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VOLTAMMETRY AND CHRONOPOTENTIOMETRY 

S. P . PERONE AND K. K. DAVENPORT* 

Department of Chemistry, Purdue University, Lafayette, Indiana (U.S.A.) 

(Received November 15th, 1965) 

The preparation and application of mercury-plated electrodes for electro
analytical studies has received much attention recently1-5. These electrodes can be 
extremely useful, particularly for stripping analysis, where the limited electrode 
volume results in enhanced stripping signals4 •5 . However, relatively little quantitative 
data has been published on the electrochemical behavior of these electrodes. 

The primary objectives of the investigation reported here were to develop and 
apply a mercury-plated electrode, which could be prepared conveniently with 
reproducible size and planar shape, and to critically evaluate its electrochemical 
characteristics with regard to reproducibility, stability, and electrolytic response. 
Comparison of experimental behavior with rigorous theoretical voltammetric and 
chronopotentiometric relationships, as well as with results obtained at a hanging 
mercury-drop electrode, formed the basis for evaluation of the electrode character
istics. 

The substrate chosen for the preparation of a mercury-film electrode was a 
wax-impregnated graphite electrode. The exposed graphite surface was circular, 
planar, highly polished and readily reproducible6. A previous study of the anodic 
stripping voltammetry of Hg(II) at the graphite electrode? was used for selection of 
plating conditions. The mercury film was formed by controlled-potential deposition 
from a thiocyanate medium. The mercury-plated electrodes prepared were used in 
voltammetric and chronopotentiometric studies of typical reversible and irreversible 
systems. The distorting effect of the limited diffusion layer for amalgam-forming 
systems was investigated chronopotentiometrically, and results were compared to 
the appropriate theoretical relationships. 

EXPERIMENTAL 

Apparatus 
The voltammetric instrumentation as used previously was used in this study7 • 

This included a Sargent Model FS polarograph and a general-purpose operational 
amplifier instrument . Modifications of the operational amplifier instrument for 
chronopotentiometry were made readily according to the suggestions of SCHWARZ AND 
SHAINs. The electrolytic plating involved a single stabilized amplifier potentiostat 
identical to that discussed. previously8 •9 . A 3-electrode arrangement was used for all 
experiments where theoretical correlations were obtained. 
* Present address, Department of Chemistry, University of Wisconsin, Madison, Wis. (U.S.A.) 
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Cells and electrodes 
The cells, salt-bridge arrangements, reference electrodes, and counter electrodes 

used in this study were identical to those used in a previous study?. When ethanolic 
solutions were used, auxiliary electrodes were isolated by ethanolic salt bridges. The 
cell used for voltammetry and chronopotentiometry was immersed in a water bath 
controlled at 25.0 ± 0.1° (Sargent Thermonitor water bath, E. H . Sa rgent & Co., 
Chicago, Ill.) The ring stand used to mount the cell assembly was supported on a thick 
pile of folded papers, which reduced vibrations considerably. The cell used for electro
deposition of the mercury was not t emperature controlled. 

The graphite electrodes were the same as used previously (r2-in . spectro
graphic rods, No. L4309, National Carbon Co., N. Y.). The details of the procedure 
involved in the wax-impregnation , insulation, and surface polishing have been dis
cussed previously6 . Electrode surface areas were 0.32 cm 2 . 

The mercury-plated electrodes were prepared by electrodeposition with 
stirring from de-aerated solutions of r · ro -a M Hg(II) in o.r M KCNS. The electrol
ysis potential was -0.70 V vs. S.C.E. The thickness of the mercury films on the elec
trodes varied from o.s-ro p (calculated from measured plating currents and the atomic 
radius of mercury). The r.o-p plate required about 12 min to form, whereas the ro-p 
plate required about 2 h. The r.o-p plate was used for all except the chronopotentio
metric experiments, where the plates were of various sizes. 

The physical appearance of these mercury films is that of a dull, gray surface. 
Close examination with a magnifying glass reveals the tiny droplet nature of the film 
as described by other workerss. 

The hanging mercury-drop electrode assembly used has been described 
previously 1o. 

Materials and solutions 
All chemicals were reagent-grade and were used without further purification. 

All solutions were prepared in water purified by distillation and passage over a mixed
bed cation-anion exchange resin . Hg(II) solutions were prepared as described 
previously7 . Anthraquinone solutions were made up in 6o% by volume ethanol 
solvent with o.r M , pH 7.2 phosphate buffer as electrolyte. All sample solutions were 
de-aerated for at least 15 min by passing high-purity nitrogen through a gas-washing 
bottle containing the inert electrolyte solution and then through a disperser in the 
sample cell. 

RESULTS AND DISCUSSION 

Three fundamentally different systems were investigated with the mercury
plated graphite electrode. These were Cd(II) in KCl, iodat e in pH 7.2 phosphate 
buffer, and anthraquinone in pH 7.2 phosphate buffer-6o% ethanol. Cd(II) is 
reduced reversibly t o cadmium amalgam, iodate is irreversibly reduced to iodide and 
anthraquinone is reversibly reduced to a soluble product. These three syst ems were 
selected to demonstrate, respectively, the behavior of an amalgam-forming system at 
the thin-film electrode; the behavior of an activation-controlled process; and the 
behavior of a reversible process where the product is soluble in solution. 

The three systems were investigated by voltammetry with linearly varying 
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potential. In addition, the cadmium system was investigated using chronopotentio
metry, where the effects of the thin-film electrode on the -potential-time behavior 
could be predicted. 

Reproducibility and stability of electrodes 
The reproducibility and stability of the mercury-plated graphite electrodes 

were evalu:ated extensively before experimental correlations with theory were attempt
ed. Using the technique of voltammetry with linearly varying potential and the 
anthraquinone system, the mercury-plated electrodes were evaluated for reproducibil
ity by making several completely new electrodes and applying them in sequence to 
the same solution. Figurer shows three typical repetitive traces obtained under these 
conditions. The reproducibility of electrode preparation is most obvious in the peak 
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Fig. r. Reproducibility t est using three different mercury-plated graphite electrodes. r.o · xo- 4 M 
anthraquinone; I.O-fl electrodes; scan rate, 20.6 mVfsec. 

Fig. 2. Reproducibility with a single mercury-plated graphite electrode. r.o · xo-• M anthra
quinone; LO-fl electrode; scan rate, 20.6 mVfsec. 

height variation; this was of the order of ± (2-4 %) . Figure 2 shows typical results of 
repetitive runs with a single mercury-plated electrode, demonstrating the repeat
ability obtainable with this electrode. Peak-height reproducibility in this case was 
±(r-2%) . 

The stability of the mercury-plated graphite electrodes is a more difficult 
problem. Ordinarily, in this work, the electrodes were prepared as needed and 
transferred externally directly from the plating solution to the sample solution. The 
only difficulty encountered here was that some traces of oxide apparently formed 
during the brief transfer period. The presence of oxide was indicated by a small 
(o.s t-tA) cathodic peak at - 0.3 V vs. S.C.E. in the first run with each new electrode. 
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Thus, a new electrode was " cleaned" of interfering coatings before use by holding the 
potential at - 0-4 V for a few seconds. 

It was found that freshly-plat ed electrodes could be stored overnight in solution 
without any deterioration or change in characteristics, aside from the necessity of 
removing accumulat ed oxide coat ings . Longer-term storage in solution appeared to 
be detrimental to the electrode. Storage in air fm longer than a few minutes could not 
be t olerat ed . 

V oltammetry with linearly varying potential 
R eversible deposition---Cd(II). Voltammetric current -voltage curves were 

obtained with 1.0 x r o-4 M Cd (II) in 0.2 M KCl at the mercury-plated graphite 
electrode using a pot ential scan rate of 33.0 mVjsec. These curves were compared t o a 
theoretical curve calculated from the appropriat e expressionll , see Fig. 3· 

The experimental current - voltage curve for the reduction of Cd (II) at the 
mercury-plat ed graphite electrode is more drawn-out and is shifted to more cathodic 
potentials than predict ed for unrestricted diffusion into the mercury. Furthermore, 
the experimental peak current is only 75 % of the predicted value. Thus, the curves in 
Fig. 3 have been normalized in both the current and voltage axes t o allow direct 
comparison . 
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F ig. 3· Current- voltage curves fo r Cd(ll ) a t t he m ercury-p lat ed graphi te electrode. Line, theoret
ical; circles, experimenta l ; th eoretical peak potential , - o.63 r V vs. S.C.E . ; experimenta l peak 
potent ial , - o.683 V vs . S.C. E.; theoret ical peak current, g.S f-tA; experimental peak current, 
7·3 f-t A; scan rate, 33.0 m Vfsec; I.O·f-t electrode. 

F ig. 4· Curren t - voltage curves for iodate at the m ercury-p la t ed graph ite electrode. Line, t heore t 
ical ; circles, experimental; D = r. oo · ro - 5 cm 2fsec; scan r a t e, 33 .0 mVfsec ; r.o-1-l elect rode (high 
currents a t end due t o beginning of h ydrogen evolu tion) . 

The distortion and shifting of the experimental curve can be explained quali
t atively by considering the effect of limited diffusion of the product away from the 
electrode surface into the thin mercury film . At any given t ime after the st art of 
elect rolysis, the surface concentration of the reduced form is greater than predicted 
for semi-infinite linear diffusion . Thus, since this is a Nernstian couple, the peak 
potential is shifted cathodically, and the drawn-out shape is not surprising. A rigorous 
theoretical treatment of the diffusion process involved in the voltammetric experiment 
at a thin-film electrode would be very useful, but the boundary-value problem has 
not yet been solved rigorously. However , the qualitative observations made above 
are illustrat ed more quantitatively below when the chronopotentiometric behavior of 
Cd(II) is discussed . 
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Irreversible reduction--iodate. The electroreduction of iodat e has been studied 
extensively as an example of a typical irreversible syst em12·13. Since the electro
chemical behavior of this syst em depends on het erogeneous kinetic phenomena, its 
study with the mercury-plated graphite electrode should be a critical t est of electrode 
characteristics. 

Current~voltage curves were obtained at the mercury-plated graphite elec
trode with r.o x ro - 4 M iodate in pH 7.2, o.r M phosphate buffer , using a scan rate of 
33. om V /sec. A comparison oft he experimental current- voltage behavior with theory 11 

is shown in Fig. 4· The value of the kinetic parameter, cxna, that provided the best fit 
was 0.34. To check this value, identical runs were made on the same solutions with a 
hanging mercury-drop electrode. A value for cxna of 0 .30 was obtained, which is in 
reasonable agreement with the data obtained with the mercury-plated electrode. 
Furthermore, the peak potentials of the curves obtained at both electrodes agreed 
within ro mV. The data obtained at both electrodes with the iodate system were 
consistent with previous studies at the hanging mercury-drop electrode13· 14. 

Reversible reduction-anthraquinone. Anthraquinone provides an example of 
a reversible system where the product is soluble in solution. Hence, the problem of 
limited diffusion of the product should be eliminated, and the distortion observed in 
the case of Cd(II) should not appear. 
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Fig. 5· Current -voltage cur ves for anthraquinone at the mercury-plated graphite electrode. Line, 
theoretical ; circles, experimental; scan rate, 20.6 mVfsec.; 1.0-p. electrode; Ep= -0.62 V vs. 
S.C. E. 

Fig. 6. Chronopotentiometric curves for Cd(II) at the m ercury-plated graphite electrode with 
vary ing layer size. Lines, theoretical; circles, experimenta l. (A), Theoretical curve for semi-infinite 
linear diffusion (infinitely thick electrode); (B), IO-; (C). s.o-; (D) , 1.0-; (E), o.s-p. electrode. 

