chloride ligands, respectively. 

The half-wave potential data at various chloride ion concentrations are given 
in Table I. For methanol, with increasing chloride ion concentration, the half-wave 
potential first shifts positive, then remains constant, showing that first CuCl+, then 
CuCl2 are the main copper(I1) species in solution. In the case of ethanol, the half-wave 
potential remains essentially constant throughout the region -3.5 < log[Cl-] < - 1.5 ; 
CuC12, therefore, must be the copper(II) species in solution. With 2-propanol, the plot 
of Et vs. log[Cl-] shows first a zero slope, then a negative 0.059 slope, which indicate 
that both CuCl2 and CuCl3- are formed. 

The analysis of the effect of varying chloride concentration on the half-wave 
potential of the Cu(II), Cu(1) couple in 2-butanol is not as clean cut as for the three 
previous alcohols. An effort, however, has been made to obtain a reasonable analysis, 
the results of which appear to be consistent with those reported for the other alcohols. 
At low chloride concentrations, (E*), does not appear to shift with increasing chloride 
concentration, whereas at  higher chloride concentrations (E*), shifts to negative 
values consistent with a - 0.059 slope. This behavior indicates that below ca. I O - ~ . ~  M 
chloride concentration, the copper(I1) species is CuC12, whereas above this concen- 
tration CuCl3- becomes the predominant species. 

In acetone 0.1 F in supporting electrolyte in the concentration region for which 
the data are considered to be reliable (10-~-10-~ F chloride), the plot of the half-wave 
potential vs. the log of the formal chloride concentration is linear with a - 0.059 slope. 
Therefore, in this chloride concentration region the copper(I1) species is CuCh-. In the 
region 10-1.6 for the formal chloride concentration, there is some indication of a 
steeper slope for the plot. This cannot be verified with certainty because, as explained 
under the discussion of the copper(1) results, the data taken at  higher chloride 
concentrations are suspect. Nevertheless, in view of the large value of j3cucl,- it does 
seem likely that CuC142- might become the predominant copper(I1) species in solution. 
Spectrophotometric data14 also indicate the existence of CuC1.12- in acetone solution. 

The formation constants of the chloro complexes of copper(I1) in the solvents 
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investigated calculated by standard procedure13 are given in Table 2. Also included in 
Table 2 are formation constants in 1.0 F (LiC104+LiCl) solutions of some of the sol- 
vents. The values are estimated to be good to within 10*0-6. 

Absorbance measurements have been taken of alcohol solutions containing 
various ratios of chloride to copper(I1). Although no attempt has been made to 
calculate formation constants from these data, they are consistent with the electro- 
chemical data in regard to the species present at given chloride ion concentrations. 

Correlation of formatiofi constants with solvent properties 
The polarographic half-wave potentials for the Cu(I), Cu(Hg) couple in various 

solvents in the absence of complexing agents indicate the degree of solvation of 
copper(1). An examination of these potentials (methanol, -0.04 V (vs. S.C.E.); 
ethanol, +o.oz V; 2-propanol, +o.oo V; 2-butanol, +0.06 V; acetone, +0.06 V 
-corrected for liquid-junction potential differences with aqueous 0.10 M lithium 
perchlorate as the reference solvent)4 reveals that the degree of solvation of copper(1) 
ion is about the same in methanol, ethanol, 2-propanol, 2-butanol, and acetone, with 
a trend, as expected, to slightly weaker solvation in that order. The trend toward 
weaker solvation of copper(1) in passing through the alcohols from methanol to 
2-butanol is reflected in a corresponding increase in the stability of CuC12-. Not all the 
increase in stability of CuC12-, however, can be attributed to decrease in solvation 
energy of copper(1) ion. The decreasing acid character of the OH group in the alcohols, 
through decrease in anion solvation, and the shift to solvents with lower dielectric 
constant also contribute to increase in stability of CuCls-. The value of ,9cucl,- in 
acetone is much higher than would be expected from the relatively weak solvation of 
copper(1) and from the dielectric constant of the medium. This situation may be 
explained on the basis that acetone, unlike the alcohols, is not a hydrogen-bonding 
solvent and chloride ion, therefore, is less strongly solvated in acetone than in the 
lower alcohols. 

Half-wave potential data indicate that the solvation of copper(I1) ion in the 
lower alcohols and acetone follows the same general trend as the solvation of copper(1). 
As expected, the stability of the chloro complexes of copper(I1) in the alcohols reflects 
the solvating ability of the alcohols for copper(I1) ions and chloride ion, e.g., CuCl+ can 
exist a t  moderately high chloride concentrations in methanol but not in ethanol, 
a-propanol, or 2-butanol, and CuCl3- is observed in 2-propanol and 2-butanol but not 
in methanol and ethanol. The increase in stability of the chloro complexes of copper- 
(11) from methanol to 2-butanol also parallels the decrease in dielectric constant of the 
alcohols. As with the copper(1) complex, the extremely weak solvation of chloride ion 
in acetone accounts for the extremely high stabilities of the chloro complexes of 
copper(I1) in this solvent as compared with the alcohols. 

The constants reported are formal ones in the sense that no correction for the 
formation of ion-pair species such as Lif CuC12- and CuC1+ C104- has been made 
because the appropriate data are not available. 
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SUMMARY 

The chloro complexes of copper(I1) and copper(1) in methanol, ethanol, 
2-propanol, 2-butanol, and acetone have been investigated by voltammetry. Log 
PcuclZ- values in the solvents in the order listed above are: 9.3, 12.3, 13.4, 14.1, and 
19.2. For the copper(I1) complexes, log Pcucl+ in methanol is 4.9 and in ethanol, 
< 6.6. Log Pcucl, in the alcohols starting with methanol are: 6.5, 10.1, 12.3, and 13.5, 
and log Dcucl,- in ethanol, 2-propanol, 2-butanol, and acetone are : < 11.3, 14.9, 16.3 
and 25.1. 
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INTRODUCTION 

The aim of the present paper is to investigate the oscillopolarographic activity 
and the specificity of the reaction for uranium and various metal ions. Recently, 
MATYSIK~ has proposed a selective, semi-quantitative method for the rapid deter- 
mination of uranium based on the high degree of oscillopolarographic selectivity of 
the compounds that uranium forms with phenols. Similarly, KALVODA AND  JUAN^ 
have observed that the oscillopolarographic sensitivity increases when the substance 
being studied is sparingly soluble or forms complexes with the supporting electrolyte. 

The behaviour of uranium in both organic and inorganic supporting electro- 
lytes is examined, and also the influence of complexing agents on the incision in the 
curve, dE/dt = f(E). 

EXPERIMENTAL 

Both the quantitative and qualitative determinations were made on a Krizick 
P576 Polaroscope. The curve, dE/dt = f(E), is presented on the screen of the cathode- 
ray tube of this instrument. The position of the incisions is expressed3 by means of 
the quantity, Q. The sensitivity of the qualitative test is expressed by means of the 
quantity, pD. 

Qualitative analysis and discussion 
The oscillopolarographic behaviour of U(V1) in both inorganic and organic 

supporting electrolytes is examined and in each case a study made of the conditions 
that make the reaction specific. 

Inorganic su@porting electrolytes. Both cathodic and anodic incisions are 
obtained in 0.1 M solutions of the inorganic acids, H3P04, HC1, and HC104; the 
anodic incisions (pD = 6.2) are more sensitive than those of the cathodic branch 
(pD = 4.7) (see Fig. I). 

In HC104, the following cations form incisions: Cu(II), Cd(II), Pb(II), Bi(III), 
Zn(II), Fe(III), Sn(II), Mo(VI), V(V) and Cr(II1). Table I shows that in the qualitative 
determination of U(V1) in 0.1 M HC104, only Zn(II), V(V) and Cr(II1) interfere; 
they are eliminated by using potassium ferrocyanide, urotropine and benzidine, 
respectively. 
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If these interfering elements are eliminated, perchloric acid can be used as a 
specific reagent for the detection of uranium at  a concentration of 0 . 0 2  pglml. This 
medium is unsuitable when quantitative results are required because the depth of 
the incision is not proportional to the concentration of uranium. 

In 0.1 M HC1, U(V1) produces two cathodic and one anodic incision, of which 
the anodic is more sensitive (pD = 5.7). Many metallic ions, such as Zn(II), Cr(II1) 
and V(V), act as depolarizers and interfere in the detection of U(V1). The effect of 
Zn can be eliminated with K ~ F ~ ( C N ) G ,  that of the other ions, with urotropine. 

Fig. I. 0.05 ml 1 0 - 2  M U(V1) in 6 m l  of HClo40.1 M; d . c .=4mA;  a.c.=o.z5 mA. 

Fig. 2. 0.08 ml 1 0 - 2  M U(VI) in 6 ml TEA (0.1 M)-HCl (0.1 M) in 1:5 proportion ( p ~ =  I ) ;  
d.c. = 4 mA; a.c. = 0.15 mA. 

TABLE 1 

SUPPORTING ELECTROLYTE, PERCHLORIC ACID 0.1 M 

Qc Qa pD Observations 

Mo(V1) 
V(V) 
Cr(II1) 
Ni, Al, La, Th 

0.41 5.4 
0.18 5.9 
0.40 5.7 

5.4 
0.12 5.4 
0.67 5.9 Eliminated with K4Fe(CN)6 
- 5.6 
0.054 5.3 
0.30 5.2 
- 5.0 - 4.4 
- 5.0 Eliminated with urotropine 
- 5.7 Eliminated with benzidine 
- - Inactive 

Note: Besides the anodic incision, Q, = 0.63, U(V1) produces two cathodic incisions (Q, = 0.63 
and Qc = 0.81) of inferior sensitivity. 

Effect of com$lex-forming agents on inorganic sufiporting electrolytes. When 
triethanolamine (TEA) is added to supporting electrolytes consisting of inorganic 
acids, it reduces the sensitivity but has the great advantage of eliminating inter- 
ference due to other ions. 
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In a base solution of 0.1 M HCl and 0.1 M TEA in the proportion of 5 : I, 
none of the 16 cations examined interferes in the detection of U(V1) (see Table 2 and 
Fig. 2). 

Organic supporting electrolytes. Supporting electrolytes based on organic acids 
have a number of advantages in the detection of U(V1). The incision of the curve 
dE/dt = f (E)  is ample and clear, and in general, the sensitivity is greater in organic 
supports. In media consisting of organic acids one anodic and two cathodic incisions 
are produced. 

TABLE 2 

SUPPORTING ELECTROLYTE, HYDROCHLORIC ACID (0. I M)-TRIETHANOLAMINE (0. I M) 

Q c Qa $0 Observations 

U(vI)  0.76 - 4.4 
Pb(I1) 0.34 0.34 5.4 
Cd(I1) 0.36 0.34 5.4 
Bi(II1) 0.10 0.14 5.4 
Cu/II) - 0.20 

- 
5.6 

Zn(I1) 0.69 
- 

5.6 
Mo(V1) 0.30 4.5 
Sn, V, Ni, Cr, Fe, Al, La, Zr, Th - - No depolarizing activity 

Qc = cathodic incision, Q, = anodic incision. 

In  0.1 M tartaric acid, 10-2 M U(V1) produces two cathodic incisions and 
one anodic. At lower concentrations (10-3 M),  only the anodic incision is formed. In 
this medium, Bi(III), Ni(II), Zn(I1) and Cr(II1) interfere. The interferences caused 
by these ions can be eliminated as described below. Other cations, although they 
may produce incisions, do not affect the detection of U(V1). 

In 0.1 M citric acid also, are formed one anodic and two cathodic incisions, 
of which the anodic is the most sensitive (pD = 6.1) (see Fig. 3). Table 3 shows that 
the following ions interfere in the detection of U(V1): Ni(II), Zn(II), Mo(V1) and 
Cr(II1). The interferences caused by these ions can be eliminated by adding reagents 
of a strong complex-forming character. 

In  0.1 M ascorbic acid, the following ions interfere in the detection of U(V1) : 

Fig. 3. 0.15 ml 10-3  M U(V1) in 6 ml citric acid 0.1 M;  d.c. = 2  mA; a.c. =O.I  mA. 

Fig. 4. 0.15 ml 5 . I O - ~  M U(V1) in 6 ml TEA (0.1 M)-tartaric acid (0.1 M), pH = 5-8. 
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Pb(II), V(V), Al(II1) and Zn(I1). Other ions, although they may produce incisions, 
do not affect the determination of U(V1); Fe(III), Co(II), Cr(III), Mo(VI), La(II1) 
and Zr(1V) are not reduced. 

Effect of com$lex-formi~zg substances o n  organic suffiorting electrolytes. In order 
to increase the specificity and sensitivity of the reaction being studied, triethanolamine 
(T.E.A.) was added to the organic supporting electrolytes. This increases the sen- 
sitivity and at the same time is an excellent reagent for eliminating interference 
caused by other ions. 

TABLE 3 
SUPPORTING ELECTROLYTE, CITRIC ACID 0.1 M 

Qc Q. pD Observations 

I.J (vl) 0.75 6.1 
Cu(I1) 0.21 0.21 5.3 
Pb(I1) 0.42 0.44 5.4 
Ni(I1) 0.78 - 5.5 
Bi(II1) 0.32 - 5.4 

- 0.23 5.1 
Zn(I1) 0.74 0.73 5.6 
Cd(I1) - 0.52 5.7 

0.49 - 5.4 
Fe(II1) 0.09 - 5.3 
Mo(V1) 0.37 - 5.1 
Cr(II1) 0.78 - 5.3 
Sb (V) 0.20 - 4.7 
Zr, La, Th - - - No depolarizing activity 

Note: If the concn. of U(V1) is 10-2-10-8 M, there are 2 cathodic and one anodic incisions 
(Qe = 0.37; QC = 0.78 and Q. = 0.75)(pD = 5.7). In more dilute solutions, I O - ~  M, only the ano- 
dic lncision is produced. 

In a mixture of 0.1 M tartaric acid and 0.1 M TEA in the proportion 2 : 4 
at pH = 5-8, the specificity of the reaction is excellent. Only one clear, characteristic 
and sensitive cathodic incision is formed at  -0.61 V (S.C.E.), Qc = 0.36 and pD = 6.1 
(see Fig. 4). The addition of TEA eliminates the interferences caused by Zn(II), 
Ni(I1) and Cr(II1) that appear if pure tartaric acid is used. However, the pH must 
be higher than 4 or Pb(I1) and Bi(II1) begin to interfere. The interferences caused 
by these ions, even at pH 4, can be eliminated as shown in Table 4. The interferences 
caused by the Pb(I1) incision disappears on the addition of I ml of a 0.1 M solution 
of EDTA + I ml of citric acid, to 6 ml of original solution. If too little EDTA is 
added, the Pb(I1) incision is displaced to Qc = 0.75. Similar results are obtained at 
pH = 4 by the addition of citrate, citric acid and EDTA. 

The interference caused by Bi(II1) can be eliminated by adding thiourea at 
pH = 5 ,  or citric acid and EDTA, when the incision of Bi(II1) is displaced to Qc = 0.49, 
or citric acid and hydroxylamine, when the incision of Bi(II1) is displaced to Qo = 0.23 
and Q, = 0.09. Under these experimental conditions using TEA with tartaric acid 
as supporting electrolyte U(V1) has been detected in the presence of 17 other ions. 

In a mixture of 0.1 M citric acid and 0.1 M TEA in the proportion of 3 : 3 
at  pH = 4, only one cathodic incision is formed, Qc = 0.41 and pD = 5.6 (see Fig. 5). 
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TABLE 4 

SUPPORTING ELECTROLYTE, TARTARIC ACID (0.1 M)-TRIETHANOLAMINE (0.1 M) 

0.18 0.21 5.9 
0.36 - 5. I Suppressed with I ml EDTA, o. I M + I 
- 0.29 5.0 ml citric acid, 0.1 M 

Zn(I1) - 0.47 5.6 
0.72 - 5.1 

Bi(II1) 0.40 0.12 5.4 Suppressed with thiourea 
v(V) 0.16 - 6.0 
Sn, Mo, Fe, Al, Ni, Cr, La, Zr, Th - - Inactive 

Note: At pH values below 4, uranium produces two incisions of the same sensitivity which are 
very close to each other (Q, =0.36 and Q c =  0.41); furthermore, P b  and Bi interfere. Between 
pH 5 and pH 8 there is only one incision (pD = 6.1) and no interference. 

Fig. 5. 0.04 ml 1 0 - 2  M U(V1) in 6 ml T E A  (0.1 M)-citric acid (0.1 &I) in 3 : 3 proportion 
(pH = 4) ; d.c. = 3 mA; a.c. = 0.15 mA. 

Fig. 6. Calibration curve for 10-2 M U(V1) in TE.4 (0.1 M)-tartaric acid (0.1 -44) medium a t  
pH = 5-8; d.c. = 4 m.4: a.c. = 0.05 mA. 

The addition of TEA eliminates the interferences produced in a supporting elec- 
trolyte of citric acid alone but Pb(I1) interferes and must be eliminated by EDTA. 

In a mixture of 0.1 M ascorbic acid and 0.1 M TEA in the proportion of 
3 : 4 a t  pH = 6, U(V1) produces only one cathodic incision: Qc = 0.34 and pD = 4.7. 
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The TEA eliminates the interferences that occur when ascorbic acid only is used 
except for the incision produced by Pb(I1) ; this can be eliminated by adding 10-1 

M EDTA. 
Sup$orting electrolytes based on substances with a strong complex-forming nature. 