Current - voltage curves were obtained with a scan rate of 20.6 mVfsec at both 
the mercury-plated graphite electrode and the hanging mercury-drop electrode with 
r.o x ro -4 M anthraquinone in pH 7.2 phosphate buffer, 6o% ethanol. Figure 5 shows 
the comparison of the current -voltage curve obtained at the mercury-plated elec
trode with theoryu. A normalized plot was made in this case since no diffusion 
coefficient data were available in this medium. Although the experimental and theo
retical curves do not coincide exactly, the agreement of the curve shapes is considera
bly better than for the reduction of Cd(II). The slight distortion in the experimental 
curve may be due to the contribution of the non-linear diffusion processes occurring 
at the electrode edges. 
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Using a diffusion coefficient estimated from Stokes Law15 (6.39 x ro -6 cm2jsec) 
the calculat ed peak current for anthraquinone is 8.8 flA. This agrees well with the 
experimental peak current of 9·5 flA . Also, the peak potential observed at the 
mercury-plated electrode falls within 6 m V of the peak potential observed at the 
hanging mercury-drop electrode. 

C hronopotentiometry 
Theory. The concentration gradient for the reduced form, subst ance R , in the 

thin-film electrode can be derived from the following boundary-value problem : 
Assume Fick's law governing linear diffusion holds; 

dCn/dt = Dn(d2Cn/dx2) 

Initial conditions: 

t = o, o < x < l , Cn = o 

Boundary conditions: 

t > o, i jnFA = F o = constant 

t >o, x = o, Dn(dCnfdx) = o 

t >O, x = l, Dn(dCnfdx) = F o 

(r) 

(2) 

(3) 

(4) 

(S) 

where, l =thickness of the electrode film . Other t erms have their usual significance 1 6 . 

The first boundary condition indicates that a constant current is imposed on 
the electrolysis cell. The second boundary condition indicates that the diffusion is not 
semi-infinite, but rather is limited to the thickness of the mercury fi lm. The third 
boundary condition simply indicates that the imposed current describes the flux of 
subst ance R at the mercury-solution interface . 

The solution t o this boundary-value problem has been given by CRAN K17 and 
can be st ated in the form : 

Cn = Fol/DR {Dntfl2 + (3 xLl2) j6 l2-

(2/n 2) n~l ( - r )"/n 2[exp( - Dn n2n 2tjl2) J cos(nnxjl) } 

for x = l, and keeping only the first t erm in the series, 

Cn(x = l) = Fol/Dn{Dnt/l2+ t + (2 jn 2) exp( - Dntn2jl2)} 

(6) 

(7) 
This relationship does not hold for very small values oft, but can be used fort- values 
of the order of a second or greater. For shorter times, an alternative solution has been 
obtained IS (Also, as pointed out by D E VRIES AN D V AN D ALEN I, eqn . (6) describes the 
concentra tion gradient in a thin-film electrode for const ant-potential elect rodeposition 
with const ant stirring). 

Since the time-dependence of the surface concentration of the react ant, 
substance 0 , is independent of the fat e of substance R in this uncomplicated const ant
current model, the previously derived expression for this dependence16, along with 
eqn . (7), can be substituted into the Nernst equation t o obtain an expression for the 
pot ential-time behavior. 
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E = Et+RTjnF In [Co (x=l) /Cn(x = l)] = 

E +RTjnF In [ Co* - 2Fottj(nD)t ] 
t F 0 l jD [i +Dtjl2+ (2/n2) exp( -Dtn2fl2)J 

(8) 

where the usual assumption ha5 been made that Do = Dn =D. 
Although the form of eqn . (8) is inconvenient it can be used to calculate 

potential-time curves for the case where l is known . Also, if Dtjl2 is greater than 
about 7, the constant and exponential terms in the expression for Cn(x = l) become 
insignificant, and eqn . (8) reduces t o: 

(g) 

Furthermore, the curves predicted for relatively large electrode films (ca . roo fl) and 
relatively short transition times (ca. ro sec) are identical t o those calculated for a 
semi-infinite linear diffusion process. 

Experimental correlation. Chronopotentiograms were obtained at the mercury
plated graphite electrode with r.o x ro-3 M Cd(II) in 0 .2 M KCl using a constant 
current of 46.6 flA. The electrode-layer thickness was varied in these experiments, by 
utilizing o.s-, 0.7-, !.0-, s .o-, and I O-{l-thick mercury films. Experimental and theoret
ical curves are shown in Fig. 6. The numerical value of E t used in the theoretical 
calculations was obtained by voltammetry with linearly varying potential at the 
hanging mercury-drop electrode, utilizing the theoretical expressions presented by 
NICHOLSON AND SHAIN 11 . The value obtained was E t = - 0.617 V vs. S.C.E. Since no 
diffusion coefficient data were available for the conditions employed here, the theoret 
ical curves were plotted using the apparent diffusion coefficient det ermined from the 
transition time. The value obtained was r.or x ro -5 cm2jsec. The average experimental 
transition time for the various electrode thicknesses was 13.8 ± 0.6 sec. 

TABLE I 

C HRONOPOTE NTIOMETRIC DATA FOR Cd(Il) AS A FUNCTION OF ELECTRODE THICKNESS 

1(!1-) El (E1-E1) obs. (E,-E 1) calcd. 

0 .5 - 0.672 -0.055 -o.o6o 
0 .7 -0.673 - 0.056 - 0.056 
I.O - o.665 - 0.048 -0.051 
5 ·0 - 0.649 -0.032 -0.03 1 

10 -0.642 - 0.025 - 0.022 

The experimental and theoretical curves agree very well. Although the shapes 
are not identical, the shifts of Et with electrode thickness are almost exactly as 
predicted (see Tabler). Also, since lis the order of ro fl or less, eqn . (g) can be used, and 
evaluation of eqn. (g) at Et indicates that E i is independent of the diffusion coefficient . 
Thus, the correlation in Table I should be independent of any error in D. This agree
ment is good evidence in support of the theory developed here and demonstrates that 
theoretical correlations with thin-film electrodes are possible. 
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SUMMARY 

The preparation and application of mercury-plated graphite electrodes has 
been discussed. The electrodes were prepared by controlled-potential electrodeposition 
on the exposed planar surface of a wax-impregnated graphite electrode. The mercury
plated electrodes were evaluated by voltammetric and chronopotentiometric appli
cations to various reversible and irreversible systems. Experimental data were compar
ed to rigorous voltammetric theory. Theory for chronopotentiometric curves at thin
film electrodes with amalgam-forming substances was developed, and experimental 
correlations with the Cd(II) system were made . In each case correlations were good. 
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UTILISATION DE L'IMPEDANCE OPERATIONNELLE POUR LA 
DETERMINATION DES COEFFICIENTS DE DIFFUSION*t 

EUGENE LEVART ET EMMANUEL POIRIER D'ANGE D'ORSAY 
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I. CONSIDE RATIONS THEORIQUES 

277 

Recemment, l'un de nous1 a attire I' attention sur !'interet que presente !'utili
sation de !'impedance operationnelle de Laplace pour le traitement des resultats 
obtenus en regime transitoire . Ce procede, elabore en vue de la determination des 
parametres cinetiques d'une reaction d'electrode, permet non seulement d'ameliorer 
la precision pouvant etre atteinte par les differentes methodes impulsionnelles ou 
periodiques, mais encore d 'etablir un trait d'union entre elles. 

Dans cette communication, nous nous attacherons plus specialement a !'appli
cation de ce procede a la determination des coefficients de diffusion des especes 
electroactives. 

La particularite du procede propose est que les deux grandeurs electriques 
ac.cessibles experimentalement, c'est-a-dire le courant, I , et la polarisation, V, ne sont 
pas exploitees directement, mais apres avoir ete transformees, par l'un des procedes 
connus2- 4 en polarisation operationnelle, U, et en courant operationnel, ], definis 
respectivement comme suit: 

U(s) = J~V(t)e -•tdt 

J (s) = J~ I (t)e-stdt 

(r) 

(z) 

Dans ces formules, s represente le parametre operationnel de Laplace qm a 
pour dimension !'inverse du t emps. 

De plus, il est a noter que les deux fonctions V(t) et I (t) peuvent constituer 
indifferemment le signal perturbateur, !'autre etant alors la reponse correspondante du 
syst eme electrochimique etudie. Enfin, une caracteristique importante du procede 
propose est que la perturbation imposee peut etre de forme quelconque, impulsion
neUe ou cyclique. 

Considerons le rapport U(s)!J(s): a condition que le signal applique soit suffi
samment faible pour n ' engendrer sur tous les processus elementaires que des variations 
lineaires, ce rapport represente !'impedance operationnelle Z(s) qui est une carac-

* Communication presentee a Ia r6e reunion du C.I.T.C.E., Budapest , 1965 . 
t Les travaux exposes dans cet article constituent une partie de Ia these de Doctoral es-Sciences 
physiques de Mr. POIRIER D'ANGE n'0RSAY (Paris, 1966) . 
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teristique du systeme etudie et ne depend done pas de !a methode de relaxation 
utilisee pour l'obtenir . 

Z(s) est !a resultante des impedances operationnelles de tous les elements con
stitutifs du circuit equivalent au systeme electrochimique etudie. Celui-ci peut etre 
represente par la Fig. I, dans lequel Ca est !a capacite de double-couche, Re !a resis
tance de !a cellule et Z1 !a composante faradique de !'impedance globale; !'expres
sion de Z1 contient les differents parametres cinetiques et en particulier les coef
ficients de diffusion Dox et DRed· L'expression de !'impedance globale est facile a 
obtenir: 

Zt(s) 
--~~~~-+ Re 
I +CaZt(s) · s 

Z(s) (3) 

La determination de !a composante faradique Z1 (s) de !'impedance operation
nelle globale permet, ainsi qu'on l'exposera plus loin, de determiner les valeurs des 
coefficients de diffusion. Le procede le plus simple consiste a exploiter la fonction Z(s) 

Fig. r. Circuit representatif d'un systeme electrochimique. 

dans le domaine des valeurs faibles des, ce qui permet de rendre negligeable le terme 
capacitif. L'eqn . (3) se simplifie alors en 

lim Z(s) = Zt(s) +Re (4) 
s->0 

Le calcul de !'expression analytique de Z1 est impossible dans le cas general, 
mais il est realisable pour quelques cas types de reaction d'electrode. Il sera suppose 
pour simplifier que le transport massique est assure uniquement par diffusion lineaire 
semi-infinie. 

Dans ce cas, les variations des concentrations Cox et CRed en fonction du temps 
et de la distance X a partir del' electrode sont regies par la deuxieme loi de Fick: 

(S) 

(6) 

La solution de ce systeme d'equations differentielles peut etre obtenue grace a la 
transformation de Laplace: 

d 2 Fox 
sTox-Cox0 = Dox --d--x2 

, d2 TRed 
sf Red-CRed 0 = DRed --d--x2 

(7) 

(8) 

ou Fox et FRed representent les concentrations transformees et Cox0 et CRed0 les con
centrations a l'equilibre; on a done, compte-tenu de la condition finale: 
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( 
1/ S ) Cox0 

Fo x=CX exp - V -D X + --
ox s 

(g) 

( 
1/ s ) CRed0 

F Red =(3 exp - v-- X + --
DRed S 

(10) 

Apres avoir explicite les coefficients ex et (3 a l'aide de la premiere loi de Fick , 
compte-tenu de l'egalite des flux oppose~ a !'interface: 

__!j__ = - Dox (acox) = DRed ( acRed) 
AzF . ax x~o ax x ~o' 

(rr) 

on obtient pom x = o: 

]t(s ) Cox0 

Fox(X=O) = A zF Doxt s -! + -s- (12) 

et 
_ _ _ } J(S) -t CRed0 

FRed(X -0)- A FD ts + . 
Z Red S 

(13) 

Dans ces equations, h et j 1(s) representent, respectivement , le courant faradique et 
son expression transformee, A est la surface de !'electrode, F le Faraday et z le nombre 
d'electrons echanges dans la reaction d'electrode. 

Il est a remarquer que les eqns. (12) et (13) ont ete obtenues sans qu'il soit 
necessaire de preciser un mode particulier de contr6le pour la reaction d'electrode 
(diffusion seule ou a5sociee a un processus d'interface) . Ceci est du au fait que nous 
n'avons pas fait intervenir la tension d 'electrode U(s) . 

Pour obtenir !'expression explicite de Z1 , il est evidemment necessaire de com
pleter les formules (12) et (13) par une relation entre U(s) et les parametres caracteristi
ques des differentes et apes de la reaction d'electrode. 

r. Considerons tout d'abord le cas du contr6le par diffusion seule, la vitesse des 
processus d'interface et des reactions chimiques associees et ant supposee infiniment 
grande. 

On peut alors ecrire !'expression suivante pour la surtension de diffusion: 

RT (l Cox l Cox
0 

) 'Y)=- n--- n --
zF CRed CRed0 

(q) 

qui, pour de faibles perturbations ('Y) ~ RTfzF) , se simplifie en 

RT ( Cox CRed ) 
'Y) = zF Cox0 - CRed0 

(15) 

dont la transformee est 

(16) 

En rempla<;ant dans cette derniere equation Fo x et FRed par les eqns. (12) et 
I 13), on obtient l' expression suivante pour !'impedance operationnelle: 
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z (s) _ U(s) _ RT ( I + I )s-t = u.s-• 
~t - ]t(s) - A z2 F 2 Cox0 Doxt CRed0 DRedt ' 

{IJ) 

ou A represente la surface de 1' electrode. 
Il en resulte que !'impedance operationnelle de diffusion est inversement pro

portionnelle a la racine carree de s. Il suffit done de tracer la droite Z1 (s) =f(s-!) . 
Celle-ci nous donnera p.. par sa pente. En prenant deux valeurs differentes de cox et 
CRed, nous pourrons alors obtenir les coefficients de diffusion Dox et DRed· 

2. Dans le cas ou la reaction d'electrode est contr6lee non seulement par le 
transport massique, mais encore par le transfert de charges, pour les surtensions 
faibles ('f/ ~ RTfzF), nous avons !'expression connue suivante: 

'fj _ RT (Cox _ CRed + ft) 
- zF Cox° CRed0 Io 

{I8) 

dans laquelle Io est le courant d'echange. 
A pres transformation on obtient: 

{I g) 

Nous avons done, apres avoir remplace Fox et FRed par les eqns. (Iz) et (IJ), 
pour !'impedance operationnelle 1' expression suivante: 

qui exprime bien l'additivite des impedances de ce;;; deux etapes successives. Remar
quons que cette derniere formule pourrait aussi etre etablie a partir d'une relation 
]t(s) =f[U(s)] donnee recemment pour le cas du contr6le mixte consideres. On voit 
que, pour une reaction d'electrode contr6lee ala fois par la diffusion et le transfert, la 
pente p.. de la droite Z1 = j(s-t ) obtenue permet encore de determiner les coefficients de 
diffusion . 

3· Quand la reaction etudiee comporte en plus du transfert et de la diffusion une 
reaction chimique associee, !'obtention de Z1 est plus delicate, sauf dans quelques cas 
particuliers, tels que celui de !'adsorption specifique, pour lequel un schema electrique 
equivalent peut etre propose 6 . Toutefois, comme pour des basses frequences les reac
tions chimiques peuvent etre representees par une resistance pure7, une portion recti
ligne de pente p.. doit encore apparaitre sur la courbe Z1 (s) tracee en fonction de s-t 
pour des valeurs de s suffisamment faibles. Bien entendu, cette portion rectiligne sera 
d'autant plus decalee vers les valeurs faibles de s que la reaction chimique associee 
sera plus lente. Son expression sera semblable a l'eqn. (zo): 

Zt(s) = K +p..s-I (zi) 
s->0 

avec K representant une constante qui depend des parametres cinetiques du transfert, 
de la reaction chimique et de la diffusion. 
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2. PARTIE EXPERIMENTALE 

De nombreux auteurs ont deja etudie le comportement electrochimiqueB-12 du 
systeme Hg(O)/Hg(I) en milieu d 'acide perchlorique. Cependant, plusieurs points 
n'ont toujours pas ete elucides et en particulier la nature des especes en presence dans 
les diverses concentrations d' electrolyte support rest e mal definielo,ll. Nous avons 
done fait appel a des mesures d'impedance operationnelle pour voir s'il existe une 
variation du coefficient de diffusion de l'ion mercureux refletant. un changement 
eventuel des especes en presence. 

La cellule d'electrolyte utilisee, en verre Pyrex, est de forme cylindrique et 
peut contenir zoo ml de solution. Elle est maintenue a t emperature const ante grace a 
une double enveloppe dans laquelle circule de l'eau thermostatee. L't.~lectrode etudiee 
est constituee par une goutte de mercure suspendue a un fil de Pt mercurise13, place 
dans l' axe d'une contre-electrode cylindrique en Pt. Des gouttes de volume reproduc
tible sont obtenues a l'aide d 'un dispositif a piston Metrohm; leur surface (3 .2 mm2) a 
ete calculee par pesee. Une electrode de comparaison, constituee par une nappe de 
mercure, est placee au fond de la cellule. Une electrode au calomel, saturee, est reliee a 
la cellule par un pont electrolytique comportant deux robinet s fermes situes de part et 
d'autre d'une solution intermediaire (HCl). L'emploi d'une atmosphere inerte ne 
changeant pas les resultat s obt enus, toutes les experiences systematiques ont ete 
effectuees a l'air libre. 

Remarquons que les equations et ablies dans le cas de la diffusion lineaire 
peuvent etre appliquees, sans erreurs appreciables, a une electrode spherique, a condi
tion que son rayon soit superieur a o.s mm et que la duree de perturbation n' excede 
pas quelques secondes14. En effet, l' epaisseur de la zone perturbee rest e alors negli
geable par rapport au rayon de l'electrode. D'ailleurs, une limitation supplementaire 
du domaine d'application de ces equations est provoquee par l' effet de la convection 
qui devient non negligeable sensiblement en meme temps que se manifeste l'effet de 
sphericite. Le rayon de l'electrode utilisee etant voisin de o.s mm, la duree maximale 
d'application des impulsions a ete limitee dans ces experiences a quelques secondes. 

Bien qu'une perturbation de forme quelconque puisse en principe etre utilisee, 
nous avons choisi un signal de forme simple dont la transformee a une expression ma
tMmatique connue. Ainsi les operations de transformation se trouvent limitees aux 
seules courbes de reponse. Le regime galvanostatique a ete adopte non seulement en 
raison de la simplicite de l'appareillage necessaire, mais encore parce qu'il permet 
d'as5urer un maximum de precision dans le domaine des valeurs faibles de s oil on 
determine les coefficients de diffusion . 

La technique de transformation utilisee consiste tout d'abord a calculer point 
par point, pour une valeur de s don nee, a partir d'une courbe de reponse enregistree, la 
courbe V(t) e - st, puis a integrer graphiquement la surface delimitee par cette der
niere. Cette surface donne une valeur de la fonction U(s) et la valeur correspondante 
de Z (s) en decoule puisque pour un signal galvanostatique : ](s) =lfs. 

Les impulsions d'intensite constante ont ete obtenues a l' aide d'un accumula
teur branche en serie avec une grande resistance et un relais ultrarapide Clare. Le 
courant impulsionnel, impose entre l'electrode de travail et la contre-electrode, a ete 
limite de fa<;on ace que la surtension finale, mesuree a l'aide de l' electrode de com
paraison, ne depasse jamais z mV. 
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Des courbes galvanostatiques ont ete enregistrees a differentes vitesses de 
balayage. Pratiquement, il suffit de 6 enregistrements (pris entre ro msecfcm et 500 
msecjcm) par solution electrolytique examine pour pouvoir exploiter le domaine des 
valeurs des allant de 2-roo. Quelques courbes de la fonction V(t) e-st sont presentees 
sur la Fig. 2. On voit que, pour une vitesse de balayage donnee, les valeurs de s 
choisies ne doivent pas varier plus que du simple au double pour permettre l'annula
tion pratique de Ia fonction, tout en assurant 1' obtention d'une surface d'integration 
suffisamment grande. 

La Fig. 3 represente en fonction de la concentration en acide perchlorique 
(entre o.r Met 2M), les droites Z =f(s- t) obtenues a 30° pour deux concentrations en 
sel mercureux legerement differentes (6.7 ct ro · ro-4 M). Le fait que ces droites se 
prolongent jusqu'a des valeurs des aussi faibles que 2 prouve que l'emploi des equa
tions de diffusion semi-infinie lineaire etait justifie pour cette etude. 

V(t)e-Sf(en millivolts) 
Z(n) 

700 

600 

500 

400 

300 

100 

4 - s(sec- 1
) 2 

Fig. z. Exemple montrant des courbes Ve-st = f(t) calculees, pour differentes valeurs des, a partir 
d'une courbe galvanostatique experimentale (vitesse de balayage, roo msecfcm). 

Fig. 3· Courbes expetimentales des variations de !'impedance operationnelle, Z, en fonction de 
l'operateur s de Laplace pour une electrode Hg(O)/Hg(I) en milieu HCIO. a 30°. CHg(l) = I . ro - 3 
M: ( x ), o.r; (+ ), o.s; (.6.), r et z M HCJO •. CHg1r1 = 6.7 · ro - • M: (\7), o.r; (e ), o.s; ( o ), r M 
HCIO •. 

Il est a remarquer que le calcul du coefficient de diffusion, a partir des valeurs 
des pentes fl obtenues, est particulierement simple dans le cas du systeme etudie ici, 
puisque dans l'eqn. (20) le terme correspondant ala diffusion de l'espece reduite est 
negligeable, etant donne que cette espece est le constituant unique de la phase metal
lique (autodiffusion du mercure). Dans ces conditions, Dox est done directement 
calculable par la formule : 

(22) 

une seule valeur de fl correspondant a une seule concentration etant necessaire. L'em
ploi des deux concentrations en sel mercureux a permis neanmoins d'ameliorer la 
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precision. En posant Z = 2 dans la formule (22), les valeurs suivantes a 30° ont ete 
obtenues: 

HC104 o.I M 
HC104 0.5 M 
HC104 I M 
HC104 2M 

Dox=I.OS · Io-"cm2sec-1 
Dox=I.o8 · Io-5 cm2 sec-1 

Dox = 1.25 · Io-5 em 2 sec-1 
Dox=I.2I · Io-5 cm2 sec-1 

Bien que la dispersion observee dans ces mesures n'ait pas depasse ± 6%, 
compte-tenu de la precision de la technique oscillographique employee ( ± 3 %) et de la 
reproductibilite de la surface d~Cs gouttes ( ± 3%), une dispersion Voisine de ± Io% 
doit etre consideree comme normale pour une serie d'experiences effectuees avec la 
meme solution . Dans ces conditions, les variations ( ± rr%) de la valeur de Dox 
autour de la valeur moyenne I. IS · Io-5 cm2 sec-1 observees dans les differentes con
centrations d'acide perchlorique ne peuvent etre considerees comme vraiment signifi
catives. En particulier, il n'est pas possible, a partir de ces resultats, d'affirmer comme 
lMAI ET DELAHAY1o qu'il existe une modification chimique de l'espece diffusante en 
fonction de la concentration en acide perchlorique. 

Les resultats obtenus sont en bon accord avec ceux publics recemment par 
SLUYTERSll qui a trouve a 25° dans HC104 O.I Met I M la meme valeur: 0.93. Io- 5 
cm2 sec - 1. 