Strongly complex-forming substances, EDTA, TEA, pyridine and TAN (tetra-acetic 
nitrile), afford a wide selection for dealing with the depolarizing activity of the 
metallic ions. A number of ions that in ordinary conditions produce marked incisions 
in the curve, dE/dt = f (E) ,  are made completely inactive in such supporting elec- 
trolytes. With supporting electrolytes of 0.1 M EDTA with 0 . 1  M TEA in the 
proportion of 5 : I and pH = 5,  U(V1) can be detected in the presence of 16 other ions 
(see Table 5). In this medium, the only interfering ion is Cu(II), the incision of which 
is displaced to Qc = 0 .49  by adding potassium ferrocyanide. 

TABLE 5 
SUPPORTING ELECTROLYTE, EDTA (0.1 M)-TEA (0.1 M) 

Qc Qa pD Observations 

U(V1) 0.34 - 4.7 
Pb(I1) - 0.34 5.1 
Bi(II1) 0.45 - 5.4 
Cr(II1) - 0.72 5.0 
*Cu(II) 0.34 0.18 5.2 Displaced with K*Fe(CN)a 
Sb(V) 0.61 - 4.7 
Sn(I1) - 0.009 5.2 
V(V) - 0.67 5.0 
Zn, Ni, Al, Fe, Mo, Co, Cd, La, 
Zr, Th - Inactive 

* = interfering 
Qe = cathodic incision, Qn = anodic incision 

In pyridine with TAN, U(V1) forms only one cathodic incision: Qc = 0 . 4 0  

and pD = 4 . 7 .  There are no interferences, although Cu(II), Pb(II), Cd(I1) and Bi(II1) 
ions produce incisions. 

Both the TEA-EDTA mixture and the TAN-pyridine mixture have given 
excellent results in the detection of U(V1) in the presence of 17 other ions. 

Quantitative results 
The supporting electrolyte chosen from those studied, for the quantitative 

determination of uranium, was 0.1 M tartaric acid with 0.1 M triethanolamine. 
The only interferences, which are caused by Pb(I1) and Bi(II1) ions, can be 

eliminated or displaced as described in the previous section, without disturbing the 
curve, dE/dt = f(E). The depth of the incision is proportional to the concentration 
of uranium, as can be seen in the calibration curve (see Fig. 6). Determinations can 
be made between 2 and 24 ,ug/ml of U(V1) in this support, with an error of f 1%. 

SUMMARY 

The behaviour of uranium in both organic and inorganic supporting elec- 
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trolytes is examined, and also the influence of complexing agents on the incision in 
the curve, dE/dt = f(E). 

The addition of TEA to supporting electrolytes consisting of organic acids 
increases the sensitivity and the selectivity. The reaction becomes specific when the 
following are added to the supporting electrolyte: EDTA, thiourea, or substances 
that precipitate the interfering ions. (e.g., K4Fe(CN)6). I t  has been possible to detect 
U(V1) in the presence of 16 different ions. 

The behaviour of uranium has also been studied in complex-forming media: 
EDTA-TEA, pyridine and tetra-acetic nitrile. Specific reduction of uranium was 
obtained in these media in the presence of 17 other ions. In every case, the incision 
corresponds to the reduction of a complex absorbed on the surface of the electrode. 

REFERENCES 

I J .  MATYSIK, A n n .  Univ.  Mariae Curie-Sklodowska, Lublin-Polonia, AA 16 (1961) 37. 
2 R. KALVODA AND A.-C. JUAN, J. Electroanal. Chem., 8 (1964) 3 7 8  
3 R. KALVODA, Techniques of Oscillographic Polarography, Elsevier Publishing Co., Amsterdam, 

1965. 

J .  Electroanal. Chem., 13 (1967) 418-424 



ELECTROANALYTICAL CHEMISTRY AND INTERFACIAL ELECTROCHEMISTRY 

AMPEROMETRIC DETERMINATION OF THORIUM AND LANTHANUM 
IN PRESENCE OF NITRATE 
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Department of Chemistry, Drexel Institute of Technology, Philadelphia, Pennsylvania 19104 (U.S .A. )  

(Received March rgth, 1966) 

The standard electrode reduction potential of thorium ion to metal1 is - 1.90 V 
and the polarographic reduction wave is masked by the larger reduction wave of 
hydrogen preceding it. In alkaline solutions, the reduction potential of the reaction 

Th(OH)4+4e+ Th+4 OH- 

is - 2.48 V which makes the direct polarographic estimation of thorium by reduction, 
or its application to amperometry, virtually impossible. 

Several indirect methods have been recommended for the amperometric 
determination of thorium. SMALES AND A I R E Y Q ~ O ~ O S ~ ~  molybdate as a reagent. 
The titrations are carried out at  an applied voltage of -0.9 V and no diffusion current 
is obtained until after the end-point, when excess molybdate ions are reduced resulting 
in a reversed L-type titration graph. The experimental error for 5-25 mg of thorium is 
reported to be 3%. 

KOLTHOFF AND JOHN SON^ have recommended m-nitrophenylarsonic acid for 
thorium and uranium determinations. The pH is adjusted to 2.5, and on applying 
-0.3 V, no diffusion current is produced until after the end-point, when the excess 
titrant undergoes a four-electron reduction to hydroxylamine. 

SUNDERASAN AND KARKHANVALA~ have titrated thorium with standardized 
sodium fluoride using ferric iron as indicator. A voltage of zero volts vs. S.C.E. is 
applied to the dropping mercury electrode, and at  the end-point the diffusion current 
rapidly becomes zero. 

LANGER~ reported that thorium ions have the ability to carry nitrate ions to 
the mercury cathode and that these are then reduced at a potential of - 1.3 V. I t  
seemed interesting to investigate further the possibility of utilizing nitrate reduction 
as an indicator for thorium titrations. The titrants examined were EDTA, and 
benzenephosphonic acid. 

EXPERIMENTAL 

Apparatzls 
All polarograms were taken with a Sargent Model XV polarograph. The same 

capillary was used throughout the study. Measurements were made in an H-cell and 
oxygen was removed by bubbling purified nitrogen through the solution. 

All pH-measurements were made with a glass electrode and a Beckman Zero- 
matic pH-meter. 
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Thor ium chloride solution 
A 0.05-M stock solution was prepared by dissolving reagent-grade thorium 

chloride (J. T. Baker) ; the solution was standardized by EDTA titration using thorin 
as indicator. 

Benzenephosphonic acid and EDTA solutions 
0.1-M stock solutions of benzenephosphonic acid (BPO), (Victor Chemicals), 

and the disodium salt of EDTA (J. T. Baker), were prepared by dissolving the appro- 
priate amount of the reagent in distilled water. 

All other chemicals used were reagent grade. 

The  reduction of nitrate in the pesence of thorium ions 
The reduction of nitrate was studied by adding I ml of 0.0811 M thorium 

Voltage vs S.C.E. 

Fig. I. Reduction of nitrate in the presence of thorium. (A), 0.95 m M  ThC14 in I M  NaC1; (B), 
as (A), +5 m M  NaN03. 

chloride to 20 ml of I M NaCl to which 10 drops of 0.2% =ton X-IOO had been 
added. The polarograms were scanned bztween -I and -2 V vs. S.C.E., a t  a current 
sensitivity of 0.15 ~Almrn .  To the soiution was then added 0.1 ml of I M NaN03. The 
results are shown in Fig. I. A polarographic reduction wave occurred a t  -1.25 to 
- 1.30 V in the presence of nitrate ions (Curve B). Thorium chloride solutions without 
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nitrate, show areduction wave at  - 1.55 V due to the reduction of hydrogen (curve A). 
The diffusion current due to nitrate reduction is not affected by increasing the nitrate 
concentration and seems to be proportional to the concentration of thorium ions over 
a limited range. 

Titration of thorizcm 
To a few millilitre of thorium solution were added 2-3 ml of I M NaN03; the 

solution was made up to IOO ml by the addition of I M NaCl as supporting electrolyte. 
The mixture was placed in a 250-ml beaker and the solution connected to the saturated 
calomel electrode by an agar bridge. Nitrogen was bubbled through the solution and 
the titrant for 5-10 min for de-aeration. The dropping electrode was set up in the 
usual manner and changes in diffusion currents were noted on the Sargent Model XV 
polarograph. A plot of scale deflection vs. volume of titrant was made to locate the 
end-point. Two typical titration curves are presented in Figs. 2 and 3 .  

20- 

15 

10 Theo 14.2ml 

5 

$' 9 EDTA (ml) 

7J 

Theo 14.3rnl 

Theo 7.2rnl 
73ml 

Fig. 2. Titration of thorium with EDTA. 

Fig. 3. Titration of thorium with benzenephosphonic acid. 

Effect of voltage 
Although nitrate reduction takes place between - 1.25 and -1.30 V, the 

titration of thorium is accurate only at - 1.50 V. 

Effect of nitrate ion  itoncentration 
The nitrate: thorium ratio was varied .between I : 0.2 and I : 50 for various 

titrations. The best results were obtained when the ratio was kept between I : 0.6 and 
I : 20 as shown in Table I. 
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Effect of pH 
No adjustment of pH was necessary when benzenephosphonic acid was used as 

a titrant. The EDTA titration, however, seems to be sensitive to pH changes. The most 
accurate results were obtained by maintaining a pH of 3 for thorium and EDTA 
solutions. 

TABLE 1 

EFFECT OF NITRATE IONS ON THE DETERMINATION OF THORIUM 

Ratio 
NOs- : Th4+ 

Th4+ present 
f mgl 

Th4+ found 
f mgl 

Difference 
f mg)  

Concentration range 
10-200 mg in IOO ml of solution can be titrated by 'either titrant with an accu- 

racy of + 1.5%. Outside this concentration range, the method is less accurate and the 
endpoints are not very sharp. 

Recommended procedure for the titration of thorium 
To an aliquot containing 10-200 mg of thorium add 2-3 ml of I M NaN03 and 

I ml of 0.2% Triton X-100. Make up the solution to IOO ml with I M NaCl solution. 
When the titration is carried out with EDTA, adjust the solution and the titrant to 
pH3 with dilute HCl and check with a pH-meter. Bubble nitrogen through the solution 
for about 5 min. Adjust the voltage across the cell to -1.5 V vs. S.C.E. and titrate 
with 0.01-0.001 M solutions of EDTA or benzenephosphonic acid. Stir the mixture 
after each addition of titrant, note the scale deflections and plot them against the 
volume of titrant to locate the endpoint. 

Figures 2 and 3 show titration curves for EDTA and benzenephosphonic acid 
titrations. The range of accuracy is almost the same for both titrations. For EDTA 
titrations, the end-point occurs at a ratio of thorium : titrant of I : I, as expected. 
With benzenephosphonic acid titrations, the end-point occurs at a ratio of I : 2 for 
thorium : titrant. This agrees with the composition of the thorium benzenephosphonate 
precipitate reported by BANKS AND DAVIS~. Representative results for both titra- 
tions are presented in Tables 2 and 3. 

Interference s t d i e s  
Interference studies were carried out by taking an aliquot of the thorium 

solution, adding a 5-10-fold excess of the foreign ion and titrating as described above. 
Except for the alkali metals, NH4+, Mg2+, Ca2+, Ba2f and Sr2+, most common cations 
interfere. Among the anions, sulfate, acetate, bromate and iodate interfere with the 
analysis. 
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TABLE 2 
AMPEROMETRIC DETERMINATION OF THORIUM WITH EDTA 

- 

Th4+ present Th4+ found Difference Th4+ present Th4+ found Differerace 
(mg) f mgl (mg) * (mg) (mgl 

* Reverse titrations 

TABLE 3 
AMPEROMETRIC DETERMINATION OF THORIUM WITH BENZENEPHOSPHONIC ACID 

Th4+ present Th4+ found Difference Th4+ present Th4+ fowd Difference 
(mgl f mgl (mg) ( W l *  (mgl (mgl 

* Reverse titrations 

DISCUSSION 

I t  is evident from Figs, 2 and 3 that for the direct titration of thorium with 
EDTA and BPA, there is a large flow of current through the cell in the early part of 
the titration. This is due to the reduction of nitrate in the. presence of thorium. 
However, as the end-point approaches, there is a sharp depletion in the thorium 
concentration and, therefore, a sharp drop in the reduction of nitrate ions and hence, 
a drop in current flowing through the cell. After the end-point, the amount of current 
flowing through the cell remains unchanged. 

For reverse titrations, a small amount of current flows through the cell a t  the 
beginning, and the current rises slowly as the end-point is approached. As soon as the 
end-point is crossed, the smallest excess of thorium aids in the reduction of nitrate 
ions and hence, a large flow of current. As the reduction is not quantitatively pro- 
portional to thorium concentrations, the initial jump in the value of current flow is 
followed by a slower rise in current values. 

The polarographic reduction of nitrate ions in the presence of cations such as 
U0~2+, La3+, Zr*+ and Th4+ has been a subject of several investigations. In the case 
of UOzz+, a catalytic mechanism is postulated'. The U0$+ is first reduced to the 5 + 
and then to the 3+ state. During the second stage of reduction, nitrate ions are 
reduced according to the following: 

U3+ +Nos-+ 2 H+ + U4+ + NO2 + Hz0 

The irreversible reduction of nitrate in the presence of 0.1 M Zr4f as supporting 
electrolyte has been studied by WHARTON~. He concludes that the reduction is not 
catalytic and involves the reduction of distinct Zr-NO3 complexes. 
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I t  appears that the reduction of nitrate in the presence of thorium involves 
the reduction of Th-NO3 complexes that are formed and reduced near the electrode. 
Since thorium ion does not exhibit any other valency than 4+,  a catalytic mechanism 
is difficult to explain. 

DETERMINATION OF LANTHANUM 

NODDACK AND BRUCKL~ first studied the polarographic reduction of lanthanum 
and reported two reduction waves at  -1.90 and -2.00 V. They concluded that the 
reduction proceeded first to the 2+ state and finally to the metal. From other 
studies, it is now well established that, among the lanthanoids, the reduction to the 
2 + state occurs only with Sm3+, Eu3+ and Yb3+. For other members, the reduction 
wave corresponds to only one reduction step, to the metal, and is masked by the 
hydrogen wave. TOKUOKA AND RUZICKA~~ reported the reduction of nitrate in the 
presence of lanthanum and cerium ions. This reduction has been investigated for the 
amperometric determination of lanthanum. 

Reduction of nitrate in the firesence of lanthanum 
The polarographic reduction of nitrate in the presence of Lac13 and I M 

NaCl as supporting electrolyte was studied as described earlier. The results are 
shown in Fig. 4. One of the characteristics of the nitrate wave is the abruptness with 
which the current increases (curve B). Instead of the usual exponential increase, the 

Fig. 4. Reduction of nitrate in presence of lanthanum. (A), I m M  NaC13 in I M NaC1; (B), as (A) 
+ I  mM NaNOs. 
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current remains perfectly constant until the reduction potential is reached (- 1.5 to 
- 1.6 V) and then increases sharply. 

Recommended procedure for the titration of lanthanum 
To an aliquot containing 10-200 mg of lanthanum add 2-3 ml of I M NaN03 

and I ml of 0.2% Triton X-100. Make up the solution to IOO ml with I M NaCl 
solution. Adjust the pH to pH3 with dilute HC1 and check with a pH-meter. Bubble 
purified nitrogen through the solution for about 5 min for de-aeration. Adjust the 
voltage across the cell to -1.5 V vs. S.C.E. and titrate with 0.01-0.001 M EDTA 
solution, stirring aftel each addition of titrant. Plot scale deflections against volume 
of EDTA to locate the end-point. Figure 5 shows representative titration curves and 
Table 4 presents some results. The method gives an experimental error of If: (0.5-3%). 
Titrations using benzenephosphonic acid as titrant gave erratic results. 

Theo 9.60rnl g \ ,,9.65rnl 
.- z 2 

5 10 15 20 25 30 35 
LaCIJ (ml) 

Fig. 5. Titration of lanthanum with EDTA. 

aJ - 
IC 

u 
aJ - 

TABLE 4 
AMPEROMETRIC DETERMINATION OF LANTHANUM WITH EDTA 

: ; i r  
5 10 15 20 25 30 35 

EDTA (ml) 

LaS+ present La3+ found Difference La3+ present LaS+ found Difference 
(mgl (mgl (mgl (mgl* (mgl (mgl 

* Reverse titrations 

DISCUSSION 

All the cations and anions mentioned earlier as interfering in the determination 
of thorium also interfere with the lanthanum titration i.e., only the alkali metal and 
alkaline-earth metal ions are tolerated in this determination. 
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The diffusion current due to nitrate reduction is not affected by increase in 
nitrate ion concentration and is proportional to lanthanum concentrations only over 
a limited range. The reduction of nitrate may involve La-NO3 type complexes. 

SUMMARY 

The reduction of nitrate ions in the presence of thorium and lanthanum is 
utilized for the amperometric determination of these two metal ions. Thorium can be 
titrated with EDTA or benzenephosphonic acid at  a voltage of -1.5 V vs. S.C.E. 
Lanthanum titrations are carried out at the same voltage using EDTA as a titrant. I t  
is possible that M-NO3 (where M = Th4+ or La3+)-type complexes are reduced near 
the electrode. The effect of variation in experimental conditions and metal concen- 
tration, and the accuracy of determinations are discussed. 

REFERENCES 

I R. PARSONS, Handbook of Electrochemical Constants, Buttenvorth, London, 1959, p. 69, 72. 
2 A. A. SMALES AND L. AIREY, Atomic Energy Research Establishment, Harwell, Chemical Division 

Memorandum, No. 131. 
3 I. M. KOLTHOFF AND R. A. JOHNSON, J .  Electrochem. Soc., 98 (1951) 138. 
4 M. SUNDERASAN AND M. D. KARKHANVALA, Current Sci., (India), 23 (1954) 258. 
5 A. LANGER, Ind. Eng. Chem., Anal. Ed., 12 (1940) 511. 
6 C. V. BANKS AND R. J. DAVIS, Anal. Chim. Acta, 12 (1955) 418. 
7 I. M. KOLTHOFF, W. E. HARRIS AND G. MATSUYAMA, J. Am. Chem. Soc., 66 (1944) 1782. 
8 H. W. WHARTON, J.  Electroanal. Chem., g (1965) 134. 
g W. NODDACK AND A. BRUCKL, Angew. Chem., 50 (1937) 362. 

10 M. TOKUOKA AND J. RUZICKA, Collection Czech. Chem. Commun., 6 (1934) 339. 

J .  Electroanal. Chem., 13 (1967) 425-432 



ELECTROANALYTICAL CHEMISTRY AND INTERFACIAL ELECTROCHEMISTRY 433 

EVALUATION OF THE CHARACTERISTICS OF EXCHANGE REACTIONS 
I. EXCHANGE REACTION AT A SOLID ZINC ELECTRODE IN ALKALI 

J. P. G. F A R R *  

Department of Industrial Metallurgy, University of Birmingham (England) 
N .  A. HAMPSON 
Chemistry Department, Loughborough University of Technology, Leicestershire (England) 
(Received April, 15th. 1966) 

For the zinc exchange at  solid zinc electrodes in alkali, a.c. impedance measure- 
mentsl.2 have indicated that in the frequency range below I kc/sec the reaction is 
controlled by adatom diffusion. Furthermore, there is considerable evidence to suggest 
that intermediates are strongly adsorbed at  the electrode interphase. Accordingly, it 
was decided to investigate the charge transfer reaction in the micro-second time range 

Fig. I. Cell. (C), counter electrode; (E), test electrode compartment; (L), Luggin reference system; 
(W), test electrode. 

Fig. 2. Microelectrode. (C), copper wire; (G), glass support; (S), soldered joint; (P), polyethylene 
sheath; (W), working face of electrode. 

* Joseph Lucas Fellow in Electrometallurgy. 
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using the double-impulse method3 whereby adatom diffusion effects would not 
interfere. 

EXPERIMENTAL 

Electrolytic system 
The cell is shown in Fig. I and a typical electrode is shown in Fig. 2. Electrodes 

were prepared from pure zinc (99.9999% supplied by SociCtC de la Vieille Montagne), 
polycrystalline by melting under nitrogen, single crystal by the method of zone melting 
Iollowed by cleaving (to give a (0001) face), heavily cold worked by swaging down 
polycrystalline material to at  least a four-fold reduction in diameter. Electrolytes 
were generally maintained at  high ionic strength. All materials used were of A.R. 
quality, water was bidistilled from deionised stock. Nitrogen for circulation was 
purified by passage over copper at 400'. 

Additional purification by shaking electrolytes with purified charcoal was a 
convenient method of removing surface active impurities. 

Electrical circuit 
The L-shaped pulse was obtained from two generators (Solatron, Type GO 

1005). 
The pre-pulse from one generator, triggered both the other generator and the 

oscilloscope (Hewlett-Packard, type 13oC or Tektronix 545A). The delay units were 
adjusted so that the oscilloscope fired just before the complex pulse rose. From this 
arrangement, a complex negative pulse falling from zero (with the rise time less than 
0.3 psec) was obtained, either step of the function was continually variable within the 
range 0.5 psec-o.1 sec. The output of the pulse generator combination was continuous- 
ly variable; each was capable of delivering 80 rnA at  IOO V into 2500 !2 so that with 
microelectrodes a load resistance was included to limit the current amplitude. Current 
measurements were made by observing the potential developed across a low resistance. 

Since both counter electrode and test electrode were initially and finally at  
earth potential, they were made of identical material. The reference electrode was also 
of material identical with the test electrode and was combined with a Luggin system. 

Electrical adjustments 
Figure 3 shows a typical trace obtained with a single pulse. Figure 4 shows 

balanced double impulse traces with increasing double-layer charging pulse duration. 
0.5, 1.0 and 1.5 psec pulses were satisfactory, overpotential increasing linearly with 
time as required for the non-faradaic process; 2- and 3 psec transients were curved 
during the initial pulse indicating faradaic current in addition to the capacitative 
component. Overpotentials were constant at the end of the shorter capacitative 
pulses (extrapolation not necessary in order to obtain y ~ ,  the activation overpotential) 
some increase was observed with the longer initial pulses. 

A 0.5 psec initial pulse in conjunction with a 7 psec faradaic pulse was generally 
used. 

Measurements 
The value of the overpotential was determined for a range of anodic and catho- 

J.  Electroanal. Chem., 13 (1967) 433-441 



dic faradaic currents. After a series of measurements had been completed, readings 
were checked at  the highest and lowest faradaic current. If checks were not satisfac- 
tory this was due to either 

(i) electrode obscured by a bubble of nitrogen, 
(ii) thermal instability, 
(iii) insufficient electrode pretreatment. 

Fig. 3. Typical trace using a single pulse. Time base, I psec cm-1; sensitivity, I mV cm-1; 25'; 
electrolyte, 7 M KOH + o.or=j M Zn2+. 

Fig. 4. Typical "balanced" traces from double impulse expts. Time base, I psec cm-1; sensitivity, 
I mV cm-1; 25O; electrolyte, 7 M KOH + 0.015 M Zn2+. Initial pulse: (A),  0.5; (B), 1.0; (C), 1.5; 
(D), 2.0; (E), 3.0 psec. 

Accuracy of measurements 
Electrode potentials could be read to ko.01 mV in the range up to 2 mV, and 

k0.05 mV in the range up to 10 mV. Current measurements were only as accurate as 
the oscilloscopes used for the potential measurement across the standard resistance, 
+3%. Temperature control was +I" at oO and k0.3" throughout the experimental 
range. The maximum error in the determinations was about + 1o0/,. 

Electrode pretreatment 
The electrode was either mechanically or electrolytically polished, and chem- 

ically etched before assembly into the circuit. About 1000 atomic layers were removed 
from the surface by a charge of I C cm-2 at  a rate insufficient to cause passivation. 
Experiments were commenced after an open circuit period of 5 min. 
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RESULTS 

Polycrystalline zinc electrodes 
Typical faradaic current-overpotential data are shown in Fig. 5a. Increase of 

temperature reduced the overpotential at any applied current density. 
Values of i o  and& calculated using an iterative technique (see subsequent note) 

are shown in Table I together with values of io estimated geometrically; the agreement 
was satisfactory. 

Variation of exchange current with zinc ion concentration. Table 2 shows ex- 
change currents at 25' in electrolytes of low ionic strength. Table 3 shows similar 
determinations in electrolytes of high ionic strength. The exchange current was 
independent of the zinc ion concentration. 

TABLE 1 
EXCHANGE CURRENTS AND CHARGE TRANSFER COEFFICIENTS CALCULATED 

(a) G e o m e t r i c a l l y ,  (b) iteratively 

T Zn 2+ NaOH &(a) io(b) 0: 

( M )  ( M )  ( A  cm-2) ( A  cm-2) ( b )  

TABLE 2 
EXCHANGE CURRENTS AT 2 s 0  IN  I M TOTAL ELECTROLYTE CONCENTRATION 

(added N a C 1 0 4 )  

[NaOH] [Zn2+] io [NaOH] [Znz+] io 
fM/  f M )  ( A  cvn-9 ( M )  f M /  ( A  cm-2) 

0 . 1  Nil 0 . 0 4 9  0 . 2  Nil 0 . 0 5 4  
0 .  I 0 . 0 0 0 2 5  0 . 0 4 1  0 . 2  0 . 0 0 0 7 5  0 . 0 4 5  
0 .  I 0.0005 0.042 0 . 2  0 . 0 0 1 5  0 . 0 5 2  
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TABLE 3 
EXCHANGE CURRENTS AT 25' IN HIGH ELECTROLYTE CONCENTRATION 

NaOH [Znz+] i, [KOH] [Znz+] i, [LIOH] [Znz+] io 
( M )  ( M )  ( A  cm-z) ( M )  ( M )  ( A  em-2) ( M )  ( M )  ( A  cm-2) 

7.0 Nil 0.140 7.0 0.016 0.238 4.95 Nil 0.185 
7.0 0.0014 0.160 7.0 0.040 0.241 4.95 0.056 0.167 
7.0 0.0047 0.120 7.0 0.080 0.231 4.95 0.140 0.175 
7.0 o.oog4 0.130 7.0 0.64 0.224 4.95 0.280 0.166 
7.0 0.470 0.138 

Fig. 5. Results of double impulse expts. Polycrystalline zinc electrode; electrolyte a t  const. ionic 
strength 7 (with NaC104). (a), Typical faradaic current-overpotential curves a t  0.35 M NaOH 
+ 0.001 M Znz+; (b), Variation of exchange current with hydroxide concn., 25O. 

Variation of exchange cz~rvent with hydvoxide concentration. Figure gb shows the 
variation of exchange current with sodium hydroxide content in a solution of ionic 
strength 7. Table 4 shows the slopes (3 log io/3 log [OH-]) for the systems tested. 

Temperatzlre dependence of exchange cztrrent. Figure 6 shows the variation of 
exchange current with temperature in mixtures of sodium hydroxide and perchlorate; 
Fig. 7 shows the dependence in electrolytes based on other cations. For sodium ion 
solutions, the temperature variation corresponded to an enthalpy of 3.1 kcal.mole-1; 
for potassium and lithium, enthalpies were 2.9 and 2.65 kcal.mole-1, respectively. 
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TABLE 4 

T H E  VARIATION O F  E X C H A N G E  CURRENT WITH TEMPERATURE 

Ionic strength [ZnZ+] Cation a(log io)/a(log [OH-]) 
f M )  f M )  

2s0 40" 55" 

I .o 0.00025 Na 0.15 

7.0 Nil Na 0.25 

7-0 0.0014 Na 0.23 0.23 0.23 

7.0 o.oog4 Na 0.15 0.16 0.16 

7.0 0.047 Na 0.15 0.16 0.16 

1.0-7.0 0.08 K 0.27 

1.0-7.0 0.056 Li 0.30 0.29 0.27 

Fig. 6. Temp. dependence of exchange current. Polycrystalline zinc electrode; electrolyte, ionic 
strength (NaC104) 7 M. (A),  7 ;  (B), 2.1; (C), 0 . 7 ;  (D), 0.07 M OH-. 

Fig. 7 .  Temp. dependence of exchange current. Polycrystalline zinc electrode. (A), 7.0 M KOH; 
(B), 3.5 M  KOH; (C), 5.0 M  LiOH; (D), 2.1 M LiOH. Electrolytes contained 0.05 M  ZnZf. 
KOH electrolytes were a t  7 M  ionic strength with KF. 

Single crystal (surface orientation (0001) and heavily cold worked electrodes) 
Figure 8 shows the results of measurements on a single crystal electrode. The 

exchange current was about one-third of its value on a polycrystalline electrode; the 
activation enthalpy was 3.4 kcal.mole-1. 

Figure g showsresultsof typicalmeasurements on heavily coldworked electrodes. 
The exchange current and activation enthalpy were approximately those of the poly- 
crystalline surface. 
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Fig. 8. Results of expts. with single crystal zinc. Electrolyte, 1.4 M NaOH, 0.047 M Zn2+: ionic 
strength, 7 M (with NaC104). 

Fig. g. Results of expts. with heavily cold worked zinc. Electrolyte, 0.35 M NaOH, 0.001 M Znz+; 
ionic strength, 7 M (with NaC104). 

DISCUSSION O F  RESULTS 

Cleanliness of the system 
The double impulse method resembles experiments with a dropping mercury 

electrode in that the electrode is constantly being renewed. In a well-purified electro- 
lyte, the stability requirement is reduced to a few seconds by repeat determinations; 
satisfactory reproducibility confirmed that impurities were below the level required 
to interfere with the experimental results. 

The  magnitude of the exchange current 
Polycrystalline and single crystal electrodes. The exchange currents observed 

are much larger than the values of adatom fluxes observed in a.c. experimentsl.2. 
The exchange current on a polycrystalline electrode in I M sodium hydroxide is 
about 100 mA cm-2. The magnitude of the exchange current on single crystal elec- 
trodes, approximately one-third of the value on polycrystalline electrodes, indicates 
that the charge transfer rate is about the same on both types of surface, the apparent 
reduction being offset by the greater roughness factor for the polycrystals (2-3 times). 
This factor agrees well with pseudo-capacities observed at  polycrystalline and single 
crystal surfacesl.2. 

From a.c. measurementsl.2, increases in exchange current in passing from 
single crystal to polycrystals are proportionately less than changes in adatom flux, 
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in agreement with the differences between the two processes. The enthalpy obtained 
for the activation energy plots compares well with corresponding values on poly- 
crystals and confirms the relative unimportance of the surface orientation on the 
exchange reaction. 

Heavily cold worked electrodes. The exchange current observed with these 
electrodes is slightly less than for polycrystalline electrodes, and indicates that the 
true area is similar per unit of superficial area in the two cases. 

The charge transfer reaction. The dependence of exchange current on hydroxide 
ion concentration only indicates considerable interaction between that ion and the 
electrode surface, either as a strong physical adsorption or as an intermediate. Two 
possibilities may be considered for the occurrence of the exchange current dependence 
observed, 

i o  = ZFk* c%- (where k* involves a kO) (1) 

involving either a one- or two-step charge transfer. 
Two-electron charge transfer mechanism. The charge transfer reaction 

(i) Zn,d+z OH- + Zn(OH)z+z e (2) 

connects the exchange current, i o ,  with the standard rate constant and the reactant 
concentration by the equation 

The concentration of Zn(0H)z at  the electrode must be independent of zincate 
in solution; this implies a complete or almost complete adsorbed layer of Zn(0H)z. 

Without postulating adsorption of OH-, the charge transfer coefficient is 0.1. 

If OH- is adsorbed and follows an equation of the form 

[OHad-] = A[OH-]'In (4) 

which often describes adsorption from solution (but for which there is no theoretical 
justification), or may be considerably greater than 0.1 

Successive electron transfer. For the successive electron transfer process 

(ii) h a d +  OH- + Znad(OH) +e 

followed by 

(iii) Znad(OH) + OH- + Zn(OH)z+e 

(where the oxidised species may contain more or less OH- than shown) we can write 

(io) ii = F ~ : ~ ~ ~ c ~ ~ ~ ) c ~ ~ J c ( ~ ~ ~ ~ ~ (  (5 )  

and 

(io)iii = j7k.iii, ca(iii) ~~(iii)c(~-~(iii)) 
Zn(0H)OH- Z ~ I ( O H ) ~  (6) 

For the whole process, the charge transfer resistance is given by 

and the slowest process clearly dominates the value of RD. 
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If (ii) is slow, an equation of form (I) will be the result of a constant concentra- 
tion of Zn(0H) at the electrode surface. 

If (iii) is the slow step in addition to a constant concentration of the interme- 
diates represented by Zn(OH), the concentration of Zn(0H)z will require to be in- 
dependent of zincate concentration by adsorption. 

Both (ii) and (iii) may involve the adsorption of hydroxide, in which case the 
change transfer coefficient will be in excess of 0.2. 

Choice of t h  mechanism. Of these possibilities, the two-step charge transfer 
process with (iii) faster than (ii) so that to some extent (iii) is obscured, is the most 
attractive since the postulation of a complete adsorption layer of the soluble product 
Zn(0H)z is avoided. Adsorption of hydroxide is indicated as the result of impedance 
measurementsl.2; the transfer coefficient is likely therefore to be in excess of 0.2 as 
indicated by the mathematical analysis of overpotential-current data. The following 
reaction sequence is indicated. 

(i) Znrinr+ OH- --t ZnaaOH- (very slow) adatom diffusion with OH- 

(ii) 

(iv) Zn(0H)z + z OH- 2% Zn(OH)& 

Activation enthalpy. Values of the activation energy were very much lower 
than that obtained by HUSH AND BLACK LEDGE^, 10 kcal.mole-l, on an amalgam 
surface. Activation energies were smaller with lithium cations than with either 
sodium or potassium. 
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SUMMARY 

The exchange reaction at  a solid zinc electrode in alkali has been investigated 
using polycrystalline, single crystal, and heavily cold worked zinc. Exchange currents 
have been measured. The dependence of the exchange current on the reactant con- 
centration of the electrolyte indicated adsorption of intermediates at the electrodes; 
to some extent this was confirmed by calculation of the electron transfer coefficient 
using an iterative method. Various mechanisms are discussed, the most attractive is 
a two-step charge transfer process. 