3· CONCLUSIONS 

De nombreuses methodes electrochimiques de determination des coefficients 
de diffusion sont connues. Parmi elle citons: mesures du courant limite15, determina
tion des pentes des droites I= f(t-i) en regime potentiostatique15 et V = j(t!) en regime 
galvanostatique9, determination du temps de transition par chronopotentiometrie16, 
mesures de !'impedance faradique a 1' aide d'un pont alternatif1 7 • 1B. 

Le procede propose ici presente certaines analogies a vee cette derniere methode, 
mais il faut souligner que, d'une part, l'appareillage qu'il necessite est considerable
ment plus simple et que, d'autre part, il permet d'isoler plus facilement les differentes 
etapes a partir du processus global. En effet, Ia limitation experimentale du domaine 
exploitable du cote des frequences faibles19 n'existe pas dans le procede propose ou 
les valeurs des peuvent etre choisies aussi petites que !'on desire, ala seule condition 
que le domaine de temps a integrer permette de conserver le mode de transport 
massique envisage. Les experiences montrent que, meme dans le cas le plus defavora
ble, c'est-a-dire celui d'un contr6le par diffusion seule (solutions HCI04 2 M), cette 
derniere condition reste encore valable pour des valeurs aussi faibles que 2, ce qui 
correspond a une frequence operationnelle de 0.3 Hz. 

La comparaison du procede propose avec les autres methodes impulsionnelles 
citees permet de constater sa superiorite dans tousles cas ou la reaction d'electrode 
est contr6lee non seulement par diffusion, mais encore par le transfert de charges ou 
par reaction chimique. La principale raison en est que, restant dans le domaine 
operationnel, on n'a pas a recourir aux approximations indispensables pour exploiter 
en fonction du temps les solutions de !'equation de Fick obtenues dans le cas d'un 
contr6le mixte. 
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Des expressions analytiques de !'impedance operationnelle Z(s), valables pour 
toutes les methodes de relaxation, sont proposees pour differents types de reaction 
d' electrode. 

Leur utilisation experimentale permet de determiner les parametres cinetiques 
et plus particulierement les coefficients de diffusion des especes reagissantes. 

La partie experimentale du travail concerne des mesures effectuees en regime 
galvanostatique impulsionnel sur le systeme HgjHg2 2+ , en milieu HC104 a 30°. Les 
resultats, exploites en fonction du parametre operationnel s de Laplace, ont permis 
de constater que le coefficient de diffusion de l'ion mercureux reste sensiblement 
constant dans un domaine de concentration d'electrolyte support compris entre o.r M 
et 2M. 

Les avantages du procede propose sont compares a ceux des autres methodes 
electrochimiques de determination des coefficients de diffusion. 

SUMMARY 

Analytical expressions for the operational impedance, Z 8 , valid for all relaxation 
methods, are proposed for various types of electrode reactions. 

Used experimentally, they enable kinetic parameters, and, more particularly, 
diffusion coefficients of reacting species to be determined. 

The experimental part of the work is concerned with measurements made 
under galvanostatic pulse conditions for the HgjHg22+ system in HCl04 media at 
30°. The results, stated in terms of the Laplace operator function, s, have shown that 
the diffusion coefficient of mercury ion is approximately constant at supporting 
electrolyte concentrations between o.r and 2M. 

The merits of the proposed procedure are compared with those of other elec
trochemical methods for the determination of diffusion coefficients. 
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NEW INDICATING SYSTEM: TWIN ELECTRODES, AT ZERO CURRENT 

I. PROPOSED MECHANISM* 
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Laboratory of Analytical Chemistry, Department of Chemistry, Technion, I srael I nstitute of 
T echnology, Haifa ( I srael) 

(Received December 2nd , 1965) 

I NTROD UCTION 

A potentiometric indicating syst em consisting of twin electrodes at zero cur
rent, has been described 1 . This system exploits the sharp potential difference peak 
(PDP) between two identical electrodes at the end-point of an automatic (coulometric 
or volumetric) titration ; the titrant is added at a const ant rate with controlled stirring 
and the potential difference between the electrodes is recorded continuously through
out the titration. The influence of a number of experimental parameters on the PDP 
has already been investigated 1 and the results (location of the indicating electrodes, 
direction and intensity of the generating current) combined with the additional infor
mation given below, form the basis for the proposed indication mechanism. 

EXPE RIME NTAL AND RESULTS 

The experiments described below were carried out with twin mercury electrodes; 
the apparatus used has already been described1 •2 ·3; the new indicating system has 
been applied to acid-base titrations. 

Effect of the electrical field on the indicating system 
When the titration is carried out coulometrically, an electrical field results from 

the passage of the generating current through the solution. Since the indicating elec
trodes are placed at different locations in this field, an initial potential difference, V 0, 

will appear between them as soon as the generating current is switched on . The con
centration of the titrated species is negligible compared to the concentration of the 
base electrolyte. Accordingly, the resistance of the solution and, therefore, the initial 
potential difference, Vo, will remain constant throughout the titration and the PDP, 
characterizing the end-point, will be superimposed on it . 

The investigation of the effect of the field on the PDP is hampered by the 
difficulty of isolating any single factor when evaluating its effect on the PDP; varia
tion of one factor is always accompanied by changes in another. 

Initial potential difference and cell geometry 
The effect of the initial potential difference and the location of the electrodes 

* Part of a D.Sc. thesis presented by E.K.E. to the Senate of the Technion. 
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in the cell, on the height and direction of the PDP was investigat ed; the results are 
summarized in Table I. 

No logical correlation between the initial pot ential difference and the PDP can 
be based on these results; the variations of the PDP must be attributed to changes in 
cell geometry. 

Generating current 
Changes in the intensity of the generating current result in simultaneous 

changes of Vo and the rate of titrant addition . The PDP decreases with decreasing 
currenP and since, according t o Table I, Vo has no effect on the PDP, variation <; of 
PDP must be due to the rate of titrant addition . 

TABL E I 

EFFECT OF T HE I N ITI AL P OTENTIAL DIFFERE N CE AND CELL GOMETRY 

Schematic Initial potential H eight an d direction 
cell plan difference, Vo ( m V ) ofPDP(mV) 

g I 35 + 70 

0 - I 30 - 70 

w - 40 +Ioo . 

G 160 +1oo 

~ So + 130 
1 

0 So - so 

Q So 0 

(I ) a nd (z) , t wo identical elect rodes (mer cury-coated s ilver ); *, generating elect rod e; genera ting 
cu rrent , 20 rnA; com posi tion of cell soln. : HNOa , 2 · 10 - 4 N, s% I<N03 . 

Generating current and cell geometry 
Constant values of V o may be obtained by the simultaneous adjustment of 

both the cell geometry and the intensity of the generating current, thus allowing an 
investigation of the effect of the generating current or cell geometry on the height and 
direction of the PDP. The results are shown in Table z . 

With the appropriate location of the electrodes within the cell (Table z), an 
inverse proportionality between the intensity of the generating current and the height 
of the PDP is obtained ; in these experiments the location of the electrodes is the 
determining fact or . 
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Volumetric titrations in the presence of an electrical f ield 
An experiment was carried out with constant cell geometry and rate of titrant 

addition; the intensity and direction of the electrical field were varied. The apparatus 
employed, shown in Fig. I, allows an electrical field of desired intensity and direction 

TABLE 2 

EFFECT OF GENERATING CURRENT AND CELL GEOMETRY 

Schematic Generating Initial potential 
cell plan current difference, V o 

(mA) (mV) 

~ 20 I35 

0 I ] I 35 

G IO I35 
1 

PDP, direc
tion and 
height (mV) 

]0 

90 

IOO 

(I) and (2), t wo identical electrodes (mercury-coated silver); *, generating electrode; composition 
of cell soln.: HNOs (w- 4 N, approx.) , 5 % KN03 • 

A 

Fig. 1. Titration cell; external electrical field applied does not affect the composition of cell soln. 
(I) , titration cell; (2) , auxiliary cell, filled with satd. KN03 soln.; (3), salt bridge , filled with satd. 
KNOs soln.; (4), platinum generating electrodes, connected to coulometer; (5) , indicating elec
trodes, twin mercury-coated silver electrodes2; (6), automatic burette; (A), impedance matching 
unit, differential electromet er according to YARN ITSKY 3 ; (B), Polarograph Shimadzu, type RP2 
recorder; (C), coulometer Metrohm type E2II. 

to be set up in the cell, without affecting the composition of the cell solution. The 
titration is carried out volumetrically. Reversal of the field, achieved by reversing the 
polarity of the platinum electrodes, or changes in its intensity, achieved by varying 
the generating current, had no effect on the shape or height of the PDP. 
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Volumetric titration with atdomatic recording 
The above experiment was repeated with zero current (through the platinum 

electrodes); this is equivalent to a normal volumetric titration with constant ra t e of 
titrant addition and automatic recording. The peak obtained is identical with that 
obtained in a coulometric titration at the same rate of titrant generation . In this case, 
as in the case of coulometric titrations, the direction of the PDP is reversed when (a) 
the indicating electrodes are interchanged; (b) the direction of the titration is reversed 
(acid or base titration). These experiments show that the electrical field has no effect 
on the indicating syst em. 

Dynamic causes of the PDP 
If the titration is interrupted at various stages, a gradual decay of the potential 

difference between the indicating electrodes is observed (Fig. 2). When the generating 
current is switched on, a potential difference appears between the two electrodes (this 
includes the abrupt appearance of the initial pot ential difference, Vo). The branches 
AB in Fig. 2 depict this change. When the current is switched off, the potential 
difference drops rapidly at first (loss of Vo) and lat er decays gradually to a stable 
value (branches BC in Fig. 2). The final potential difference approaches zero and is 
not dependent on the st age of the titration. The B-points on the potential difference
time curves represent the potential difference at various points of the titration at the 
moment of this interruption; these are not equilibrium values and are significantly 
dependent on the ext ent of the titration. The curve of these maximum potential 
difference values plotted against progress of titration, is peaked . 

6£ B 

----!2secf--

o'----=--CJ:---=------...;_J~ J---=-' A CJ_< Cj~---t 

Fig. 2. Coulo-potentiometric titration of acid with interruption of generating current , I sec aft er 
start. Generating current: 20 rnA; composition of cell soln.: 6 · IO-s N HN03, IO % KN03; soln. 
stirred continuously throughout the recording of potential - time cur ves. A, fraction titrat ed: 
(I}, 1.04 ; (2), 1.02; (3), I; (4), o .g8; (5), o .g6. 

The appreciable potential difference between the electrodes, and its decay with 
time, indicate different reaction rates of the two electrodes. This may be attributed to 
one or more of the following factors: (a) differences in the state of surface area of the 
electrodes; (b) differences in the rate of titrant supply to the two electrodes and 
(c) differences in the thickness of the diffusion layers at the two electrodes. 

(a) Differences in the surface area . Partial oxidation, the formation of inter
metallic compounds, precipitates or the adsorption of contaminants from the solution, 
may all result in differences in the state of the electrode surfaces, causing changes in 
the exchange current and the transfer coefficients and hence affecting the rate of 
response of the electrodes . Comparison of the expected behavior of twin electrodes, 
and experimental titration curves obtained with them, clarifies this point. The expect
ed behavior was based on the following assumptions: (i) electrode (r} has a slower 
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response rate than electrode (z); (ii) with a solution of constant composition , a poten
tial difference exists between the two electrodes due to the difference in the state of 
their surface area; (iii) the titration is carried out volumetrically and automatically . 

The potential change of each electrode measured against a reference electrode 
is described by an "S" -shaped curve; the potential difference between the two, when 
one lags behind the other, is charact erized by a peak (PDP) at the end point (Fig. 3). 

Titration of acid Ti t r at ion at bose 

E 

j( 
E 

F ig. 3· Expect ed volumetric acid - base titra tion curves, with automatic recordi ng for the case of 
two indicating electrodes having d ifferent response rates clue to differences in the state of the 
s urface a rea of the electrodes. 

I 
-----------

T"1trnti on of ccid Titrati o n o f bose t.E ,2 J Titration 

0) (j) ot bose 0 E E \..T 

fr ~ 
Vo -8 

0 I t 
t 

Vo+<l {f ~ i 
~trotio n 

t .--1 acid 

@ ~t.E,2 C) 
E E T;ys 

s v
0

-(j Titra tion 

~ 
O t Ot OCid t 

• Vo~trotion 

VoiP t l± l o f bose 

t 
I . 

Fig. 4· Expected coulometric acid - base t itra tion curves with automa tic recording for the case of 
two indicating electrodes h aving different response rates due to differences in the state of the 
surface a rea of the electrodes. 

When the titration is carried out coulometrically, the initial potential differ
ence, V0 , is added to the potential difference, o. This may be positive or negative 
according to the direction of the generating current and the location of the electrodes, 
and causes a slight difference between the shapes of the volumetric and coulometric 
titration curves due to the background on which the PDP appears. 
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The coulometric titration curves are shown in Fig. 4· If the differences in elec
trode response are mainly a result of different surfaces, the direction of the PDP must 
be det ermined by properties pertaining to the electrodes themselves and not to their 
location. Previous experiments 1, however, show the location to b e the determining 
factor; the PDP cannot, therefore, be ascribed to inequality in the surface states of 
the twin electrodes. However, work now in progress 4 shows that with certain elec
trodes, surface effects (e. g. roughness factor) , will be dominant . Experimental vo
lumetric and coulometric titration curves obtained with two glass electrodes resemble 
the theoretical curves shown in Figs. 3 and 4· 

b. Different rate of titrant supply. When stirring is inefficient , the titrant supply 
will be unequal and the electrode removed from the source of titrant supply will lag 
behind the one near to it . The expected titration curves (volumetric and coulo
metric) for this case are shown in Fig. 5· 

Volumetric t itrat io n 

@ C) 
Titration 

Coulometric titrat ion 

@ 0) 
A~~tration l :i;ration 

_}\.base ..J(acid 

0-q-~___::;~--~--'~-- t 0'+-----------
Titratio n 
of base \ ;(;tration\ fritration 

V o1 acid y of base 

Fig. 5· Expect ed volumetric and coulometric acid-base titration curves with automatic recording 
for the case of different rates of titrant supply to the two electrodes. 

TABLE 3 

EFFECT OF STIRRING RATE 

Schematic 
cell plan 

S tirring rate 
(rev . of magnet barf sec) 

10 

14 
19 
25 
25 

H eight of the PDP 
(mV) 

I JO 

110 

95 
85 
So 

(1) and (2), two identica l mercury-coated silver electrodes; *, generating electrode; generating 
current: 20 mA; composition of cell soln.: HN03, 6 · 10 - s N, 5 % KN03; volume of cell soln.: 6o 
ml; length of magnet bar: 2.8 em . In addition t o the magnetic stirring, the solution was stirred 
thoroughly by passing nitrogen gas through a porous glass bubbler. 

The following experiments were carried out to determine the extent to which 
the indicating signal (the PDP) results from this cause: 

Stirring. The stirring rate influences the homogeneity of the cell solution during 
titration. Table 3 shows results obtained with different stirring rates. It can be seen 
from Table 3 that increased stirring rate results in a decrease in the height of the 
PDP; however, even at very high stirring rates, a clear peak still appears. The lag in 
mass transfer, near the equivalent point, required t o produce a PDP of 131 mV, may 
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be calculated*. The experimental PDP of 130m V (Table 3) is obtained with a stirring 
rate of ro rev(sec of the magnet bar; this provides very efficient stirring action and, 
therefore, cannot be accompanied by such an extensive (S sec) mass transfer delay. 

Reversal of the direction of the magnetic stirring did not affect the direction of 
the PDP. 

Peripheral and central generation . Titrations were carried out with (a) a peripher
al generating electrode (a platinum net hugging the cell sides and of cell height) and 
(b) a wire electrode, centrally placed. When the indicating electrodes remained in 
fixed positions in the cell, the change from peripheral t o central generation did not 
affect the direction of the PDP. 

This experiment proves that the PDP is not the result of solution inhomogene
ity. Further exhaustive experiments proved beyond doubt that the PDP is indepen
dent of generating electrode location but dependent only on the location of the indi
cating electrode. Only in extreme cases, when the indicating electrode is placed in the 
immediate vicinity of the generating electrode (about 2 mm from it), does the stirring 
fail to overcome the concentration gradient formed, and the nearer electrode leads. 
Under ordinary experimental conditions, however, this cannot be the factor respon
sible for the indicating mechanism. 

c. Different thickness of diffusion layer. Various regions in the titration cell are 
stirred at different rates and two electrodes dipping into two such regions will have 
different diffusion layers. The electrode in the more rapidly stirred region will have a 
thinner layer than the one dipping in the slower region . As a result the electrodes will 
have different rates of response to the continually changing composition of the cell 
solution and the electrode with the thinner diffusion layer will respond more rapidly. 
According t o this concept, the location of the electrodes in the titration cell will 
determine which leads and which lags; an interchange will result in a reversal of this 
order and hence a reversal in PDP direction. Two experiments were carried out to 
prove this to be the determining factor of the twin electrode indicating system. 

(i) Superstirring at one of the indicating electrodes. When energetic stirring was 
applied t o the region in which one of the indicating electrodes was located, this elec
trode was always found to lead (Fig. 6). The leading electrode was identified as 
follows: in the titration of an acid the electrode potential changes t owards negative 
values; the leading electrode will, therefore, be more negative than the other. 

(ii) Vibration of one indicating electrode. A series of titrations, analogous t o 
those summarized in Fig. 6, was carried out with one of the electrodes directly connect
ed to a vibration stirrer (in place of the stirring rod) , thus achieving super-stirring at 
the vibrating electrode. The results and their conclusions are identical with those 
shown in Fig. 6. 

This investigation suggests the following indication mechanism. In the titra
tion cell with efficient stirring, regions of different liquid velocity arise resulting in 
different thicknesses of the diffusion layers at the electrodes placed in the solution. 
This causes the electrodes to respond at different rates to changes in the solution 
during the titration. The potential change of each electrode (vs. reference electrode) is 

* The PDP may be calculated for the experimental conditions described in Table 3 (generating 
current : 20 rnA ; vol. of cell soln.: 6o ml) and assuming a response lag of 5 sec between the two 
electrodes. It will be determined by the LlpH a t a single electrode, between the equiva lent point 
and 5 sec earlier or later. 
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given by an "S" -shaped curve. Owing to small difference in their rates of response, a 
sharp peak is obtained when their potential difference is recorded throughout the 
titration. 

To ensure quantitative results with this new potentiometric method, the elec
trode must respond rapidly to changes in the composition of the titrated solution. 

In well stirred solutions the thickness of the diffusion layer and, therefore, the 

· (?)1 2. Schematic "' 
ce ll plan 

* 

Shape of ~ ~ j 
titration _}\._ _}\.._ J\ 
cu~e o,_~----·---------------------_7~~'-----~~-----• 

Leading 

electrode 
(1) (2) (2) (2) (1) 

Fig. 6. Effect of super-stirring, at one of the indicating electrodes, on the direction of the PDP. 
(I) a nd (2), two identical m ercury-coated silver electrodes; (*), generating electrode; generating 
current: 20 rnA;~. magnetic stirring (I4 revfsec of the magnet bar);+--+, vibration stirrer (type 
VR I, Wissentscha ftlich Technische Werkstatten; vibration frequency, Ioofsec; vibration ampli
tude, 2mm) ; composition of cell soln.: 6 · Io -5 N HN03, Io % KN03 . 

response rate of the electrode, are det ermined by the roughness factor. Consequently, 
when mercury electrodes are used for indication, the discrepancy between the equiv
alent and end points is negligible. Further work on this subj ect will be reported 4 . 

SUMMARY 

A mechanism for the new indicating system " twin electrodes, at zero current", 
is proposed . In the titration cell, even with efficient stirring, regions of different liquid 
velocity arise , resulting in different thicknesses of the diffusion layers at the electrodes 
placed in the solution. This causes the electrodes to respond at different rates to 
changes in the solution during the titration . The potential change of each electrode is 
given by an "S" -shaped curve. Owing to the small difference in their rates of response, 
a sharp peak is obtained when their potential difference is recorded throughout the 
titration. 
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DIFFUSION-LIMITED ADSORPTION AT SPHERICAL ELECTRODES* 

SIDNEY L. PHILLIPS 

I.B.M. Corp., Box 390, Poughkeepsie, New York rz6o2 (U.S.A .) 

(Received December 2nd, 1965) 

INTRODU CTION 

Adsorption at a planar electrode under conditions of diffusion-limited mass 
transfer has been investigat ed both theoretically and experimentally by several work
ers1-4. In these studies, the boundary condition normally applied is that the solution 
concentration of the adsorbable substance is equal to zero at the electrode surface 
throughout the course of the experimentl ·4. Assuming this condition holds, the time at 
which the faradaic current falls to zero is supposed to coincide with formation of the 
maximum equilibrium surface coverage of the surfactant4. Although this relation 
between the interfacial concentrations and time was derived for a planar electrode, it 
has most often been applied to instantaneous current - time data obtained using a 
dropping-mercury electrodel,4,5. 

The equation based on a planar electrode predicts a linear relation between the 
reciprocal of the bulk concentration of surfactant and the square root of the time at 
which the faradaic current is zero. The slope of this line is proportional to the ratio of 
the maximum surface concentration of the surfactant, and the square root of the 
diffusion coefficient of the adsorbing substance. From the value of this slope alone, it 
is not possible to calculate separately either the maximum surface coverage or the 
diffusion coefficient of the surfactant. Thus, in order to calculate both these quantities, 
either the diffusion coefficient or the equilibrium surface coverage must be determined 
from a separate experiment 4. 

On the other hand, the form of the theoretical equation relating the maximum 
surface coverage, bulk concentration, and time at a spherical electrode permits cal
culation of both bulk diffusion coefficient and equilibrium surface coverage from a 
series of current-time curves. This is shown in the following derivation. 

THEORETICAL 

Consider the diffusion-limited adsorption process 

A--7Aads 

The Fick's-Law equation for the diffusional process at a spherical electrode may be 
written in the forms 

* Presented in part, Division of Analytical Chemist ry, 15oth National Meeting of the American 
Chemical Society, Atlantic City, New J ersey, September 1965. 
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(I) 

Here, CA is the concentration of substance A, t the time, DA the diffusion coefficient of 
substance A, and r the radial distance from the center of the spherical electrode. The 
initial condition 

(z) 

specifies that at the start of the experiment, the surfactant is homogeneously distrib
uted throughout the solution. 

case 2 •3 

The boundary conditions are similar to those used for the planar electrode 

(3) 

(4) 

(5) 

Equation (3) expresses the usual condition of semi-infinite diffusion. In eqn. (4), it is 
assumed that the surfactant concentration in the volume of solution around the 
electrode surface is nearly zero until the electrode is almost completely coated. REIN
MOTH's calculations indicate that this is a generally valid assumption up to half
coverage in the case of a planar electrode3 . In eqn. (5), the adsorption rate is equated 
to the material flux at the electrode surface. 

Equation (I) is readily solved for the initial and boundary conditions using the 
Laplace transform, and the solution, taking into account eqn. (5), is 

. zCA 0VDAto CA0DAto 
Fm= + ----

J/n ro 
(6) 

Here, Fm is the maximum surface coverage, and t0 is the time at which this maximum 
coverage is attained. It is seen that eqn. (6) differs from the plane electrode case by 
addition of the important second term on the right-hand side. Equation (6) may be 
rearranged to give 

I zVDA DA Vto 
--- = - -+--
CA0Vto VnFm roFm 

(7) 

It can be seen from eqn. (7), that a plot of [C A oyto] - 1 vs _¥to should give a 
straight line with a slope equal to DA/Fmro, and an intercept of zyDA/ynFm. Thus, the 
slope and intercept yield two equations in two unknowns and may be solved simulta
neously for D A and r m · On the other hand, the comparable equation for a planar 
electrode yields a straight line that passes through the origin so that only the ratio of 
the maximum surface concentration and diffusion coefficient can be determined. 