Enthalpies of activation for the transfer process are reported. 
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(Eingegangen am 22. Dezember 1965, revisioniert am I. Juni, 1966) 

EINLEITUNG 

Informationen uber einen elektrochemischen Prozess werden hauptsachlich aus 
Messungen elektrischer Grossen gewonnen, die an der Elektrode, an der der Prozess 
ablauft, vorgenommen werden. Jahrzehntelang waren die Stromdichte-PotentiaI- 
Messungen stationarer Zustande der einzige Weg zu diesem Ziel; heutzutage kann 
dagegen, dank der Entwicklung in den letzten funfzehn Jahren, zwischen mehreren 
Wegen gewahlt werden. Diesem Fortschritt steht allerdings der Nachteil einer Nomen- 
klatur, die keineswegs als glucklich bezeichnet werden kann, gegeniiber. So lasst sich 
beim Studium der Literatur feststellen, dass es fiir eine bestimmte Methode mehrere 
Namen gibt und dass umgekehrt fur mehrere, vollig verschiedene Methoden ein 
einziger Name in Gebrauch ist. Das stort besonders bei Literaturzusammenstellungen 
(z.B. bei Lit. I), wo es demzufolge notwendig wird, sich bei jeder zitierten Arbeit zu 
vergewissern, ob tatsachlich die interessierende Methode angewendet wurde oder 
nicht. 

Diese Schwierigkeiten waren der Anlass zu vorliegender Arbeit ; einerseits ist 
es ihr Ziel, zu zeigen, wodurch sich die einzelnen, fur die Praxis bedeutungsvollen 
Methoden voneinander unterscheiden, andererseits, sie im Hinblick auf Leistungs- 
fahigkeit und vorteilhaftesten Einsatz untereinander zu ve~gleichen. Der erste 
Gesichtspunkt schliesst den Versuch einer Systematisierung ein, der zweite durfte 
das Interesse des Praktikers besitzen, der, um sein Problem zu bewaltigen, zwischen 
den verschiedenen Losungswegen wahlen muss. 

SYSTEMATISIERUNG DER METHODEN 

Bekanntlich werden aus der Schar der Variablen, die das System charakteri- 
sieren, zwei ausgewahlt, von denen die eine willkurlich verandert und die andere in 
Abhangigkeit von diesen Veranderungen gemessen wird; dabei wird dafur Sorge 
getragen, dass alle weite~en Variablen konstant bleiben. Stets ist ein Gleichgewichts- 
zustand des Systems der Ausgangspunkt der Untersuchung; eine Storung* wird 
.- 
* Obwohl die Storung des elektrochemischen Gleichgewichts auch auf nichtelektrischem Wege 
erfolgen kann (2.B. mit Ultraschall2 oder mit UV-Strahlung bzw. sichtbarem Licht3), haben nur 
die Methoden Bedeutung erlangt, bei denen die Storung auf elektrischem Wege vorgenommen 
wird. 
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dadurch verursacht, dass die unabhangige Variable in definierter, gewunschter Weise 
verandert wird. 

Es ist zweckmassig, unabhangige und abhangige Variable durch Zeitfunktionen 
zu beschreiben. Alle hierbei infrage kommenden Zeitfunktionen bestehen aus drei 
Teilen, aus zwei konstanten, die das Verhalten VOI und nach der Storung widergeben, 
und aus einem veranderlichen Teil dazwischen, der den Obergang beschreibt. Dieser 
letztgenannte Teil, nach der Nomenklatur der Regelungstechnik die Fuhmngsgrosse, 
bildet in Verbindung mit der unabhangigen Variablen die Grundlage der vorgenomme- 
nen Einteilung (Abb. I). 

nierter Fuhrungsgrosse Fijhrungsgrijsse und IAEl*lO rnVt 

elektrische Methoden - 
I 

Methoden rnit definierter Fiihrungsgrhe und IAEl 510 rnV 

Sinusrnethoden w 
Abb. I 

Der Messvorgang verlauft folgendermassen: Man stellt die unabhangige 
Variable, ausgehend von einem stationaren Gleichgewicht, nach einer vollig belang- 
losen Zeitfunktion auf einen neuen Wert ein. Nachdem dieser Wert erreicht ist, wartet 
man eine frei gewahlte Zeit und bestimmt danach den Wert der abhangigen Variablen 
(entweder direkt oder indirekt mit Hilfe eines Unterbrechers). Im allgemeinen wartet 
man so lange, bis sich ein neues stationares Gleichgewicht eingestellt hat. Wie weit 
man sich diesem Zustand tatsachlich nahert, hangt sehr von den jeweiligen Umstanden 
ab, denn erfahrungsgemass andert sich die abhangige Variable oft noch Stunden nach 
der Stiirung. Daher wartet man in Anbetracht des Zeitaufwandes und der Fraglichkeit 
des erzielbaren stationaren Gleichgewichts oft nur eine gewisse kurze Zeit, bis man die 
abhangige Variable bestimmt. 

Man gewinnt also einzelne Wertepaare, die stationaren Gleichgewi'chten zu- 
geordnet werden. Urn zu quantitativen Aussagen iiber die Durchtrittsreaktion zu 

* Maximal I bis 2 V; die absolute Knaerung des Elektrodenpotentials 1 AE 1 spielt aus theoretischen 
Griinden eine Rolle. 
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TABELLE I 
- 

Unabhangige Gemessene Bezeichnung der Bestimmung des Eestimmung des 
Variable, Grosse Methode Austausch- Durchtrittsfaktors 
Fuhrungsgrdsse stromdichte 

E, undefiniert I(t++ m) potentiostatische 
Methode (poten- 
tiostatic method; 
mkthode potentio- 
statique) 

I ,  undefiniert E(t++ a) amperostatische 
(auch : galvano- 
statische) Methode 
(galvanostatic 
method; m6thode 
galvanostatique) 

jo aus In j(q+o) a aus a ln  j/av * 
(q>0.1 V) 
(Tafelsche 
Geraden) 

oder oder 
jo aus In ( ( q p - o ) ~ ;  cx aus a In (/a7 * 
5 = j l ( ~  :exp(nfq)) 
(7  beliebig) ; 
ks< 0.1 cm sec-1 

* Grundsatzlich kann man den Durchtrittsfaktor aus der Konzentrationsabhangigkeit der Aus- 
tauschstromdichte nach a ln jo/a l n C o ( ~ )  (siehe z.B. Lit. 4)  bestimmen, wobei aber nur eine Konzen- 
tration variiert werden darf. Einige Methoden erlauben es aber, den Durchtrittsfaktor ohne eine 
solche Konzentrationsvariation zu bestimmen. Fur diese Falle wird nur der andere Weg  in  den 
Tabellen angegeben. 

gelangen, werden die Wertepaare auf zweierlei Weise halblogarithmisch aufgetragen. 
Das eine Verfahren ist nur fur grosse Uberspannungen giiltig (es liefert die Tafelschen 
Geraden), das andere5 gilt fur beliebige Uberspannungen und liefert ebenfalls einen 
linearen Zusammenhang zwischen der Uberspannung und dem Logarithmus der 
Stromdichte, aus dem man die kinetischen Parameter ermitteln kann. Je schneller 
alle~dings die Durchtrittsreaktion verlauft, desto mehr versagt das skizzierte Vor- 
gehen, weil die Reaktionsgeschwindigkeit durch den Transport der Reaktionspartner 
bestimmt wird. Nimmt man als quantitatives Mass die Geschwindigkeitskonstante 
der Durchtrittsreaktion beim Standardpotential, k,, so liegt die obere Leistungsgrenze 
dieser Methoden bei etwa ks$  0.01 cm sec-1 (ruhender Elektrolyt) bzw. ks$ 0.1 cm 
sec-1 (rotierende Scheibenelektrode). 

Verkiirzt man die Wartezeit immer weiter, so gelangt man in letzter Konse- 
quenz zur Wartezeit null. Dann misst man die abhangige Variable gleichzeitig, wahrend 
die unabhangige (mit einer Ausnahme) kontinuierlich und nach einer definierten 
Zeitfunktion ein vorgegebenes Interval1 durchlauft. Infolge der definierten Zeit- 
funktion kann jedem Zeitpunkt der Messung ein Wertepaar zugeordnet werden, das 
allerdings eine andere Bedeutung besitzt als das der Methoden mit undefinierter 
Fuhrungsgriisse. Wegen des gerade erwahnten Zusammenhanges kann man die 
abhangige Variable entweder als Funktion der Zeit ode1 der unabhangigen Variablen 
darstellen. 

Es ist natiirlich moglich, die halblogarithmische Darstellung der Wertepaare 
zu versuchen. Allerdings erhebt sich die Frage, was die Geraden (falls sie existieren) 
bedeuten, m.a.W., wie sie zu interpretieren sind. Daher haben diese Methoden nur fiir 
qualitative Aussagen Bedeutung. Sie gestatten es namlich, Einblicke qualitativer Art 
in das Reaktionsgeschehen zu erlangen. Welche Einsatzmijglichkeiten sich im ein- 
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TABELLE 2 

* Dass bei der Systematisierung die Analytik gestreift wird, liegt in der Natur der Sache. Alle 
Methoden k6nnen namlich prinzipiell auch fiir analytische Zwecke verwendet werden; ob und mit 
welchem Erfolg sich die Analytik ihrer bedient, hangt von den jeweiligen Umstanden ab. Dadurch 
gibt es aber fiir wesensgleiche Methoden sowohl "kinetische" als auch "analytische" Bezeich- 
nungen, wie z.B. "potentiostatische Dreieckspannungsmethode" (Verwendung von Festkbrper- 
elektroden) und "oszillographische Polarographie mit vorgegebenem Spannungsverlauf" (Ver- 
wendung von Quecksilbertropfelektroden). 

Unabhangige Variable, Gemessene Bezeichnung der Methode Einsatzmiiglichkeiten 
Fiihrungsgrasse Grosse der Methode 

E I = I(t) Chronoamperometrie (chrono- Analytik7 * 
amperometry ; chronoamp6ro- 
m6trie linkairee) 

zelnen ergeben, ist in den Tabellen 2 und 3 angedeutet; eine ausfuhrlichere Bespre- 
chung verbietet der Umfang dieser Arbeit. 

Von Einfluss auf das Ergebnis ist die Geschwindigkeit, mit der die unabhangige 
Variable das gewahlte Interval1 durchlauft. Einerseits kann man, wenn man sie 
variiert, stationare und instationare Vo~gange unterscheiden, andererseits tritt bei 
sehr grossen Geschwindigkeiten, zumindest zu Beginn der Messung, der parasitare 
Auf- bzw. Entladungsstrom der Doppelschichtkapazitat storend in Erscheinung. 

Wie aus Tabelle 2 hervorgeht, ist fiir die dort aufgefiihrten Methoden jedes- 
ma1 die zeitproportionale Anderung der unabhangigen Variablen, des Elektroden- 
potentials also, charakteristisch; das gilt unabhangig davon, ob sie periodisch oder 
nichtperiodisch erfolgt. Die diskontinuierlichen Spriinge der "multipulse potentio- 
dynamic method stellen keinen Widerspruch zu'dieser Feststellung dar, denn nur die 
zeitproportionalen Stiicke der Zeitfunktion werden fur die Messung herangezogen ; die 
diskontinuierlichen Stufen dienen der Vorbehandlung der Elektrode-sie liefern eine 
ungewohnlich gute Reproduzierbarkeit der Oberflachenaktivitat. Der Zeitpropor- 

t 
z.B. 
Lit. 8 

b4- 
b- ;:I011 

hr . 
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oszillographische Polarographie ' 
mit vorgegebenem Spannungs- 
verlaufg (cathode ray polaro- 
graphys; polarographie oscillo- 
graphique & tension en dents 
de scie6) 

I = I (E)  

potentiostatische Dreieck- 
spannungsmethodel2.13 

Analytik' * 
Reversibilitat 
einer Reaktion; 
Adsor~tions- 
prozesse ; Ver- 

' halten von Misch- 
elektroden 

- 

multipulse potentiodynamic Adsorptions- 
methodl4.15 prozesse 
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TABELLE 3 

Unabhangige Variable, Gemessene Bezeichnung der Methode Einsatzmoglichkeiten 
Fiihrungsgrosse GrBsse der Methode 
- ~ - 

Einzelimpulse des Zell- 1 Chronopotentiometrie (chrono- 
stroms, beliebige Formla potentiometry ; chronopotentio- 

m6trie) 
Transitions- 

Doppelimpulse des Zell- 
stroms, beliebige Form, 
jedoch mit Richtungs- 
umkehr 

Einzelimpuls des Zell- 
stromes beliebiger Form, 
dem Sinus-Wechselstrom 
niedriger Frequenz und 
kleiner Amplitude iiber- 
lagert ist 

zeiten aus Chronopotentiometrie mit Strom- 
E = E(t) umkehr (chronopotentiometry 

with current reversal; chrono- 
potentiometrie avec inversement 
de courant) 

Transiti- Wechselstromchronopotentio- 
onszeiten metrie (alternating current 
aus chronopotentiometryl9; chrono- 
E, = E, (t) potentiometrie B courant 

alternatif surimpos6e) 

Analytik7 * 
Untersuchung 
instabiler Zwi- 
schenprodukte; 
Lebensdauer von 
Komplexionenl7-18. 
Geschwindig- ' keitskonstanten 
gekoppelter 
chemischer Re- 
aktionenls ; 
Bestimmung von 
Diffusions- 
koeffizienten 

Sinus-Wechselstrom so Elek- oszillomaphische Polarornaphie Analvtik' * 
grosser Amplitude, dass die troden- nach ~ e y r o v s k ~  und F&ej t~  , ~evekibi l i t2t  
Potentialanderung I bis 2 V potential (alternating current oscillographic einer Reaktion; 
betragt E, =E, (I) polarography; polarographie Adsorptions- 

bzw. oscillographique 9. courant prozesse 
(dE,/dt) = sinusoidal) 
(dE,ldt) (E-1 

* Vgl. Fussnote zu Tabelle 2. 

tionalitat wegen gehoren alle Methoden in Tabelle z zu den "potentiodynamischen 
Methoden"*. 

Fur die in Tabelle 3 zusammengestellten Methoden, deren unabhangige 
Variable der Zellstrom ist, gilt im wesentlichen das bereits Gesagte. Die Anderung der 
unabhgngigen Variablen erfolgt mit einer, schon eingangs erwahnten Ausnahme 
wieder kontinuierlich, jedoch nicht unbedingt proportional zur Zeit** ; eine Periodizi- 
tat der Zeitfunktion ist belanglos. Die Ausnahme bildet die Chlonopotentiometrie, die 
oft einen rechteckigen Sprung des Zellstromes verwendet ; um in der Nomenklatur der 
Regelungstechnik zu sprechen: in diesem Fall ist die Fuhrungsgrosse eine &Funktion 
der Zeit. Fast genau dieselbe Fuhrungsgrosse besitzt eine einfache Sprungmethode, 
allerdings ist dort die Sprunghohe wesentlich kleiner. Wahrend man sich hier fur die 
Transitionszeiten interessiert, interessiert man sich dort fur den Kurvenverlauf 
E = E(t). Im ubrigen ist die spezielle Gestalt der Fuhrungsgrosse naturlich eine Frage 
der experimentellen Realisierbarkeit. 

Zwei Grunde lassen sich dafiir anfuhren, dass die so charakterisierten Methoden 
in den letzten Jahren in steigendem Masse zum Studium der Elektrodenkinetik, 
insbesondere zur Bestimmung der kinetischen Parameter, herangezogen wurden. 
Einerseits vermogen sie, den Einfluss der Konzentrationsiiberspannung auf ein 

* Statt "potentiodynamisch" wird auch "potentiokinetisch" gesagt20. 
** Im zeitproportionalen Fall spricht man von "amperodynamischen Methoden". 
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Minimum zu reduzieren, andererseits gelingt es, mit ihnen noch solche Elektroden- 
reaktionen quantitativ zu erfassen, die wegen ihrer relativ hohen Geschwindigkeit den 
Methoden mit undefinierter Fuhrungsgrosse nicht mehr zuganglich sind. 

Diese Methoden zeichnen sich alle dadurch aus, dass sie den zu untersuchenden 
Prozess auf ein Model1 ubertragen, in dern der Reaktionsmechanismus, der Transport 
der Reaktanten im Elektrolyten und gewisse elektrische Grossen festgelegt werden. 
Das Ergebnis der mathematischen Analyse des Modells wird dann mit dern Ergebnis 
des Versuches verglichen. Der Grad der erzielbaren Obereinstimmung hangt in 
allererster Liriie davon ab, inwieweit man das System dern gewahlten Model1 an- 
passen kann. Im Prinzip kann diese Kelation umgekehrt werden, nur scheitert die 
Anpassung des Modells an die Versuchsanordnung sehr bald an den mathematischen 
Schwierigkeiten. So wird stets vorausgesetzt, dass die Durchtrittsreaktion von erster 
Ordnung ist und nur eine geschwindigkeitsbestimmende Stufe enthalt. Das schrankt 
die Anwendbarkeit der Methoden bereits betrachtlich ein. Eine weitere Schwierigkeit 
bildet die Beriicksichtigung der Doppelschicht sowohl im Hinblick auf den Kapazi- 
tatsstrom als auch bezuglich des Transportes der Reaktanten. Entweder wird ihre 
Existenz in den Modellen iiberhaupt negiert oder sie wird als unabhangig vom 
Elektrodenpotential und von den Reaktanten angesehen. Beide Voraussetzungen 
brauchen durchaus nicht von der Versuchsanordnung erfullt zu werden. 

Der Kapazitatsstrom spielt vor allem bei den Methoden eine Rolle, die mit 
dern Zellstrom als unabhangiger Variabler arbeiten. In diesen Fallen besteht der 
Hauptteil des unmittelbar nach einer Storung fliessenden Stromes aus dern Kapazi- 
tats- und nicht aus dern Faradayschen Strom. Wie bereits darauf hingewiesen wurde, 
verschiebt sich das Verhaltnis um so mehr zugunsten des Kapazitatsstromes, je 
rascher die Storung erfolgt ; der Effekt ist also ganz besonders bei unendlich schneller 
Storung, d.h. bei einer &Funktion als Fuhrungsgrosse, ausgepragt. Bei den Methoden, 
die das Elektrodenpotential zur unabhangigen Variablen haben, spielt dagegen der 
Kapazitatsstrom im Prinzip keine Rolle, sofern man uber einen Potentiostaten 
genugender Leistungsfahigkeit verfugt. 1st das nicht der Fall, so nahert sich das 
Potential mehr oder weniger schnell seinem Sollwert; der Potentiostat besitzt mithin 
eine endliche Einstellzeit, wodurch die Messung erst langere Zeit nach dern Beginn der 
Storung auswertbar wird*. 

Eine weitere Schwierigkeit bei der mathematischen Behandlung bereitet die 
absolute Grosse der Storung. Wahrend der Zellstrom und die Konzentrationen bei 
einer Reaktion I. Ordnung iiber lineare algebraische Gleichungen bzw. uber lineare 
partielle Differentialgleichungen miteinander verknupft sind, bestehen zwischen dern 
Elektrodenpotential und den Konzentrationen bzw. zwischen dern Elektrodenpoten- 
tial und dern Faradayschen Strom exponentielle Beziehungen. Kleine Argumente 
erlauben die Linearisierung der Exponentialfunktionen, wodurch sich die mathe- 
matische Behandlung vereinfacht; so lassen sich verhaltnismassig komplizierte 
Reaktionsschemata berechnen. Im Gegensatz dazu ist die Theorie, die beliebig grosse 
Storungen (oder m.a.W. dnderungen der unabhangigen Variablen) zulasst, schwer 
zu bewaltigen. Nur die einfachsten Probleme und die Methoden, deren unabhangige 
Variable das Elektrodenpotential ist, bilden eine Ausnahme**. 

* Es sei an dieser Stelle ausdrucklich darauf hingewiesen, dass in den Tabellen die ideale Gestalt 
der Fuhrungsgrosse angegeben ist und keinerlei Vorzeichen beachtet werden. 
** Das ist der Grund fur die Bemerkung zu Abb. I. 
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In diesem Zusammenhang muss auf einen moglichen Trugschluss aufmerksam 
gemacht werden. Die Moglichkeit, komplizierte Reaktionsschemata berechnen zu 
konnen, bedeutet fur die Praxis nicht in jedem Fall, dass man diese mit Hilfe kleiner 
Storungen auch aufklaren kann. So ist es mitunter sehr schwierig, gekoppelte che- 
mische Reaktionen bei nur kleinen Storungen geschwindigkeitsbestimmend werden 
zu lassen, wie es zu ihrer Untersuchung notwendig ist. Das erreicht man aber mit 
Hilfe grosser Storungen. 

An dieser Stelle ist noch eine Bemerkung uber die Methoden mit dem Zellstrom 
als unabhangiger Variabler notwendig. Die Grundgleichung der Elektrodenkinetik 
gibt den Faradayschen Strom als Funktion des Elektrodenpotentials an. Diese 
exponentielle Beziehung lasst sich umkehrenzl; sie liefert dann das Elektroden- 
potential als Funktion des Faradayschen Stromes und erlaubt hohere Naherungen, 
die wichtig sind, wenn die Grenze der Leistungsfahigkeit verschoben werden soll. 
Auch die Berucksichtigung des Kapazitatsstromes in der mathematischen Behandlung 
verschiebt diese Grenze nicht, solange man sich auf lineare Naherungen beschrankt. 

Eivcfache Spruvcgmethoden 
Die unabhangige Variable wird bei den einfachen Sprungmethoden nach einer 

&Funktion der Zeit verandert. Man misst einen Teil der Zeitfunktion, die den Uber- 
gang der abhangigen Variablen von dem Ausgangs- in das Endgleichgewicht be- 
schreibt. Das interessierende Zeitintervall erstreckt sich von etwa I O - ~  bis I sec 
(vom Beginn der Storung an gerechnet). Infolge dieser sehr kurzen Zeiten ist man auf 
die oszillographische Aufzeichnung und die Photographie angewiesen. 

Einen Sonderfall stellt die Ladungssprung-Methode dar. Wahrend bei den drei 
anderen Methoden die Stufe unendlich lang ist, die unabhangige Variable m.a.W. nach 
dem Sprung konstant bleibt, bleibt die Ladung der Doppelschicht nach dem Sprung 
nicht konstant. Nachdem namlich eine definierte Ladungsmenge innerhalb sehr 
kurzer Zeit auf die im Gleichgewicht befindliche Elektrode gebracht wurde, wird der 
Elektrolysekreis sofort unterbrochen. Die in der Doppelschicht gespeicherte Ladung 
fliesst iiber einen Faradayschen Strom und einen entgegengesetzt gleich grossen 
Kapazitatsstrom ab. Beide Strome heben einander auf; der Faradaysche Strom wird 
indirekt uber die Potentialanderung E = E(t) bestimmt. Die Ladung der Doppel- 
schicht andert sich also naherungsweise nach einer Diracschen &Funktion, der 
Ableitung der B-Funktion. Aus diesem Grunde ist die Potential-Zeit-Kurve der 
Ladungssprung-Methode, unabhangig vom speziellen Reaktionsmechanismus, gleich 
der Ableitung der Potential-Zeit-Kurve der Stromsprung-Methode41, dasselbe 
System vorausgesetzt. Die Ladungssprung-Methode besitzt gewisse Beziehungen zu 
den klassischen Unterbrechermethoden. Wahrend jene aber bei stationaren Bedin- 
gungen arbeiten, ist diese insofern anders, als sie eine gegen null gehende Elektrolyse- 
dauer vor dem Unterbrechen des Stromkreises besitzt. 

Wie bereits erwahnt, darf die Storung bei der Potentialsprung-Methode 
prinzipiell beliebig gross sein. Fur alle anderen Methoden mussen die Storungen so 
klein sein, dass sich das Elektrodenpotential nur um wenige Millivolt andert. So 
kleine Stomngen verursachen neue Schwierigkeiten. Sie bestehen darin, dass die Kur- 
ven, die das Zeitverhalten der abhangigen Variablen wiedergeben, unabhangig vom 
speziellen Reaktionsmechanismus einander sehr ahnlich sehen und nur schwer eine 
Entscheidung dariiber zulassen, ob das gewahlte Model1 und das untersuchte System 
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T A B E L L E  4 

Unabhangige Gemessene 
Variable, Grosse 
Fiihrungsgrosse 

I V l f J  
I ( t )  

Bezeichnung der Bestimmung der Bestimmung des 
Methode A ustausch- Durchtrittsfaktors 

stromdichte 

Spannungssprung- jo aus I(t*+o) 25 ; a aus a l n  j01 
Methode (voltage- k,< o. I c m  sec-1 a In CO(R)  (siehe 
step method4.221 z 5 ;  z.B. Lit .  4 )  
voltostatic 
method231 2 4 ;  

potentiostatic 
mcthod4.22) 

in Einklang stehen oder nicht. Die Einstellzeit des Potentiostaten verbietet im 
allgemeinen jedoch auch bei der Potentialsprung-Methode beliebig grosse Sto- 
rungen. 

Der Bedeutung des Wortes nach sind nur die einfachen Sprungmethoden 
"Relaxationsmethoden". In  Lit. 23 wurden auch nur diese Methoden dazu gezahlt, in- 
zwischen scheint sich die Bezeichnung jedoch fur alle Methoden eingeburgert zu haben, 

I ( t )  Potentialsprung- jo aus* I ( t * + - 0 ) ~ 7 ~ 9 ~ *  a aus a l n  j ~ /  
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Methode (potential- k,< I c m  sec-1 a In Cot=) (siehe 
step method4.22~24; z.B. Lit. 4)  
potentiostatic 

a t )  

* 
method4.22-24; 
mkthode potentio- 
statiqueZ6) 

Potentialsprung- jo aus Q(t*) 2 9 ;  a aus Q(t*)Z9 
Integral-Methode k.< I c m  sec-I 
(potential-step- 
integral methodz9*30; 
integral potentio- 
static method24) 

E ( t )  Ladungssprung- jo aus log E(t)31; a aus a lnjo/  
Methode (charge- k,< I c m  sec-1 a In CO(R)  (siehe 

@; step method31.32; z.B. Lit .  4 )  
charge-pulse 
methodss; coulo- 
static impulse 
meth0d24~34.35; 
mdthode coulo- 
statique36) 

E ( t )  Stromsprung- jo aus E(t4+-0)3~ a aus a In jo/ 

t' 
Methode (current- ( I .  Naherung mi t  a In CO(R) 
step method22; Doppelschicht ; (siehe z.B. Lit. 4) 
single pulse hohere Naherungen 
galvanostatic ohne Doppel- 
mcthod4; galvano- schicht40) ; 
static,transient k,< I c m  sec-I 
method37; galvano- 
static 
method4,23,37s38 1 

* Fur grosse Potentialsprunge werden auch Anfangsstromdichte-Potential-Kurven gezeichnet, 
die wie in Tabelle I ausgewertet werden. 



450 P. MAZUREK 

die die kinetischen Parameter nicht mit Hilfe halblogarithmischer Stromdichte- 
Potential-Kurven ermitteln (vgl. dazu Lit. 24 und 4). 

Mehrfache Sprwngmethoden 
Der Wunsch, die Leistungsfahigkeit der einfachen Sprungmethoden zu er- 

hohen, d.h. noch schneller verlaufende Durchtrittsreaktionen quantitativ zu erfassen, 
lasst sich nur dadurch verwirklichen, dass man zu immer kurzeren Messzeiten uber- 
geht. Auf diesem Wege wird sehr bald eine Grenze erreicht, die von der Aufladung der 
Doppelschicht gesteckt ist. So wurde der Gedanke entwickelt, ihre relativ langsame 
Aufladung mit einem zusatzlichen Hilfsimpuls abzukurzen. 

TABELLE 5 

Unabhdngige Gemessene Bezeichnulzg der Bestimmung der Beslimmung des 
Variable, Grosse Methode Austausch- Durchtrittsfaktors 
Fiihrungsgrosse stromdichte 

I(t) potentiostatische jo wie bei der a aus a ln j ~ /  
Doppelimpuls- Potentialsprung- a ln CO~E, 
methode Methode (siehe z.B. Lit. 4) 

ks< 10 cm sec-1 

E(t')** amperostatische jo aus E(t*+o)45 * a aus a ln j ~ /  
(galvanostatische) k,< 10 cm sec-1 a In Cot%) 
Doppelimpuls- (siehe z.B. Lit. 4) 
methode42~ 43 

(double pulse (gal- 
vanostatic) 
method4.24; 
double impulsion 
galvanostatique44) 

* Im Zeitpunkt t' liegt fur den eingestellten Strom reine Durchtrittsuberspannung vor; der Strom 
selbst wird nur fur die Elektrodenreaktion verbraucht. Daher kann man aus den Wertepaaren, 
fur die die Abgleichbedingung in t' erfullt ist, eine Stromdichte-Potential-Kurve konstruieren, die 
der reinen Durchtrittsreaktion entspricht. Die Auswertung dieser Kurve erfolgt wie in Tabelle I 
angegeben. 
** Man bestimmt den Potentialverlauf E(t) zu Beginn des zweiten Impulses, d.h. zur Zeit tl + dt = 
t', wenn tl die Dauer des ersten Impulses ist. 

Das Prinzip der Doppelimpulsmethoden sei anhand der zuerst entwickelten 
amperostatischen Variante42 erlautert. Der erste Impuls, sehr kurz und gross, ladt 
praktisch nur die Doppelschicht auf, der zweite Impuls, langer und kleiner als der 
erste*, liefert den Faradayschen Strom fur die Elektrodenreaktion. Beide Impulse 
folgen unmittelbar aufeinander; sie mussen in einem bestimmten Verhaltnis zuein- 
ander stehen, wenn der zweite Impuls gerade den Faradayschen Strom liefern soll. 
Dieses Verhaltnis kann experimentell bestimmt werden. Nur wenn sich an die E(t)- 
Kurve zu Beginn des zweiten Impulses eine horizontale Tangente legen lasst, ent- 
sprechen der eingestellte Strom und das erhaltene Elektrodenpotential der reinen 
* Er muss so klein sein, dass sich das Elektrodenpotential nur urn wenige Millivolt andert46. 
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Durchtrittsreaktion. Der Abgleichbedingung wegen ist die amperostatische Doppel- 
impulsmethode einer Nullbestimmung aquivalent. 

Die potentiostatische Doppelimpulsmethode ist der amperostatischen ahnlich. 
Mit Hilfe eines Vorimpulses hoher Amplitude und kurzer Dauer ist es moglich, die 
Einstellzeit des Potentiostaten um etwa eine Grossenordnung zu erniedrigen46. Man 
kann das Verfahren so weit treiben, dass die Einstellzeit der Dauer des ersten Impulses 
gleich wird44. Man nimmt bei dieser Methode keinen Nullabgleich vor, sondern 
bedient sich der Auswertung, die bei der Potentialsprung-Methode angegeben ist. 

Periodische Meth0de.n 
Alle im weiteren besprochenen Methoden zeichnen sich dadurch aus, dass die 

Fuhrungsgrosse mindestens eine periodische Komponente besitzt. Es lassen sich der 
Fuhrungsgrosse nach vier Falle unterscheiden: I) die Fiihrungsgrosse besteht aus 
einer periodischen Komponente; 2) sie besteht aus einer periodischen Komponente, 
die einer zweiten, nichtperiodischen uberlagert ist ; 3) sie besteht aus einer periodischen 
Komponente, die einer zweiten, ebenfalls periodischen Komponente uberlagert ist; 
4) sie besteht aus zwei periodischen Komponenten, die einer dritten, nichtperiodischen 
Komponente iiberlagert sind. 

Im ersten Fall wartet man, bis sich ein quasistationares Gleichgewicht, d.h. 
ein von der Zahl der vorangegangenen Perioden unabhangiger Zustand eingestellt hat. 
Entweder misst man die Zeitfunktion der abhangigen Variablen oder ihren Wert als 
Funktion einer bestimmten Zeit. Im zweiten Fall untersucht man nicht bei d e n  zu- 
gehorigen Methoden ein quasistationares Gleichgewicht, jedoch immer die abhangige 
Variable als Funktion der nichtperiodischen Komponente (die Frequenz der periodi- 
schen Komponente geht natiirlich in das Ergebnis ein, sie wird aber im Gegensatz zur 
nichtperiodischen Komponente nicht verandert). Im dritten Fall liegen bei den Mes- 
sungen wieder quasistationare Gleichgewichte vor. Man arbeitet hier aber mit 
mittleren Werten (2.B. des Elektrodenpotentials) als abhangiger Variabler, die man 
dadurch einzuhalten sucht, dass man gewisse Veranderungen einer der beiden 
periodischen Komponenten (2.B. der Amplitude) vornimmt. Im vierten Fall schliess- 
lich, bei dem ebenfalls quasistationare Gleichgewichte vorliegen, interessieren Resul- 
tierende der beiden periodischen Komponenten und deren Abhangigkeit von der 
nichtperiodischen Komponente. 

Die Ausfiihrungen lassen erkennen, dass eine Systematisierung auf dieser 
Grundlage schwer zu uberblicken tein wird; in der Tat ware sie sehr verworren. Klarere 
Verhiiltnisse erhalt man auf folgende Weise: Die periodischen Methoden werden in 
zwei Gruppen geschieden, je nachdem ob sie eine sinusfome Komponente in der 
Fuhrungsgriisse aufweisen oder nicht. Die Methoden mit sinusfomiger Komponente 
werden wiederum geteilt, namlich in die, die Effekte I. Ordnung benutzen, und in die. 
die Effekte 2. Ordnung benutzen. Diese Unterscheidung ist auf das Impedanz- 
verhalten der Phasengrenze Elektrode-Elektrolyt zuriickzufuhren: Man kann die 
Phasengrenze, an der ja der Elektrodenprozess ablauft, als ein Schaltdement des 
elektrischen Messkreises ansehen. Dieses Schaltelement zeichnet sich gegenuber den 
anderen des Kreises durch seine nichtlineare Strom-Spannungs-Kennlinie aus. In 
kleinen Bereichen kann die Krummung dieser Kennlinie vernachlassigt und also die 
Kennlinie selbst durch eine Gerade ersetzt werden. Beschrankt man sich auf solche 
Naherungen, so untersucht man Effekte I. Ordnung. Kann man dagegen die Krum- 
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mung nicht mehr vernachlassigen, weil die nichtlineare Kennlinie zu weit ausge- 
steuert wird, so muss man nichtlineare Naherungen berucksichtigen; man studiert 
dann Effekte 2. bzw. hoherer Ordnung*. 