In Fig. I, theoretical plots of the adsorption behavior corresponding to eqns. 
(I)- (5) are shown for both plane and spherical electrodes. The dimensionless quan
tities 
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are plotted for convenience. Using these substitutions, the spherical and planar equa
tions are 

Sphere: {ii:~ = Vnlf' + 2 

Plane : yn~ = 2 

8 

bl 
U) 

..; 
~ 

4.4 -

;:: 4.0 .. 
~ 
c 

VOLTS vs. S.C.E. 

Fig. r. Theoretical plots of diffusion behavior at spherical (A) and planar (B) electrodes. 

Fig. 2. Drop-timevs. applied potential. (A), o.r M perchloric acid ; (B) , o .r M perchloric acid, 
s .oo · ro-4 M tetrabutylammonium ion. 

EXPERIMENTAL 

The potentiostatic method - in which a constant applied potential is main
tained at a stationary electrode - was selected for experimental verification of eqn. 
(7), since this method has several important advantages for investigations involving 
adsorption behavior. For example, adsorption equilibrium is more likely to be attain
ed than at a dropping-mercury electrode, since the electrode life is invariant with time2 . 

In addition, the constant applied potential minimizes the possibility that the 
kinetics of potential-dependent adsorption processes will change during the course 
of an experiment. 

For experimental purposes, several metal ions in various electrolytes were in
vestigated to determine the degree of inhibition of the electrode reaction by various 
surfactants. Of these, Cd(II) in o.r M perchloric acid solution was chosen for further 
investigation because the reduction step was found to be markedly inhibited by traces 
of suitable surfactants. Tetrabutylammonium ion was selected for detailed investiga
tion as the adsorbable substance, since it inhibits the electro-reduction of Cd(II), and 
does not adsorb at potentials appreciably positive of the electrocapillary maximum7 •8 . 
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Equipment 
The cell used was an 85-ml capacity weighing bottle terminating in a TJS sojr2 

joint. A Teflon (trademark, E.I. duPont de Nemours & Co. Inc.) lid was machined to 
fit snugly over the top of this cell, and the electrodes, nitrogen inlet, dropping-mercury 
capillary, and Teflon scoop projected through this lid into the cell. The cell design and 
method used to hang the mercury drops were essentially identical to those discussed 
by ALBERTS AND SHAIN9. 

A Wenking potentiostat, Model6r-R, was used to provide the constant poten
tial. External read-out was accomplished by passing the faradaic current through a 

. decade load resistor, and then recording the resulting voltage drop on either a Sargent 
Model SR pen-and-ink recorder, or a Leeds and Northrup Type G Speedomax recorder 
with a chart speed of 20.2 in.fmin and a r-sec full-scale pen response time. 

Chemicals 
All chemicals were reagent-grade. The tetrabutylammonium ion stock solution 

was prepared by dilution of a standardized solution of tetrabutylammonium hydrox
ide in methanol (K and K Laboratories) . As a satisfactory blank was obtained using 
the experimental procedure described below in the presence and absence of methanol, 
the chemicals were not further purified. The water used was twice distilled, the second 
distillation being made from an alkaline permanganate solution using a borosilicate
glass apparatus. 

40 

20 

.. 0 .. 
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z 
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"' 0: 
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Fig. 3· Cyclic stationary electrode polarograms. (A), r.64 · IO-a M Cd(II), 0.1 M perchloric acid; 
(B), after adding s.oo · I0-4 M tetrabutylammonium ion to the soln. 

Fig. 4· Diffusion-limited current- time curves. Electrolysis-adsorption potential, -0.70 V vs. 
S.C. E.; supporting electrolyte, 1.64 · I0-3 M Cd(II), 0.1 M p erchloric acid. T etrabutylammonium 
ion concn., X ro - s M: (A), o; (B), o.So; (C), r.oo; (D), 1.20; (E), 1.40; (F), I.6o; (G), r.So; (H), 2.oo; 
(I), 4.oo. 
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End-point detection 
The time at which the faradaic current fell t o zero was det ermined by linear 

extrapolation of the falling portion of the current - time curves to the zero current 
axis. 

Procedure 
The electro-reducible substance was a r.64 x ro -3 M -solution of Cd(II) in o.r M 

perchloric acid solution. A suitable aliquot of a solution of tetrabutylammonium ion 
in o. I M perchloric acid was added to the electrolysis cell, and the solution was stirred 
by nitrogen bubbling. A mercury drop (0.052-cm radius) was then attached to the 
working electrode while applying the initial potential. The initial and electrolysis
adsorption potentials, + 0.25 and -0.70 V vs. S.C.E., respectively, were determined 
from cyclic st ationary electrode polarograms and drop-time vs. potential curves such 
as those shown in Figs. 2 and 3· It can be seen from these figures, that the selected 
values correspond to the initial and boundary conditions under which eqn. (7) was 
derived : tetrabutylammonium ion does not adsorb at the initial potential , but does 
adsorb appreciably at the final potential. 

The electrolysis-adsorption potential was applied 30-60 sec after hanging the 
mercury drop to minimize stirring effects caused by movement of the solution during 
this st ep. Current-time curves were then recorded on application of the final poten
tial until the faradaic current fell t o a st eady-state value significantly less than the 
initial value. Replicate results were obtained readily by hanging a fresh mercury 
drop and repeating the procedure. All experimental dat a were obtained at 25 ±O. I

0
• 

RESULTS AND DISCUSSION 

A series of current-time curves was obtained under diffusion-limited condi
tions, and typical curves are shown in Fig. 4. These show that the current falls to
wards zero more or less rapidly, depending on the tetrabutylammonium ion concentra
tion . The time at which the current reaches zero, to , was determined for each surfac
t ant concentration by extrapolation of the falling portion of the curves to the zero 
current axis. With tetrabutylammonium ion concentrations less than 8.oo x ro - s M, 
the faradaic current did not decrease significantly for electrolysis times as long as go 
sec. The experiment was not continued beyond this time because natural convection 
was found to interfere with the mass transfer step . 

----

1.4 

wli! 

~ 1.2 
O< 
~ 

1.0 / 
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Fig. 5· Bulk surfactant concentra t ion-time relation plotted according to eqn. (7) . Data oLtained 
from curves shown in Fig. 4· 
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A plot of [CA0 yto]-1 vs. yto is shown in Fig. 5, and, as expected from eqn. (7), a 
straight line is obtained. The diffusion coefficient and maximum equilibrium surface 
concentration of t etrabutylammonium ion as determined from the slope and intercept 
of this line, are r.o · ro- 5 cm 2fsec, and 3·3 · ro - 10 molesfcm 2 , respectively, in o.r M 
perchloric acid. Since t etrabutylammonium ion is not electroactive in this supporting 
electrolyte, the calculated diffusion coefficient could not be correlated with that 
obtained by the usual methods G. 

SUMMARY 

Both the diffusion coefficient and maximum surface concentration of a surfac
t ant may be calculated from potentiostatic current - time curves obtained using spher
ical electrodes. The theoretically-derived relation between the maximum surface 
concentration, diffusion coefficient, and time at which maximum surface coverage is 
attained was tested by adding tetrabutylammonium ion to a solution of Cd(II) in o.r 
M perchloric acid. 
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CHRONOAMPEROMETRISCHE UNTERSUCHUNG METALLISCHER 
MONOSCHICHTEN 

E. SCHMIDT UND H . R. GYGAX 

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

(Eingegangen am 23. November, 1965) 

I. E I NFUHRU NG 

Unter einer metallischen Monoschicht wird im folgenden ein Metallfilm an der 
Phasengrenze Elektrode-Elektrolyt verstanden, der nicht mit dem Elektroden
material identisch ist und dessen elektrochemisches Verhalten den nachstehenden 
Kriterien entspricht : 

I . Die Schicht ist elektrisch neutral in dem Sinne, dass bei ihrem Aufbau durch 
Adsorption von Kationen M e•+ aus der Losung gleichzeitig die zur Entladung nach 

Me•+ + z e- <=:!: Meartsorbiert (I) 

notwendige Ladungsmenge ausgetauscht wird. Ein Einfluss auf die Struktur der 
Doppelschicht ist nicht auszuschliessen, doch bleiben die damit verbundenen La
dungs- und Kapazitatseffekte klein im Vergleich zu Stromumsatz und Scheinkapazi
tat des Depolarisationsvorgangs (/). 

2. Die auf die Reinphase Me bezogene Aktivitat «Me des Adsorbats ist eine 
st etige, monoton steigende Funktion der Flachenkonzentration y (Molmenge Ad
sorbat pro Einheit der Elektrodenflache): 

«Me = o fiir y = o 
o:;;;,j(y):;;;, I fiir o<y< sY (ra) 

I fiir y ~ sY 

daMe/dy =I ~ 0o fiir o:;;;,y:;;;.y (rb) 
fiir y> sY 

Der mehr oder weniger deutlich hervortretende Sattigungswert sy, bei dessen Ueber
schreitung «Me gegen Eins geht, ist grossenordnungsmassig mit einer monoatomaren 
Bedeckung (ca. Io-9 Mol cm-2) vergleichbar. 

J. Ein Transport des Reduktionsproduktes Me ins Elektrodeninnere durch 
Diffusion unter Ausbildung von Legierungsphasen mit Konzentrationsgradienten 
senkrecht zur Elektrodenoberflache findet nicht in messbarem Umfange statt. Diese 
Bedingung soil als erfiillt gelten, solange die Tiefenausdehnung einer etwaigen 
Legierungszone zwischen Niederschlag und Unterlage die Abmessungen einer 
einatomigen Schicht (zweidimensionale bzw. Oberflachenlegierung) nicht iibersteigt. 

Spezielle, die Schichtstruktur und Sorptionsthermodynamik betreffende 
Voraussetzungen werden nicht gemacht. 
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Die Definition erfasst alle gemass (I) reduktiv entstandenen Met allnieder
schlage bzw. -adsorbate im Nanomolbereich, welche eine bedeckungsabhangige Ak
tivitatsisotherme besitzen und sich nicht als dreidimensionale Mischphasen end
lichen Volumens identifizieren lassen. 

Man hat das Auftreten ungesattigter metallischer Monofilme in erster Linie im 
Zusammenhang mit Potentialmessungen an hochverdtinnten radioaktiven Depolari
·atoren 1 • 2 Mez+ diskutiert , in deren Gegenwart vorpolarisierte inerte Messelektroden 
haufig eine Unterspannung !:J.E gegentiber Referenzelektroden der Aktivitat a Me = I 

aufweisen, aus der auf die Existenz eines Oberflachenbelages definierter Aktivitat 
aMe< I geschlossen wird3 ,4 : 

!:J.E = Egemessen- Erefe t·e nz 
RT 

- zF ln aMe>O 

Dagegen ist tiber analoge Phanomeoe an arbeitenden Elektroden unter voltamme
trischen bzw. chronopotentiometrischen Arbeitsbedingungen vergleichsweise wenig 
bekannt, trotzdem MILLS UND WrLuss anhand von Ladekurven schon vor geraumer 
Zeit zeigen konnten, dass bei der Reduktion verschiedener Metalldepolarisatoren an 
Gold- und Silberelektroden recht auffallige Unterspannungserscheinungen zu be
obachten sind. Spatere quan titative Untersuchungen beschranken sich auf die Syst eme 
Pb- Ag6, Tl- Ag7 und Tl- PtB sowie auf einen Versuch von NrcHOLSON9, die Strom-

TABELLE I 

ZUSAMMENSTELLUNG DER U NTE RS UCHTEN KOl\'IBINATIONEN DEPOLARISATORMETALL- UNTER LAGE 

UND !HRER MI SCHUNGSEIGENSCH AFTEN 

I~ r Bi Pb Sn Tl Cd 
-
I 

Au v v v G M/V 

Ag G G M G M 

Cu - ~ M 0 M/V 

Bi ~ M G M/V 0 
Pb - ~ - M G 
Sn - - I~ 0 G 

D ie Metalle s ind nach s t eigendcr E lektronegativitat in nicht oder nur schwach komplexieren der 
wassriger Losung geordnet. (- ) : Die Unterlage ist fiir den b etr. D epolarisa tor zu unedel; M: 
Bildung von Mischkristallen zwisch en D epolarisator und U nterlage ; V: Bildung von intermet a l
lischen Verbindungen zwischen Depolarisator uncl Unterlage ; 0: Verschwindende gegenseitige 
Mischbarkeit bei Zimmertemperatur. 