Zunachst seien die Methoden ohne sinusformige Komponente behandelt. 

PeriodiscJze Sprungmethoden 
Die logische Fortsetzung der einfachen und mehrfachen Sprungmethoden sind 

die periodischen Sprungmethoden, bei denen die unabhangige Variable periodisch 
nach &Funktionen ,verandert wird. In jeder Halbperiode finden ebensolche Ein- 
schwingvorgange wie bei den einfachen Sprungmethoden statt, allerdings sind sie 
hier im obigen Sinne quasistationar. 

TABELLE 6 

Unabhangige Gemessene Bezeichnung der Bestimmung der Bestimmung des 
Variable, Grosse Methode Austausch- Durchtrittsfaktovs 
Fuhrungsgrosse stromdichte 

I ( t )  periodische j o  aus Eich- a durch Variation 
(Vergleich Potentialsprung- kurven47148; der positiven und 
mit Eich- Methode (cyclic k,< I cm sec-1 negativen Sprung- 
kurven) potential-step hohe bei kon- 

method47) stanter Konzen- 
tration47s48 

- -- - 

6 E(0) * periodische Strom- I. Moglichkeit : 
sprung-Methode jo aus SE(0; o ) 4 9  

(cyclic current- 
step method49) 

direkte oszillo- 
, graphische 

Methode 

' 2. Moglichkeit : 
j o  aus E(o.18 T) 
(Vorliegen reiner 
Durchtrittsuber- 
spannung) 49 

ks<  I cm sec-1 

jo aus E(o.25 T )  
(Vorliegen reiner 
Durchtrittsiiber- 
spannung) 50 

I k,< I cm sec-1 

a aus a ln jo/ 
a In CO(R) 
(siehe 2.B. Lit. 4) 

a aus a In j o /  
a In CO(R) 
(siehe 2.B. Lit. 4) 

* Es wird die Differenz SE(0) des Elektrodenpotentials in einem bestimmten Zeitpunkt 9 zweier 
benachbarter Halbperioden gemessen; die erste Halbperiode muss ungeradzahlig, die zweite 
geradzahlig sein. 

1st das Elektrodenpotential die unabhangige Variable, so misst man die Zeit- 
funktion der abhangigen Variablen uber die ganze Halbperiode. Um quantitative 
Aussagen zu erzielen, gleicht man die experimentell erhaltenen Zeitfunktionen in 

* Es erhebt sich hier naturlich die Frage, weshalb bei den zuvor besprochenen Methoden nicht von 
Effekten I. bzw. 2. Ordnung gesprochen wurde. Tatsachlich treten aber diese Effekte nur bei 
periodischer Fuhrungsgrosse in Erscheinung. Die Ursache dafur ist, dass nichtperiodische Signale 
ein kontinuierliches, periodische Signale dagegen ein diskretes Frequenzspektrum haben. 
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ihrer gesamten Lange an berechnete Eichkurven an. Daher kann man auch hier von 
einer Nullbestimmung sprechen. Werden dagegen unabhangige und abhangige 
Variable miteinander vertauscht, so misst man nicht mehr die Zeitfunktion der ab- 
hangigen Variablen, sondern ihren Wert in einem definierten Zeitpunkt der Halb- 
periode. Einerseits benotigt man fur quantitative Aussagen eine Messreihe, bei der die 
Frequenz variiert wird, andererseits benutzt man die Tatsache, dass fur alle perio- 
dischen Wechselstrome in einem bestimmten Zeitpunkt der Halbperiode reine Durch- 
trittsuberspannung vorliegt, sofern der Ohmsche Spannungsabfall eliminiert wird. 
Dieser Zeitpunkt kann berechnet werden, so dass man aus der gemessenen reinen 
Durchtrittsuberspannung ohne weiteres die Austauschstromdichte errechnen kann. 

T A B E L L E  7 

Unabhangige Gemessene Bezeichnung der Bestimmzlng der Bestimmung des 
Variable, GrBsse Methode A ustausth- Dztrchtritsfaktors 
Fiihrungsgrosse stromdichte 

z(o) Faradaysche a aus a In jo/  
~ ~ ~ ~ ~ ~ ~ r S a t z -  a l n  co(R, 

daic impedance;  
impedance 

schaltbild (Pfber- (siehe 2.B. L i t .  4 )  
blick bei Li t .  4 ,  52)  

faradique) mit Hi l fe  der 
1 I V e k t o n e c h -  

*o ,( a n . 5 o o H z  
** kleine Ampli tude (siehe T e x t )  
*** E ( t )  wird so langsam geandert, dass quasistationare Gleichgewichte vorliegen. 

nungss.54 oder 
, der kom~lexen 

Ebene9.55-58 oder 
unter Vernach- 
lassigung des 
Imaginarteils der 
Warburg-Impe- 

E ~ = E ~  E: 

tCf t '  

"'t 
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bzw. Farada~sche 
Admittan261 

dam59 (siehe- 
dazu auch Lit .  60)  
ks< I c m  sec-l 

.(.I Faradaysche j~ aus vmsx ( E )  ol ohne  Konzen- 
Admi t tanz  (fara- entsprechend der trationsvari- 
daic admit-  Theorie64 ationa4 
tanceez.63) ks< I c m  sec-1 

I - w ( E )  Wechselstrom- ' 
polarographie ( I .  

Harmonische) 

:, + E,m(E) Wechselspan- 
nungspolaro- 
graphie ( I .  

analytische 
' Methoden 

"' t 
Harmonische) 
(siehe dazu 
Li t .  65 ,  66)  I 
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In praxi empfiehlt es sich, mit moglichst kleinen Frequenzen zu arbeiten, um 
den parasitaren Kapazitatsstrom klein zu halten. Da ein Redoxsystem den Kapazi- 
tatsstrom relativ zum Faradayschen Strom steigert, wenn es irreversibler wird, muss 
eine Frequenzgrenze zu erwarten sein, oberhalb der die Geschwindigkeitskonstante 
der Durchtrittsreaktion ihren Wert verandert. Tatsachlich lasst sich dieser Effekt 
beobachten51. 

Die im folgenden aufgefuhrten Methoden enthalten samtlich sinusformige 
Komponenten in der Fuhrungsgrosse. 

Sinusmethoden: Effekte I .  Ordnung 
Wahrend bei den polarographischen Methoden und der Faradayschen Ad- 

mittanz die Fuhrungsgrosse zusatzlich zur sinusformigen Komponente eine nicht- 
periodische Komponente enthalt, die so langsam variiert wird, dass sich quasi- 
stationare Gleichgewichte einstellen, besteht die Fuhrungsgrosse bei der Methode der 
Faradayschen Impedanz nur aus einer sinusformigen Komponente; es werden eben- 
falls quasistationare Gleichgewichte untersucht. Das Interesse an der letztgenannten 
Methode durfte sich in der letzten Zeit verstarkt haben, weil die Darstellung der 
Zellimpedanz in der komplexen Ebene ausser den kinetischen Parametern die Doppel- 
schichtkapazitat als Funktion des Elektrodenpotentials und der Konzentration der 
Reaktanten liefert. Darin ist diese Methode allen anderen uberlegen. 

Sin.usmethoden: Effekte 2.  Ordnung 
Es wurde bereits darauf hingewiesen, dass die Doppelschicht das eigentliche 

Hemmnis ist, wenn man immer schnellere Durchtrittsreaktionen untersuchen will. 
Man muss dazu zu immer kurzeren Messzeiten bzw. zu hoheren Frequenzen ubergehen. 
Die Messzeit kann nicht beliebig verkurzt werden, da die Auf- bzw. Entladung der 
Doppelschicht eine gewisse Zeit benotigt. Einer Erhohung der Frequenzen geht eine 
Verminderung des elektrischen Widerstandes der Doppelschicht parallel, so dass dann 
der Hauptteil des messbaren Gesamtstromes nicht mehr uber die Faradaysche 
Impedanz, sondern uber die Doppelschichtkapazitat fliesst. Nun wurde gerade betont, 
dass die Methode der Faradayschen Impedanz die Doppelschichtkapazitat zusatzlich 
liefert; wegen der Aussage des vorigen Satzes kommt man damit trotzdem nicht 
weiter. Um das gewunschte Ziel zu erreichen, muss man den durch die Doppelschicht 
bedingten Kapazitatsstrom von vornherein auszuschalten suchen. Das gelingt mit 
den Effekten 2. Ordnung, denn die Doppelschichtkapazitat ist in weit geringerem 
Masse ein nichtlineares Schaltelement als die Faradaysche Impedanz; daher liefert sie 
keinen Beitrag zu den gemessenen Grossen. 

Es gibt drei Effekte zweiter Ordnung: die Faradaysche Verzemng, die 
Faradaysche Gleichrichtung und die Intermodulationsverzerrung. Sie lassen sich 
folgendermassen beschreiben : Wird der Messzelle eine sinusformige Wechselspannung 
aufgepragt, so entKalt der resultierende Wechselstrom Obenvellen der angelegten 
Grundfrequenz; durch die nichtlineare Faradaysche Impedanz entstehen Verzerrun- 
gen, die allgemein mit "Faradaysche Verzerrung" bezeichnet werden. Die Amplituden 
der Oberwellen nehmen schnell mit der Amplitude der angelegten Grundfrequenz 
sowie mit steigender Ordnung ab. Daher betragt die angelegte Amplitude mindestens 
10 mV (dieser Wert ist naturlich von der Empfindlichkeit des Messgerates abhangig), 
und man beschrankt sich auf die I. Oberschwingung, die sogenannte 2. Harmonische. 
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TABELLE 8 

Effekt 2 .  Ordnung Bezeichnung der Methode Hinweise zuv Bestimmung der 
kinetischen Parameter 

Faradaysche 
Verzerrung 
(faradaic 
distortion) * 
k.< 10-20 cm 
sec-1 

I Faradaysche Verzerrung unter kinetische Parameter entsprechend 
wechselstrompolarographischen der Theorie67 aus Hohe und Abstand 
Bedingungen der Maxima; a ohne Konzentrations- 

variation 
.......................................................................................................... 
i analytische Methode: Wechselstrompolarographie 

(2. Harmonische) 
.......................................................................................................... 

Faradaysche Verzerrung unter kinetische Parameter entsprechend 
wechselspannungspolarographischen der Theories8 analog dem obigen Fall 
Bedingungen 

analytische Methode: Wechselspannungspolarographie 
(2. Harmonische) 

Gleichrichtungsspannung 
(redoxokinetic potentialeg) 

(faradaic 
rectification84)* 
ka< 10-20 Gleichrichtungsstrom 

(Fournier effect)67b.70 

Intermodula- Intermodulationspolarographie7~; 
tionsverzerrung Doppeltonpolarographie72; 
ks< 10-20 cm Hochfrequenzpolarographie9 
sec-1 (r.f. polarography'a) (das sind 

"analytische" Bezeichnungen) 

kinetische Parameter auf verschiedene 
Weise (siehk Text); a ohne Konzen- 
trationsvariation 

kinetische Parameter auf vezschiedene 
Weise (siehe Text) ; a ohne Konzen- 
trationsvariation 

bzgl, der Bestimmung der kinetischen 
Parameter siehe Lit. g ,  24, 73, 74 

* Wahrend bei der Faradayschen Verzerrung die Regelung der alternierenden Komponente das 
Ergebnis bestimmt, bestimmt bei der Faradayschen Gleichrichtung die Regelung der mittleren 
Komponente das Ergebnis. 

Legt man an die Zelle statt einer Wechselspannung einen Wechselstrom an, so tritt 
derselbe Effekt auf. Die Methoden, die sich seiner bedienen, haben auch als empfind- 
liche Analysenmethoden Bedeutung. 

Halt man unter genau denselben Versuchsbedingungen entweder die mittlere 
Grosse des Faradayschen Stromes oder die mittlere Grijsse des Elektrodenpotentials 
konstant*, so kommt es, weil die Oberwellen kompensiert werden miissen, zu einer 
Verschiebung des mittleren Elektrodenpotentials (mittlere Grosse des Faradayschen 
Stromes auf null eingestellt) oder des mittleren Faradayschen Stromes (mittlere 
Grosse des Elektrodenpotentials auf den Gleichgewichtswert eingestellt). Allgemein 
spricht man von Faradayscher Gleichrichtung. Diese Verschiebungen sind unabhangig 
davon, ob die Elektrode mit einem Wechselstrom oder einer Wechselspannung 
polarisiert wird. Da bei einem Faradayschen Strom null kein chemischer Umsatz 
stattfindet, hat die erste Moglichkeit besondere Bedeutung erlangt. Die Gleich- 
richtungsspannung ist infolge der Aufladung der Doppelschichtkapazitat zeit- 
abhangig; man kann sie direkt messen, indem man die Verschiebung des mittleren 
Elektrodenpotentials nach dem Einschalten der hochfrequenten Sinusvariablen ver- 

* Geregelt wird, das sei wiederholt, der zeitliche Mittelwert, nicht etwa irgendeine Komponente, 
die zu ihm beitragt. 
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folgt75976* oder die Gleichrichtungsspannung durch eine Spannungjstufe kompen- 
siert74,77,78**. Bei der Kompensation wurde sogar in Analogie zur amperostatischen 
Doppelimpulsmethode die Zeitabhangigkeit der Gleichrichtingsspannung eliminiert, 
indem die Sinusvariable rnit einem Doppelimpuls "moduliert" wurde78**. Alle vor- 
stehend genannten Verfahren erlauben die Untersuchung der knderung der Gleich- 
richtungsspannung mit der Frequenz; sie haben aber den Nachteil, quantitative 
Aussagen uber die kinetischen Parameter erst nach der Bestimmung der uber der 
Faradayschen Impedanz abfallenden Spannung zu ermoglichen. Diese Bestimmung 
ist bei den hohen Frequenzen (=I MHz) nicht leicht. Es besteht aber auch die Mog- 
lichkeit, mit Hilfe der Frequenz, bei der die Gleichrichtungsspannung null wird, die 
gewunschten quantitativen Aussagen zu treffen79. Die Messung der iiber der Faraday- 
schen Impedanz abfallenden Spannung wird damit unnotig. 

Superponiert man der Messzelle gleichzeitig zwei periodische Komponenten, 
die sich in den Frequenzen unterscheiden und i.a. sinusformig sind, so treten in der 
abhangigen Variablen ausser den Eingangsfrequenzen und deren Oberwellen noch 
Komponenten mit den Kombinationsfrequenzen (d.h. Summen- und Differenz- 
frequenzen der Eingangsfrequenzen und Obenvellen sowohl untereinander als auch 
miteinander) auf. Haben die beiden Komponenten unterschiedliche Amplituden und 
einen gewissen Abstand der Einzelfrequenzen, so spricht man (bei U'berlagerung auf 
eine nichtperiodische Komponente wie bei den polarographischen Methoden) von 
Intermodulationspolarographie71, bei (meist) gleicher Amplitude und geringem 
Abstand der Frequenzen von Doppeltonpolarographie72. Die Polarogramme sind 
naturgemass sehr kompliziert, da alle Seitenbander mitgemessen werden. In der Regel 
bestimmt man daher mit frequenzselektiven Anordnungen nur bestimmte Kompo- 
nenten der Intermodulationsverzerrungen. 

Eine Methode, die gewissermassen einen Sonderfall der Intermodulations- 
polarographie darstellt, ist die Hochfrequenz-Polarographie73. Der Zelle wird ein 
hochfrequenter Sinusstrom (0.1 bis 6.4 MHz) uberlagert, der mit einer Rechteckwelle 
von 225 Hz amplitudenmoduliert ist. Man misst mit Hilfe eines konventionellen 
Rechteckwellenpolarographen die Komponente, die durch die Intermodulation des 
hochfrequenten Tragers und seiner Seitenbander entsteht. Da die Seitenbander um 
225 HZ von der Tragerfrequenz entfernt liegen und da man die Komponente misst, die 
durch Summen- bzw. Differenzbildung von Trager und Seitenband entsteht, misst 
man mit dem Rechteckwellenpolarographen den rechteckigen Wechselstrom von 
225 Hz, den man der Elektrode zufuhren muss, um ihr mittleres Potential konstant zu 
halten. Obwohl die Hochfrequenz-Polarographie aus diesem Grunde theoretisch mit 
Hilfe der Faradayschen Gleichrichtung erklart werden kann9.73, ist sie experimentell 
zur Intermodulations-Polarographie zu zahlen24. 

VERGLEICH DER METHODEN 

In praxi wird man die Methoden nach ganz bestimmten und unterschiedlichen 
Gesichtspunkten beurteilen. So wird wohl als erstes die Frage gestellt werden, welche 
Methode eine fur das Problem ausreichende Leistungsfahigkeit besitzt. Die Geschwin- 

* Hier untersucht man also einen Einschwingvorgang 
** I n  diesem Fall nimmt man einen Nullabgleich vor. 
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digkeitskonstante k,, ein quantitatives Mass dafur, ist in den Tabellen angegeben. 
Wie man sieht, besitzen die Methoden der Tabelle 8 die griisste Leistungsfahigkeit. 
Seit dem Erscheinen der ersten Arbeiten ist aber gerade bzgl. der darin angegebenen 
Leistungsfahigkeiten Kritik an diesen Methoden geubt worden23 ; auch hat es bisher 
den Anschein, dass diese Methoden weniger zur Klarung von Problemen beigetragen 
als vielmehr Fragen aufgeworfen haben (z.B. Lit. go), da sie Ergebnisse lieferten, die 
durchaus nicht mit denen anderer Methoden iibereinstimmten. 

Ein weiterer Gesichtspunkt diirfte der apparative Aufwand der Methoden 
sein. Diesbeziiglich sind die Spannungssprung-Methode und die Ladungssprung- 
Methode die einfachsten. Beide Methoden besitzen aber Nachteile, die den anderen 
wiederum nicht zu eigen ist. So wird die Spannungssprung-Methode als einzige der 
einfachen Sprungmethoden vom Gesamtwiderstand des elektrischen Kreises beein- 
flusst. uberwiegt dieser Widerstand den Durchtrittswiderstand, so wird die Bestim- 
mung der Austauschstromdichte unmoglich. Bei der Ladungssprung-Methode ist der 
Einfluss der Doppelschicht am augenfalligsten: man setzt nicht nur voraus, dass die 
Doppelschichtkapazitat in dem interessierenden Interval1 vom Elektrodenpotential 
unabhangig ist, sondern nimmt auch an, dass sie dort von anderen Faktoren (wie 
z.B. der Adsorption oberflachenaktiver Verunreinigungen) nicht beeinflusst wird. 
Daher ist eine gewisse Vorsicht bei der Anwendung dieser Methode geboten. Relativ 
grosser ist der apparative Aufwand bei den Methoden mit dem Elektrodenpotential 
bzw. dem Zellstrom als unabhangiger Variabler, doch ist die moderne Elektrochemie 
ohne Potentiostaten nicht denkbar*. Die Potentialsprung-Methode ist den anderen 
einfachen Sprungmethoden nicht nur wegen der prinzipiell beliebig grossen Sprunge 
iiberlegen (die, wie schon erwahnt, Geschwindigkeitskonstanten gekoppelter chemi- 
scher Reaktionen zu bestimmen gestattet), sondern auch dann, wenn mehrere Elek- 
trodenreaktionen gleichzeitig ablaufen. Der beobachtete Strom ist dann namlich ein- 
fach die Summe der Einzelstrome; im Fall der Ladungssprung-Methode konkurrieren 
die Reaktionen um die verfugbare Ladung, und das beobachtete Verhalten des Elek- 
trodenpotentials ist sehr vie1 komplizierter. Gleiches gilt fur die Stromsprung-Methode. 
Weiterhin ist die Potentialsprung-Methode (fur den Idealfall des rechteckigen Sprun- 
ges) im Gegensatz zu der Stromsprung- und Ladungssprung-Methode von der Kenntnis 
der Doppelschichtkapazitat unabhangig. Bei der Potentialsprung-Integral-Methode 
erhoht sich der apparative Aufwand etwas. Wahrend man bei der Potentialsprung- 
Methode wie auch bei den anderen einfachen Sprungmethoden die Zeitfunktion der 
abhangigen Variablen auf einem Oszillographenschirm sichtbar macht, misst man bei 
der Potentialsprung-Integral-Methode das Integral des fliessenden Stromes mit 
einem elektronischen Integrator. Der Vorteil, der auf Kosten des erhohten apparativen 
Aufwandes geht, besteht darin, dass sich die Messzeit um den Faktor 2500 verlangert 
und das muhsame punktweise Umzeichnen der photographierten Kurve entfallt. 
Einen vielleicht geringeren Aufwand besitzen die Doppelimpulsmethoden. Das 
Problem fur diese Methoden besteht nicht so sehr darin, den zweiten Impuls un- 
mittelbar an den ersten anschliessen zu lassen, als vielmehr darin, dass naturlich 
wahrend des "Aufladeimpulses" die Elektrodenreaktion bereits in Gang kommt. 
Besonders bei niedrigen Konzentrationen der Reaktanten kann eine betrachtliche 

* Bekanntlich kann man mit einem Potentiostaten sowohl das Elektrodenpotential als auch den 
Zellstrom regeln. 
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Konzentrationsuberspannung die Folge sein (vgl. dazu neben Lit. 45 auch 81). Den 
vergleichsweise hochsten Aufwand besitzen die Methoden der Tabelle 8 ; auch bzgl. der 
Theorie sind diese Methoden am aufwendigsten. 

Die potentiostatische und die amperostatische Methode, die ltlassischen 
Methoden der Elektrodenkinetik, haben durch die neu geschaffenen Methoden 
keineswegs an Bedeutung verloren. Fur Elektrodenreaktionen hoherer als I. Ordnung 
sind sie den neuen Methoden sogar uberlegen, da auch fur die einfachsten Varianten 
die mathematische Analyse des Modells an den nichtlinearen Gleichungen (insbe- 
sondere an den Differentialgleichungen) scheitert. In Verbindung mit der Theorie ist 
die Frage, wie die Messergebnisse erhalten und ausgewertet werden, interessant. Am 
attraktivsten sind i.a. Methoden, bei denen eine Nullbestimmung erfolgt. Sie besitzen 
auch vergleichsweise einen kleineren Messfehler. Eine solche Methode ist die ampero- 
statische Doppelimpulsmethode, bei der der genaue Verlauf der Elektrodenpotential- 
Zeit-Kurve uninteressant ist. Daher braucht man nicht das Schirmbild des Oszillo- 
graphen zu photographieren und spater die Kurve muhsam punktweise auszuwerten. 
Ein Beispiel fur den Fall einer wenig attraktiven Nullbestimmung ist die Faradaysche 
Impedanz. Der Nullabgleich mit einer Briickenschaltung ist schwierig und zeit- 
raubend, eleganter diirfte es sein, mit einer Apparatur nach dem Prinzip der phasen- 
empfindlichen Gleichrichtung (z.B. Lit. 82, 83) zu arbeiten. 

Beriicksichtigt man schliesslich noch, dass die meisten Methoden den Nachteil 
haben, den Durchtrittsfaktor aus der Konzentrationsabhangigkeit der Austausch- 
stromdichte bestimmen zu mussen, so sieht man, dass eine beliebige Methode von 
einem Gesichtspunkt aus vorteilhaft, von einem anderen dagegen wenig vorteilhaft 
erscheinen kann. Die Wahl zwischen den Methoden hangt daher sehr von der je- 
weiligen Aufgabenstellung und den verfugbaren Hilfsmitteln ab; eine allgemeingultige 
Regel gibt es nicht. Theoretisch mussten die Methoden unter denselben Bedingungen 
ubereinstimmende Ergebnisse liefern; differieren diese, so ist das wahrscheinlich eine 
Folge davon, dass die Versuchsanordnung mit dem Model1 nicht ubereinstimmt, 
moglicherweise im Reaktionsmechanismus. 

H e m  Prof. K. SCHWABE mochte ich auch an dieser Stelle sehr herzlich fur 
seine Unterstutzung und Forderung bei der Arbeit danken. 

ZUSAMMENFASSUNG 

Um eine Zusammenstellung der im Titel bezeichneten Methoden zur Verfiigung 
zu haben, wurden diese systematisiert und in Tabellen angeordnet. Grundlage der 
Systematisierung waren die unabhangige Variable und ihre vom Experimentator 
vorgegebene Zeitabhangigkeit. Die Tabellen enthalten folgende Angaben: die Be- 
zeichnung der Methode, die unabhangige Variable und ihre Zeitabhangigkeit, die 
gemessene Grosse, die Aussagemoglichkeiten der Methode, die Wege zur Bestimmung 
der kinetischen Parameter sowie Hinweise auf die Literatur uber die theoretischen 
Grundlagen der Methode. Vor- und Nachteile der Methoden werden, soweit das 
moglich ist, beschrieben. 
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SUMMARY 

Electrical methods for the study of the kinetics of electrode reactions were 
systematized and tabulated. The independent variable and its time dependence 
predetermined by the experimentalist were the base of the systematization. The tables 
contain the following items: the name of the method, the independent variable and 
its time dependence, the measured quantity, the capabilities of the method, the route 
which must be taken to determine the kinetic parameters, and references to literature 
dealing with the theoretical fundamentals of the method. Reference is also made to 
advantages and disadvantages of the methods so far as it is possible. 

VERWENDETE SYMBOLE 

analytische Konzentration der oxydierten Form 
analytische Konzentration der reduzierten Form 
Elektrodenpotential 
sinusformige Komponente des Elektrodenpotentials der Frequenz v 
aus mehreren Komponenten bestehendes Elektrodenpotential 
Faradaysche Konstante 
FIRT* 
Zellstrom 
sinusformige Komponente des Zellstroms der Frequenz v 
Austauschstromdichte (bzgl. der Doppelschicht nicht korrigiert) 
Geschwindigkeitskonstante der Durchtrittsreaktion beim Standardpotential 
Zahl der in der Durchtrittsreaktion ausgetauschten Elektronen 
vom elektronischen Integrator gespeicherte Ladung Jdt.I(t) 
Ladungsdichte der Elektrode 
Gaskonstante 
Periodendauer 
absolute Temperatur 
Zeit 
Zellspannung 
Impedanz der Zelle 
Durchtrittsfaktor 
uberspannung 
tlT 
Phasenwinkel zwischen E, und I, 
Maximalwert des Phasenwinkels 
zn/T, Kreisfrequenz 
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NACHTRAG BE1 DER KORREKTUR 

Von den seit dem Abschluss der vorliegenden Arbeit erschienenen Veroffent- 
lichungen ist besonders die als Fortsetzung zu Lit. 24 erschienene Ubersicht85 
hervorzuheben. Inzwischen haben sich auch mehrere Autoren (siehe z.B. Lit. 86) 
mit der Leistungsfahigkeit der potentiodynamischen Methoden (Tabelle 2 )  im Hin- 
blick auf quantitative Ergebnisse beschaftigt, so dass also diese Methoden nicht 
mehr ausschliesslich zu qualitativen Untersuchungen eingesetzt werden. 

85 W. H.  REINMUTH, Anal. Chem., 38 (1966) 270R. 
86 R. S. NICHOLSON, Anal. Chem., 37 (1965) 1351. 
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S H O R T  C O M M U N I C A T I O N  

Evaluation of the characteristics of exchange reactions. 
2. Evaluation of data from double impulse experiments 

L-Shaped pulses of current are of direct application to the study of fast 
electrode reactions using the method of GERISCHER AND K R A U S E ~ .  The first part of 
the pulse prevails for a very short time (usually I psec or less) and charges the double 
layer to the overpotential, VD, required to drive the electrode reaction at a rate 
determined by the amplitude of the second part (faradaic current). The condition 
where the double layer capacity is charged is given by 

where t is time immediately at the end of the first part of the current pulse. The 
complex pulse may be regarded, and is often obtained, as two overlapping pulses-a 
brief "charging" pulse, and a "driving" pulse (see Part 1 2 ) .  

In the initial work of GERISCHER AND KRAUSE~ it was assumed that the value 
of the overpotential at  the end of the first pulse was VD, the overpotential due to 
change transfer. MATSUDA, OKA AND DELAHAY~ have shown that for very fast reactions 
(standard rate constant, kO > I cm sec-I), VD must be obtained from an extrapolation 
to zero duration of the charging pulse, making conventional use of the t* diffusion 
law. For slower reactions, for example the zinc or copper exchanges, the treatment of 
GERISCHER AND KRAUSE is adequate. 

Evaluation. of ex$erinzerttal data 
For small overpotentials (9 < < RTIZF, i.e., about 6 mV) the faradaic 

current, i, is proportional to the overpotential for charge transfer, 

where i o  is the exchange current and R, T, Z and F have their usual meanings. 
Consider a simple reaction of the type 

O+Ze=R (3) 

where R and 0 are reduced and oxidised species, respectively, and for which the 
charge transfer rate equation 

i = (exp -dFrp/RT-exp (I -LX)ZFVD/RT) (4) 

describes the relationship between faradaic current and overpotential. 
I t  is relatively simple to obtain the value of the exchange current, i n ,  by 

measuring the slope of the m-i curves as VD+O when 
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The value of the charge transfer coefficient, or, can be calculated from the 
expression, 

by observing the dependence of the exchange current on reactant concentrations 
(this equation defines i o  in terms of concentrations since activities are not generally 
known; ko is defined accordingly.) 

For overpotentials greater than about 7 mV, the faradaic current - overpoten- 
tial relationship tends to the familiar Tafel exponential law 

where a and b are constants. i o  and or also follow from intercept and slope of Tafel 
plots. 

This method is subject to considerably more error than "low overpotential" 
methods since the ohmic drop at  large faradaic currents becomes appreciable. I t  is 
also possible that the mechanism might change with increased overpotential. 

Another method for the calculation of the charge transfer parameters in the 
region where the deviation of the faradaic current-overpotential data from the linear 
law is small, involves using a computer. The best values of i o  and& are obtained as the 
result of correlating i?D data in the form of eqn. (4) using an iterative technique. 

Programme format 
The programme used computes the optimum value of the charge transfer 

coefficient (or) by minimising the root-mean-square deviation about the mean of the 

Charge transfer coefficient 

Fig. I. Minimisation of r.m.s. deviation of io. Solid zinc electrode in 7 M NaOH containing Zns+ 
a t  2s0. 

calculated exchange current ( io)  using eqn. (4). The value of or is varied until the 
computed root-mean-square deviation reaches a minimum as shown in Fig. I. 

Error arising from ohmic factors can be examined using the programme. 
Successive values (i-y~) are "dropped off" at  the highest overpotential allowing or to 
be calculated as a function of overpotential range. 
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In Part I, Table I, values of i o  obtained by the "low potential" method are 
compared with those by this iterative technique. Satisfactory agreement is demon- 
strated. 

Copies of a computer programme written in Fortran 11-D may be obtained 
from the authors (M.E.W.) 

Summary 
An iterative method for determining the best values of the exchange current 

and change transfer coefficient from data obtained in simple double impulse experi- 
ments. is described. 
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B O O K  R E V I E W S  

Research in Szlrjace Forces, edited by B. V. DERYAGIN, Consultants Bureau, New 
York, 1963, 190 pages, $27.50. 

Russian workers have contributed a great deal in recent years to the fun- 
damental understanding of surface and colloid chemistry and it is particularly 
welcome to have available in English translation a collection of reviews by some of 
their foremost workers in this field. The original Russian publication in 1961 was 
produced to commemorate the 25th anniversary (in 1960) of the founding of the 
Laboratory of Surface Phenomena of the Institute of Physical Chemistry of the 
Academy of Sciences of the U.S.S.R. The Laboratory was initiated in 1935 as an 
offshoot from the Colloid-Electrochemical Institute in order to study the properties 
of thin liquid films. The permanent Director is Professor B. V. DERYAGIN who is also 
the Editor of this volume. The principal interest of the Laboratory is the study of 
surface forces and the r61e that these forces play in colloidal dispersions, aerosols 
and other polydispersed heterogeneous systems. 

The book is divided into five parts, which are devoted in turn to general 
problems in surface forces, polymer adhesion, surface forces in thin liquid films, sur- 
face effects in dispersed systems and surface forces in aerosols. Twenty-eight papers 
in all are included, prefaced by an introduction which describes the evolution of the 
Laboratory from its inception until 1960. The reviews demonstrate clearly the 
Russian interest both in fundamental and applied science. For example, on the 
fundamental side, such problems as: diffusional surface forces in the neighbourhood 
of a liquid interface, the r61e of surface forces in Mica crystals, the measurement of 
the true density of the electrical double layer at a metal dielectric interface, the effect 
of electrolyte concentration on the height of the force barrier for adhesion of platinum 
wires and the theory of coagulation of lyophobic sols by mixtures of electrolytes, are 
discussed. On the applied side, topics such as: the state of connate water in oil 
reservoirs, a radioisotope study of the movement of moisture in peats, and surface 
effects in soil mechanics, are considered. 

This is an extremely useful book, giving as it does an insight into the themes, 
theories and experimental methods of the Russian workers. I t  should undoubtedly be 
studied in detail by anyone interested in this field of work. Regrettably, the price of 
the translation is so high at $27.50 (ca. £10) that it will prevent many workers from 
adding a personal copy to their bookshelves. Moreover, for such an expensive book 
the binding is of poor quality and clearly will not stand the test of continuous use. 

R. H. OTTEWILL, University of Bristol 
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Treatise o n  Electrochemistry by G. KORTUM, 2nd English edition, Elsevier Publishing 
Company, Amsterdam, London and New York, 1965, xxii+637 pages, £ 8.10.0. 

Electrochemistry has now become such a large subject that it is a formidable 
task for one man to attempt a comprehensive book that will give a balanced overall 
view. I t  is greatly to Professor KORTUM'S credit that he has succeeded so well in 
giving a general account of electrochemistry in a single volume. The excellent layout 
of the original text is clearly discernible but, in fact, the book has been completely 
rewritten since the first English edition (1951) and somewhat revised since the third 
German edition (1962) SO that the author can claim with much justification that it is 
"now up to date". 

The broad changes from the previous edition comprise the expansion of the 
original twelve basic chapters to thirteen, the omission of the chapter on gases and 
the introduction of two new chapters: VI. Association and Incom@lete Dissociation of 
Strong Electrolytes, and XII I .  Applications of Electroch.emica1 Processes. The emphasis 
remains on the theoretical basis and physicalinterpretation of electrochemical phenom- 
ena, with little or no description of experimental methods. Each chapter has a useful 
list of references, and most sections end with a helpful bibliography in which there is 
perhaps a higher proportion of German texts than most English-speaking students 
would welcome. 