Die untersuchten Systeme sind doppelt umranclet. 
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Zeitfunktion der chronoamperometrischen Ablosung von Monoschichten mit linearer 
Adsorptionsisotherme zu berechnen. 

Im R ahmen der vorliegenden Arbeit wird die Abscheidung mehrerer Metalle 
an Festelektroden chronoamperometrisch auf Monoschichteffekte hin gepriift und 
in einigen F allen die zugehOrige Aktivitatsisotherme (r) ermittelt. Die untersuchten 
Kombinationen Niederschlag-Unterlage wurden nach folgenden Gesichtspunkten 
ausgewahlt (vgl. Tab. I) : 

a . Als Depolarisatoren kamen "normale" Metallsysteme gemass der Klassifika
tion von PIONTELLI 1o in Betracht, fiir die am ehesten eine bei Stromdichten urn IO 

flA cm-2 polarographisch reversible Bruttoreaktion (r) zu erwarten ist . 
b. Im Abscheidungsbereich des Depolarisatorkations sollte weder die Wasser

stoffreduktion noch die anodische Auflosung des Elektrodenmetalls interferieren. 
c. Urn Komplikationen durch Legierungsbildung auszuschliessen, sollten bei 

der Versuchst emperatur (25°) keine intermetallischen Verbindungen oder Misch
kristalle zwischen Niederschlag und Unterlage bestandig sein. 

Als Leitelektrolyt diente vor allem eine wassrige Losung von KCl 0.5 M. 

2. MESSMETHODE 

Die Durchfiihrung der Versuche erfolgte nach einem chronoamperometri
schen* Verfahren unter Verwendung einer Messzelle vom Kammertyp6·27 , wobei das 
polarisierende Spannungssignal ~on der Form 

E = aE -{Jt mit r.67 <:;; lfJ I <:;; 3 34 m V sec-1 , (2) 

war und von einem potentiostatisierten Schreiberpolarographen (Radiometer P04 
mit Hilfspotentiostat en 6) geliefert wurde. Der registrierte Strom transient liess sich 
auf Grund der vorgegebenen Potential-Zeit-Beziehung (2) je nach Abscisseneichung 
des Stromschreibers sowohl als Strom- Zeit- wie auch als Strom- Spannungskurve 
interpretieren . 

Die Funktionsweise der (in F ig. I schematisch dargest ellten) Messanordnung 
ist dadurch gekennzeichnet , dass fiir die Elektrodenreaktion (r ) nur eine beschrankte 
Depolarisatormenge in der Grossenordnung weniger Nanomole zur Verfiigung steht, 
welche in der sogenannten Elektrodenkammer eingeschlossen und gegeniiber der 
restlichen VersuchslOsung diffusionsmassig isoliert ist**. Die Kammer hat die Gestalt 
eines flachen Hohlzylinders variabler Hohe omit planparallelen Basisflachen ( o < o < 
0.2 mm, Reproduzierbarkeit der Messung ± o.ooi mm) und wird von der ebenen 
Messelektrode sowie einem entsprechencl geformten Isoliermantel aus Polyvinyl
chlorid begrenzt. Details der Konstruktion und Handhabung der Messzelle sind an 
anderer Stelle ausfiihrlich beschrieben wordenG***. 

Die verwendeten Messelektroden best anden aus polykristallinen Runclblocken 
(Durchmesser r.o em) der in Tab. I als Elektrodenmaterialien aufgefiihrten Metalle, 
die mit Zuleitungsdrahten versehen und mit Araldit-Giessharz in PVC-Gewinde-

* Zur Nomenklatur elektroanalytischer Method en vgl. d en Literaturll. 
** Der Depolarisatortransport durch den in Fig. r erkennbaren Leitkana l, der die E lektroly tver
bindung zur Gegenclektrode herstellt, bleibt vernachlassigbar klein. 
*** Nach einem ahnlichen Di.innschichtverfahren haben ANsON und Mitarbeit er sowie R E ILLEY 

und Mitarbeiter chronopot entiometri sche Untersuchungen durchgefi.ihrt 2 1 - 2 >. 
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hiilsen eingebettet wurden (Fig. 2). Vor dem Einschrauben in die Messkammer wurde 
die dem Elektrolyten exponierte Vorderseite des Metallblocks auf einer Prazisions
drehbank unter Stickstoffspiilung plangedreht und anschliessend mehrere Minute1, 
lang beim Startpotential des Spannungsdurchlaufs aE (vgl. (2)) vorpolarisiert, urn den 
Auf- bzw. Abbau allfalliger reversibler Sauerstoffadsorbate 

H20 <=± Oadsorbier t + 2 H + + 2 e- (II) 

zu veranlassen. Von Goldl5 und Silber 16 ist bekannt, dass ihre Oberflachen in neu
traler und saurer Losung innerhalb des untersuchten P otentialintervalls ( + 0.2 bis 
-I .o V fSCE) keine Sauerstoffsorptionsschichten tragen; in allen iibrigen Fallen lag der 
pH-Wert der Messlosung zumindest ausserhalb des Stabilitatsgebietes kompakter 
Metalloxyde. 

M 

a L o 
0 0 

0 

Icf B 
0 0 

0 0 

0 IO.Omm 
0 

(;S:sJ PVC ~ Metoll (ZQ Aroldit 

Fig. I. Schema der Messanordnung. P, Pola rograph; PS, Potentiostat; L, Obertei l des Isolier· 
mantels; I., U ntert eil d es I soliermantels; M, Kammerelektrode; G, Gegenelektrode (Ag); B, 
B ezugselektrode (SCE); K, Leitkanal; V, E lektrodenka mmer ; L , D epolarisatorlosung. 

Fig. 2. Messelektrode. 

Die besagte Elektrodenbehandlung fiihrte bei aller Einfachheit zu Strom
transienten befriedigender Reproduzierbarkeit, unabhangig davon, ob die Messungen 
an frischen OberfHi.chen oder unter mehrmaliger Benutzung derselben Elektrode ohne 
mechanische Zwischenbearbeitung vorgenommen wurden . Auf Versuche zur Ermitt
lung von Rauhigkeitsfaktoren wurde verzichtet. Die (makroskopische) Oberflache der 
Drehrille schwankte von Metall zu Metall infolge unterschiedlicher Einst ell- und 
Spitzenwinkel des Drehstahls und betrug etwa IIO- I 2o% des geometrischen Elek
trodenquerschnitts. Bei Probemessungen an chemisch nachpolierten 17 Silberelek
troden in KCl-Leitsalzlosung ergab sich eine Verringerung der am Test system Pb 2+

Pb gemessenen Sattigungsbedeckung sY (vgl. (I)) und damit auch der wirksamen 
Elektrodenflache urn ca. 25 %, ohne dass die Form der Strom-Spannungskurve 
qualitativ eine Aenderung erfuhrls. 
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3· DISKUSSION DES MIT MESSELEKTRODEN VOM KAMMERTYP AUFGENOMMENEN 

STROMTRANSIENTEN METALLISCHER DEPOLARISATOREN 

Unter Ausschluss geschwindigkeitsbestimmender chemischer Reaktions
schritte gilt auf Grund der Geometrie des Kammerraums fiir das Konzentrations
profil des Depolarisatorkations CMe der lineare Diffusionsansatz 

OCMe _ D o 2CMe 

Tt- ~ 
CMe = m fiir t = o undo~ x~ c5 
ocMe/o x = o fiir x -+ o (impermeable Zylinderbasis) 
oCMe/o x = ifzFAD fiir x-+ o (Elektrodenoberflache) 

dessen Auflosung12 nach CMe den Ausdruck 

CMe = m - (zF A o) - 1 i(t) ~:· 1~3(0,tD6-2 ) = oCMe 

fiir x -+ omit 
00 

#3(v,x J =I+z~exp [ -n2k2x]cos 2 nkv 
k-1 

(J) 

(4) 

ergibtl3,14. Die Grosse m bezeichnet die konstante Anfangskonzentration von Mez+, 
D seinen effektiven Diffusionskoeffizienten und A den mit der geometrischen Elek
trodenflache identischen Kammerquerschnitt ; reduzierende Strome erhalten das 
positive Vorzeichen . Unter dem Symbol F1!tJ ~~F2(t J wird das Faltungsintegral 

F1<t> ~}F2 < t> = I: Fw- u> F 2<u> dtt 

verst an den . 
Gl. (4) erlaubt einerseits die Berechnung von oCMe aus der experimentell er

mittelten Strom-Zeitkurve i(tJ, wobei die numerische Auswertung des Faltungsaus
drucks durch die rasche Konvergenz der Thetafunktion 

sehr erleichtert wird. Zum anderen liefert eine Faltung mit der Reihe 

00 

IX#2(0,(f, tJ = ZIX ~ exp [ -n21Xt(k+o.s) 2] 
k~O 

mit tX =Do-2 unter Beriicksichtigung der Thetarelation 

#3(0,t) ~~#2(0,t) =I 

(vgl. ref. rz S. 307) eine Beziehung zwischen oCMe und dem Stromintegral q von der 
F orm 

t 
zFA (m -ocl\re) ~}Do-1#2(0,Dt<J-2 J = i<t> ~H = Jo i(t)dt = q(ti 

die sich wegen 

lim IX#2(0,(f.t ) ~~I = I 
cx.t~co 

fiir IX> o 
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bei hinreichend grossem t zu 

q<t> ~ mzFAt5-zFAoCMe *Do-1{}2(0,Dto-2> (6) 

vereinfacht. oCMe hat bei reversibler Elektrodenreaktion (I) im kathodischen Span
nungsdurchlauf (fJ > o, vgl. (z)) die Konvergenzeigenschaft 

zF zF 
oCMe = aMe exp RT (E - oE)::::; exp RT(E- oE) ~ exp [ - {JtJ 

mit fJ> o, so dass der verbleibende Faltungsterm in (6) infolge 

lim IX{}2(0,at) i M-iJt = 0 
t ->00 

(7) 

gegen Null geht und das (reststromkorrigierte) Stromintegral tiber den gesamten 
kathodischen Stromtransienten dem Grenzwert zF Amo zustrebt: 

flirt~ o2JD undfJ> o. (8) 

Gl. (8) ermoglicht bei Kenntnis der experimentell leicht bestimmbaren 
Grossen m, A und o eine coulometrische Kontrolle der Ladungsstochiometrie z der 
Reaktion (I); der Fehler in qcath bleibt dabei vernachlassigbar klein, d.h. unter I % , 
wenn die obere Integrationsgrenze t ~ 02/D so gewahlt wird, dass das durch das vor
gegebene ElektrodenpotentialE<t> (vgl. (z) ) bestimmte oCMe in einem Intervall <t--rlt> 
mit 

-r = 20 2jD 

(annahernd) verschwindet. Eine Abschatzung unter Verwendung von (5) zeigt 
namlich, dass 

1Mocx I: {}2(0,au)du+2Mo!X I:{}2 (0,au) du~(m - oCMe(tJ) i} IX{}2(0,at)= 

=q<tJ(zFA o ~1Mu IX I: {}2(0,au) du+ 2Mu!X I: {}2(0,au)du (9) 

wobei 1Mu, 1Mo und 2M u, 2Mo die Schranken* der Summe (m-oCMe) in den Teilinter
vallen <t--rit ) bzw. <olt--r ) bezeichnen. Da im kathodischen Spannungsdurchlauf 
nur oCMe-Werte zwischen o und m physikalisch sinnvoll sind (auf die H erleitung 
werde verzichtet), nehmen wegen oCMe --*0 in < t- -rlt) die Schranken 1M t die Werte 
1Mu = 1Mo = 2Mo =m und 2Mu = o an, worauf aus (9) folgt 

mOl I: {}2(0,au)du:=:;q(t)jzFA o:::; mcx I: {}2(0,au)du:::; mcx I~ {}2(0,au)du=m 

oder 

wenn r: = 202jD. 