In a work of this type it would be impossible to satisfy everyone. My own 
reservations concern some of the material on e.m.f.'s, double layers, and electrode 
reactions. Labelling the electrodes in a reversible cell as "anode" and "cathode" (p. 
286) is undesirable although the situation is clearly explained later (p. 307). The foot- 
note on p. 277 is misleading; there is no analogy between a real gas at its Boyle point 
and the hypothetical unit mold idealsolution. The device of introducing the activity of 
electrons in solution (p. 298) does not seem a helpful one, any more than the idea of 
free COz in solid CaC03. The impression given (p. 320) that there is a thermodynamical- 
ly exact value of pH is unfortunate. I t  is not correct "that a zero charge density on 
the surface of the electrode is no longer realizable" when specific adsorption occurs 
(p. 397). The section on electrokinetic phenomena would be greatly improved by a 
reference to Onsager's reciprocal relations and the unity which they bring to the 
various effects. The derivation of the basic equation for "transition" overpotential is 
not as clear as it should be: in eqns. (71) and (72) (p. 464) the quantities k+ and k- are 
not defined and the AG's are called energies of activation while eqn. (78) (p. 446) is 
derived from (75) ignoring AG+-AG-. Also, the activity coefficient ratio will not 
approach unity in an excess of supporting electrolyte (p. 466) since 0 and R in eqn. 
(69) must have different charges. I t  is not at  all clear how Fig. I05 relates to a reac- 
tion of the type of eqn. (69). Equations (88) are valid, not at constant overpotential, 
but at  constant potential, E*.  I t  must be emphasized, however, that these criticisms 
are minor and that the book as a whole is admirably clear. 

The translation into English has been well done and there are few traces of the 
original language. Some of the technical terms could be improved: "partial integra- 
tion" for integration by parts (p. 178), "constant current polarography" for chrono- 
potentiometry (p. 569). The claim to be up to date has had one unfortunate result in 
the discussion of the structure of water (p. 129) where the octahedric (sic) structure is 
preferred to the tetrahedric on recent (1957) evidence now known to be incorrect. The 
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description of the moving boundary method as "recent" (p. 31) does not give a correct 
idea of the modernity of the book. 

The book is well printed and bound; eqn. (99) (p. 137) contains one of the very 
few misprints. It is a pleasure to welcome Professor KORTUM'S new edition and to 
know that it can be recommended unhesitatingly to students. 

ROGER PARSONS, University of Bristol 

J .  Electroanal. Chem., 13 (1967) 466-467 

Image Furnace Techniques by TIBOR S .  LASZLO, Techniques of Inorgcanic Chemistry, 
Vol. V, Interscience Publishers, Inc., New York, 1965, x+195 pages, 90s. 

Image furnaces have found considerable use because they are unique in pro- 
viding a method of reaching high temperatures, in the complete absence of contam- 
inants, in any desired atmosphere. Their chief disadvantages are that the temperature 
distribution in the sample is not uniform and that, in all but the largest sold furnaces, 
which are very expensive, the sample size is restricted. They are invaluable for the 
preparation and study of highly refractory materials in which field they have found 
their main use. 

The equipment is highly specialised and this book provides an excellent and 
up-to-date source of information on all aspects of construction and application. 
Sources of power, concentrators, flux measurement and calculations, and sarnple- 
handling are all covered, in about two thirds of the book, in sufficient detail to permit 
the intelligent selection and design of equipment by workers with no previous expe- 
rience in the field. The last third of the book describes a very wide spectrum of prob- 
lems to which image furnace techniques have been applied. Those of particular 
interest to electrochemists include: conductance measurements on solid and liquid 
refractory materials; the preparation of single crystal materials for use as containers 
for corrosive melts and the preparation of specialised ceramic materials e.g., solid 
oxide electrolytes. A comprehensive bibliography of 244 references gives access to the 
bulk of published work and a tabulated list of image furnace facilities throughout the 
world provides a valuable means of contacting existing workers in the field. 

The book can be recommended as a useful contribution to the documentation 
of the specialised techniques of inorganic chemistry, and electrochemists, particularly 
those concerned with high-temperature systems, may find i t  a valuable work of 
reference. 

J. W. TOMLINSON Imperial College, London 
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Advances in Analytical Ckmistry and I%strzcmentatiorz, Vol. 4, edited by C. N. REIL-- 

LEY, Interscience, New York, 1965, 513 pp., $16.00. 

The title adequately describes this book, it being the fourth volume of the 
series, and it can be said that the high standard of the series is maintained. The book 
is composed of seven chapters, each on some aspect of analytical chemistry. 

The topics covered are : (a) advances in precipitation from homogeneous solu- 
tion, (b) differential dialysis, (c) the oxygen-flask method, (d) phase-solubility tech- 
niques, (e) the electrochemistry of cation sensitive glass electrodes, (f) recent advances 
in time-of-flight mass spectrometry, and (g) organic analysis with ultra-violet absorp- 
tion spectroscopy. As can be seen, these chapters cover a wide range of analytical 
techniques. Each chapter is well documented and presented, although for the reviewer 
the highlight of the book is EISENMAN'S chapter on the glass electrodes. There are 
about 160 pages in this chapter; it is a masterly survey of this field and shows how 
far the analytical chemist must delve into physical chemistry to seek an understanding 
of the processes involved. Many lines of research are suggested but obviously they are 
not for those of us who wish "quick returns", perhaps a review of the "membrane 
electrodes" available for this work is also desirable. 

For the other chapters, some of them have dated already because of the very 
active nature of research in these fields, but mention must be made of the excellent 
tables for the results of phase-solubility techniques, given in the chapter by HIGUCHI 
AND CONNORS. 

A complete index for both subject and authors, and a cumulative index for all 
four volumes make for easier reference and greater usefulness. 

Thus one may say of this book that it is a very useful addition to the analytical 
chemist's book shelf, although some chapters will be of more interest than others. TO 
those of us interested in electroanalytical techniques, one chapter is a "must". 

G. NICKLESS, University of Bristol 
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Computer Programming For Chemists, by K. B. WIBERG, Benjamin, New York, 
Amsterdam, 1965, pages viii + 269, $12.50 in U.S., $13.75 elsewhere. 

Rapid expansion in the use of computers in the physical sciences has shown the 
need for the average scientist to acquire some knowledge of programming. Many good 
books on programming have been published and these in general are designed for a 
wide range of readers. The present volume is designed explicitly for chemists in that 
the examples are drawn mainly from the field of organic chemistry. I t  should be 
pointed out that the title of this volume is somewhat misleading in that the author 
considers only Fortran (Algol is not even mentioned in the text) and the 7090 and 
7094 Assembly language. If this definition of computer programming is accepted, the 
book provides a well-written introduction to the subject, with sections on input- 
output, matrices and arrays, iterative programs, subroutines and functions. Of 
particular value are the examples of complete computer programs which the author 
presents in the final chapter. 

M. H. ROGERS, Computer Unit, University of Bristol 
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The Molecules of Nature by JAMES B.  HENDRICKSON, Benjamin, New York, 1965, 
I92 pp., $7.00 (for the U.S.A.) or $7.70; paperback $3.95. 

The enormous progress made over the past fifteen years, in our understanding 
of biosynthetic processes, allows natural products to be viewed simply and instruc- 
tively on a biosynthetic basis. The author takes this as his starting point and sets 
the ambitious target of presenting to first-year students a brief scan of the field of 
natural products with the obvious hope that it will serve as a base for further reading 
and exploration. 

A survey of the important biosynthetic pathways forms the first part of the 
book and this will inevitably be compared with BU'LOCK'S recent account, but the 
present work is less successful since there are some errors, and fact and hypothesis 
are too often not distinguished. This section is followed by a brief account of the 
structure determination and chemistry of many natural products. The author 
comments, "In an attempt to reveal the whole skeleton of natural products studies 
we must cut close to the bone and dispense with much of the meat." Such a treatment 
has its dangers, not the least being that the reader will gain quite a false impression 
of the problem presented, for example, by the structure of strychnine (two pages). 
In the main, the later sections of this book have successfully avoided many such 
pitfalls and the presentation of numerous examples as problems is a valuable feature. 

In summary, this book is a useful one although it is probably more suitable 
for widening theview of those who have a moderate knowledge of biosynthetic pro- 
cesses and natural products than for the complete beginner. 

A. R. BATTERSBY, University of Liverpool 
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Les S6parations par les Rksines Echangeuses d'lons, by B. TR~MILLON, Gauthier- 
Villars, Paris, 1965, 400 pages, 90 NF. 

This book is in French. In common with a large number of European books, the 
content pages are at the back of the book, beyond the index. The book is divided into 
two parts; Part I discusses in detail the fundamental properties of ion-exchange 
resins (152 pages) and Part 11, the operation and applications of ion-exchange 
columns. One noteworthy feature of Part I, besides the sectionon equilibriaandkinetics 
of exchange in aqueous solutions is the lucid discussion of the exchange of ions in 
solvents other than water. A large section also describes the influence of complexing 
chemical reactions on the ion-exchange resins, and their use in separation procedures. 

Part I1 is also unconventional since it covers break-through volume concepts 
(including the theoretical background), frontal analysis, ion-exclusion. A chapter 
discusses separation by elution procedures together with examples. A novel feature is 
a complete and detailed chapter on the principles of ion-exchange operated in a 
counter-current manner. Finally, there is a short chapter on electro-migration in ion- 
exchange resins and membranes. An appendix gives in graphical form the experimental 
values of distribution coefficients for a large number of ions in a variety of media. 

This book is to be recommended for libraries, but its high cost and language 
difficulty will probably deter its usage in English-speaking countries. 

G. NICKLESS, University of Bristol 
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Titrations in non-aqueous solvents, by KUCHARSKP AND S A F A ~ ~ K ,  Elsevier Publishing 
Company, Amsterdam, London, New York, 286 pp., Dfl. 35.- or 70s., 1964. 

The first edition of this work appeared in 1961 in the Czech language, and the 
present edition is a translation of the first edition with a certain amount of revision to 
include some fifty more recent literature references extending into 1962, with some 
four references to the Authors' own work dating from 1963. The first half of the book 
is introductory and deals with general and theoretical matters. This excellent survey 
covers acid-base theories, solvents, end-point location, titrants and primary standards, 
factors affecting the course of the titration and titration methodology. The second half 
is devoted to practical procedures. This is almost entirely concerned with neutralisa- 
tion titrations of 21 types of compounds, but includes four pages on oxidation- 
reduction reactions and five pages on the determination of equivalent weights : precipi- 
tation and complexation reactions are not mentioned. This is a fair reflection of the 
current situation in non-aqueous titrimetry. The book concludes with a useful 
tabulation of physical constants of non-aqueous solvents and good author and subject 
indexes. 

A special word of praise is due to the translator, KAREL SUMBERA: seldom has 
so excellent a job been done. The authors give a well balanced, accurate account of 
their subject with adequate detail and good coverage. Anyone taking up non-aqueous 
titrimetry can confidently turn to this book for both theoretical and practical guidance 
in all aspects, and those already using these techniques will welcome this collected 
account, which admirably fills a long-felt want. 

E. BISHOP, University of Exeter 
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Fuel Cells, Their Electrochemical Kinetics, edited by V. S. BAGOTSKII AND Yu. B. 
VASILEV, Consultants Bureau, New York, 1966, viii+ 121 pages, $15.00. 

The title of this collection of papers is something of a misnomer. Of the ten 
papers collected here, seven are concerned with the basic theory of porous electrodes, 
two describe research on the mechanism of the oxidation of organic compounds at  
platinum electrodes, and one very short paper makes a point about solid electrolytes. 
There is no doubt that these are interesting papers, but only those on porous electrodes 
seem to form a group worthy of publication as a symposium, since the two on oxidation 
are both by the joint editors and inevitably present one point of view even if very 
consistently developed. Inclusion of the discussion at  the Second Fuel Cell Conference 
in Moscow when these papers were presented would have added greatly to the value 
of this volume and provided a convincing reason for publication in this form rather 
than in normal journals. 

The translated form is quite satisfactory and will undoubtedly be of value to 
those working in these subjects. 

ROGER PARSONS, University of Bristol 

J .  Electroanal. Chem., 13 (1967) 470 
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Brennstoffelemente, by WOLF VIELSTICH, Verlag Chemie GmbH, WeinheimIBergstrasse, 
1965, xv+388 pages, DM 54. 

This is a thorough and careful introduction to the problems of fuel cells, 
covering both the fundamental nature of electrode reactions and the practical diffi- 
culties of harnessing them in a workable fuel cell. The information available for 
deriving the mechanism of each of the possible electrode reactions is lucidly discussed 
with many illustrations of results from the author's own work as well as that of others. 
Besides the study of the classical current-voltage curve, which of course provides the 
most direct information on the practical use of an electrode, stress is also laid on the 
triangular potentiostatic sweep method. 

In addition to the description of the more conventional types of fuel cell, which 
occupies the bulk of the book, there are chapters (by Dr. G. GRWNEBERG) on electro- 
chemicalmethods of converting heat andnuclear energy into electricity. Dr. VIELSTICH 
then discusses electrochemical methods of energy storage and, somewhat irrelevantly, 
the electrochemicaJ separation of deuterium and tritium. In the final chapter he 
discusses the "state of the art" in 1964. I t  is inevitable that a chapter of this type will 
date and the photographs (among them - p. 368 - one of a well-known exponent of 
the art whose name does not even appear in the index) will find their place in some 
future Science Museum. However, the rest of the book is likely to remain useful for a 
longer period to those who wish to gain an understanding of the basic working of fuel 
cells. 

The book is well printed and attractively laid out. A useful feature is the sum- 
mary at the beginning of each chapter. The author index is reasonably full but the 
subject index could well have been expanded. 

ROGER PARSONS, University of Bristol 

J .  Electroanal. Chem.. 13 (1967) 471 

Atlas of Electrochemical Equilibria in Aqueous Solutions, by MARCEL POURBAIX, 
Pergamon Press, Oxford etc., Cebelcor, Brussels, 1966, 644 pages, £12. 

The French edition of this Atlas was reviewed in this Journal (7 (1964) 492) 
with qualified enthusiasm. Since the English edition is simply a translation with no 
revision, everything that was said of the former remains true of the latter except that 
the printing is even better - well up to Arrowsmith's usual high standard - and the 
binding more substantial. I t  must be a matter of regret that the opportunity was not 
taken to bring this massive survey up to date since little contained therein is less than 
10 years old and much is a good deal older. The question of whether a translation was 
needed is a difficult one to answer. Much of the material is diagrammatic or in the form 
of equations, but presumably most English-speaking readers would be prepared to 
spend an extra 20% for the English text and a better binding. 

ROGER PARSONS, University of Bristol 

J .  Electroanal. Chem., 13 (1967) 471 
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D o ~ b l e  Layer and Electrode Kinetics, by PAUL DELAHAY, Interscience Publishers, 
Inc., New York, London, Sydney, 1965, 321 pages, $14.50. 

Over the past decade Professor DELAHAY'S New Instrume~ztal Methods in 
Electrochemistry has proved itself to be a first-rate introduction to the field of electrode 
kinetics and I would guess that it has been more widely and more intensively read 
than any other monograph on the subject. But it was primarily a book on method- 
ology. In his new book, Professor DELAHAY looks at  the other side of the coin and says 
little about techniques, being mainly concerned with the interpretation of the experi- 
mental data in the light of current views about the electrode/solution interface. 

I t  is an excellent book, thorough, up-to-date, well arranged and logically devel- 
oped. I t  can be warmly recommended and I do not doubt that it will prove at  least 
as useful as New Instrumental Methods; but not in quite the same way. This is not a 
beginner's book and in spite of Professor DELAHAY'S exceptional skill as an expositor 
of difficult themes, it is not easy reading. In the first place, it is very heavily loaded 
with references to recentwork, and although this is avaluable feature in many respects, 
it also means that much work is mentioned but not discussed or explained in sufficient 
detail. Quite apart from this, the fact remains that, except at  an elementary level, the 
study of the double layer and the analysis of electrode kinetics are complicated and 
difficult topics. The basic experimental techniques are limited in number and in this 
respect compare unfavourably with what can be done in investigations of homogeneous 
equilibria and kinetics (spectrophotometry is indexed once in this book; spectroscopy not 
at all). Moreover, the methods are often indirect, which tends to introduce an uncom- 
fortably oblique approach to some aspects of the subject. As propositions in thermo- 
dynamics, Gibbs' adsorption isotherm and its ramifications are magnificent, but some 
of their applications can only be described as magnificently tortuous. 

Apart from an introductory chapter, which gives an excellent survey of the 
whole field, the book is divided about equally between Double Layer and Electrode Kine-  
tics, five chapters being devoted to each. Naturally a large proportion of both sections 
is concerned with mercury surfaces in aqueous solutions, but other systems are also 
discussed. Numerous well-chosen examples of electrode reactions are introduced and 
a large amount of experimental material is presented in graphical or tabular form. 

Occasionally Professor DELAHAY does not quite hit the nail on the head and 
there are some fairly obvious misprints; but these are very trivial blemishes on a work 
that will surely come to be regarded as a major contribution to the subject. 

J. N. AGAR, Cambridge University 

J.  Electroanal. Chem., 13 (1967) 472 
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