Typische Werte von -r liegen bei ca. 20 sec (D~ Io-s cm2 sec-1, o~ I0-2 em) 
und sind somit klein gegen den Zeitbedarf t eines vollstandigen Polarogrammdurch
laufs u~ 5 bis 20 min) . 

Durch (r) , (2) und (4) sowie die Bedeckungsbilanz 

y = yo + (zFA)-1 I: i<t>dt (ro) 
::-----c,.....,.-;-* oCMe ist beschrankt wegen (7) und stetig, wenn a"• als stetige Funktion von y vorausgesetzt wird . 
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und eine Bestimmungsgleichung fi.ir das Elektrodenpotential 

RT 
E = oE + zft ln oCMe/a)re bei reversibler Reaktion (I ), (II} 

ist die an der Kammerelektrode gemessene Stromstarke als Funktion von E bzw. 
t eindeutig festgelegt . Das genannte Gleichungssystem kann in der Regel nicht 
durch einen geschlossenen Ausdruck nach i<tl aufgelost werden, doch lassen sich 
qualitative Aussagen hinsichtlich der Form der Strom- Zeitkurve in Abhangigkeit 
von einer gegebenen Aktivitatsisotherme (I} herleiten, wenn man die Faltung 
i(tl ~~ ffa(o,a.t) in (4) nach 

00 

i<tl ~:- ffa(o,a.t) = i<tl ~:- I + 2 i ,t) ~:- ~ exp [ -n2 k2a t] 
k - 1 

wenn yo= o, 

(I2) 

durch das Stromintegral i,t) -:n ersetzt und dabei den Summenterm in (I2), der von 
der Grossenordnung 

00 00 

z li<tl ;:-~ exp [ - n 2 k2at] I:( z l i <t) lmax ~I ~~ exp l -n2 k2at] 
k~1 k~1 

(IJ) 

ist, vernachlassigt*. Der beim Zusammenfassen von (I2) mit (I), (2), (4), (m) und (rr) 
erhaltene Ausdruck 

RT RT 
E=aE-{Jt = oE+ - ln(m-y o- 1} - -lnaMe 

zF zF 

liefert, nach t differenziert, eine Beziehung 

zFA.dy . z2F2A.{3 ----cu-· = t(y) = RT [(mo - y) - 1+d ln aMe/dy]-1 (IS) 

fi.ir den Strom i, welche den Verlauf des experimentellen Stromtransienten als 
Funktion der Bedeckungy approximativ wiedergibt . 

Nach (IS) hat i(yl in erst er Naherung folgende Eigenschaften : 
a. Der Quotient i /{3 ist von der Richtung des Spannungsvorschubes unab

hangig und besitzt im physikalisch sinnvollen Bedeckungsintervall O:( y,; mo 
Nullstellen bei y = mo und y = o (Die Nullstelle bei y=o folgt aus d ln aMe/dy~oo 
fi.ir y = o, vgl. (I}}. 

b. Die den Extremstellen des Stroms (Strompeaks und -sattel) zugehorigen 
Bedeckungswerte .Ymax und .Ymin sind durch die Bedingungen 

di/{Jdt~ (mo-y) - 2+d2Jn aMe/dy2 = o fi.ir O<.Y< mo, (I6a) 

* Die Berechtigung fUr die Ungleichung (rJ) ergibt sich daraus, dass i<tl innerhalb eines gleich
sinnigen (kathodischen oder a nodisch en) Spannungsdurchlaufs sein Vorzeichen nicht andert: 
i<tlfJ ;.o. li<tllmax ist der maximale Absolutwert von i<tl in ( olt). Die Vernachlassigung des 
Summenterms erscheint unbed enklich, sola n ge li<tl lmax (3a<OzFA) · 1~ m (vgl. (r4)). 
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F ig. 3· Theoretische iiYisYl bzw. i1EJ-Kurven von Monoschiehten 
(r4- I 9). ,y = 3.0 · ro - 9 m ole em - 2 ; m t5 = 4.0 ·r o - 9 mole em - •. 

d es Einze lpeaktyp gemass G l. 

A, - lg a = - lg Cy f,y , C = r. r 
B, - ci • ig a fcl (yj,y)• = I f(yj,y)2 ; 

(
mo y )-2 

C, - h (YisY) = ---
sY sY 

( 

I I ) - 1 

mt5f, y - yj,y + yj,y 

RT 
D , i * = i = 

,yz" F•A{J 

(vgl. (r9)). 
(vgl. (r6a) unci (I?)). 

(vgl. (r6a) unci (r7)). 

(vgl. (IS )). 

z F RT (""5 j,y - yj,v) 
E, i* = fun mit E' = - (E - oE - - lg (,y/ <5) ) = lg · 

RT zF a 
(vgl. (I4) ). 

Die K a libri erung cler Ordi na t e r echts gilt fiir die Kurve Aim Masstab I: r , fiir di e Kurven B unci C 
im Mass tab I : ro. 

Fig. 4 · Theore tisehe i 1Y/sYI b zw. i 1" 1-Kurven von Monosehiehten des Vors tufentyps gemass Gl. 
(I4- I8) . ,y, m o, c unci E wie in Fig. 3· 

yj,y 
A, - lg a =- 1gB---. B = o.zo 

I -yj,y 

cl 2 Jg a 
B , ----= ---

d(y/sY)2 (r -yf,y)2 (y f ,y)2 

(vgl. (I8) ). 

(vgl. (r6a) unci (r7)) . 

RT 

D, i* = ,yz2 F 2 A {J i = ( mt5f,y 

1

- yj,y 
+ I )-1 

yj,y (r - yj,y) 
(vgl. {IS)). 

D ie Kalibrierung der Ordinate reehts gi lt fiir die Kurve A im Masstab I :I, fii r die Kurven B unci C 
im Masstab I :so. 
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definiert und ent sprechen den Schnittpunkten der Hyper bel 

h(Y) = -(mb - y)-2 (r7) 

mit der zweiten Ableitung d2ln aMe/dy2. Die Zeit- bzw. Potentialkoordinaten der 
Extremstellen ergeben sich durch Einsetzen von Jmin bzw. Jmax in Gl. (r4). 

Zur Illustration werden in Fig. 3 und 4 die nach Gl. (r4- r6) unter der Annahme 
mb>syberechneteni(YisYl bzw. i<E>-Kurven von Monoschichten mit den Isothermen 

By(sy-y)-1 fiir o::=:;;y< sY -'YJ 
gl (y) fiir sy -'Yj ::=:;;y< sY 
I fiir y ~.y 

und 

aMe(y) = Cy fiir o::=:;;y< sY -'YJ 
g2(y) fiir sy -'Yj::=:;;y< sY 
I fiir y ~.y 

O<'Yj4: sy, B<YJ/(sy-'Yj) 
(Langmuir-Adsorbat) 

(r8) 

dargest ellt . Die den Uebergang von der Monoschicht- zur Sattigungsbedeckung ver
mittelnden Funktionen g1(y) und g2(y) sollen die in (IS) und (r6) vorausgesetzte 
(n > z) fache st etige Differenzierbarkeit von ln aMe im gesamten Bedeckungsbereich, 
also auch in der Umgebung von sJ, gewahrleisten 

In Uebereinstimmung mit den Schnitteigenschaften von d 2 ln aMe/dy2 und 
h<Yl (vgl. (r7)) durchlauft i f{J im Langmuir-Fall (r8) zwei deutlich getrennte Maxima, 
von denen das im anodischeren Teil der Potentialachse gelegene der Bildung bzw. 
Auflosung des Monoschichtadsorbat s zugeordnet wird ("Vorstufe"), wahrend im 
Bereich des pot entialmassig negativeren " Hauptpeaks" hauptsachlich der Umsatz 
der gesattigten Bedeckung (y ~ sJ, ln a Me= o) stattfindet. Das Stromminimum liegt 
beim Wendepunkt von g2(y) in <•Y -'YJi sy). 

Der zum linearen Ansatz (rg) gehOrende i /{3-Transient weist demgegeniiber 
nur ein einziges Maximum mit der y-Koordinate 

Jmax I = l mb fiir mb::=:;; 2 (sy- 'Yj) mit 'YJ 4, sY auf, 

~ sY ftir m b> 2 (sy -'Yj) 

(zo) 

da (r6a) in diesem Fall, sofern innerhalb des Isothermenteilstiickes g2(y) kein Wende
punkt auftritt, nur die Losung (zo) besitzt und somit nicht mehr als cine Extrem
st elle in o < y < mb zulasst . Derartige Strom-Zeitkurven mit einem Einzelpeak sind 
im iibrigen charakteristisch ftir alle Aktivitatsfunktionen mit monoton zunehmender 
zweiter Ableitung d2ln aMe/dy2. 

4· ERGEBNISSE 

Bei der chronoamperometrischen Priifung der in Tab. I genannten Systeme 
wurden in Analogie zu den Ansatzen (r8) und (rg) entwederStrom-Spannungskurven 
vom Vorstufentyp mit Vor- und Hauptpeak oder Transienten mit Einzelmaximum 
gefunden. Reprasentative Beispiele von anodisch-kathodischen Abscheidedurchlaufen 
sowie unmittelbar anschliessend an der gleichen Messelektrode aufgenommenen anodic 
stripping-Kurven sind in den Fig. 5-7 zusammengestellt, die Potentialdaten der 
Strom peaks aller untersuchten Depolarisatoren (Leitelektrolyt: KCl oder NH4Cl04 
0.5 M) finden sich in Tab. 2 . Die angegebenen Spannungswerte bezeichnen Unter-

f. Electroanal. Chem., 12 (1966) 300- 319 
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-0.2 -0.4 -0.6 -0. 8 - 1.0 -0.6 -0.8 -1.0 
-0.3 -0.!5 -0.7 V/SCE V/SCE 

V/SCE 

][ 

A 
,E 

l 
A 

I a I b n A 

B 

5 pA I B 

][ 

5 6 7 
Fig. 5· Strom- Spannungskurve der Depolarisatorabscheidung bzw. Auflosung im System Pb-Cu 
(Vorstufentyp, Nr. 3 Tab. 2) . 
A, Potentialvorschub in kathodischer Richtung (Abscheidekurve). B, Potentialvorschub in 
anodischer Richtung (anodic stripping-Kurve). I, Pb-Vorstufe, II: Pb-Hauptstufe. (- -),Grund
strom. rE, Ruhepotential einer reinen Pb-Elektrode. Depolarisator, 3·75 ·I0- 4 M Pb(N03)2. 
Leitsalz, 0.5 M KCl, pH = 5· Elektrodenmetall, Cu . Elektrodenfliiche, A = 0.785 cm 2 • Kammer
hohe, (j = 1.0 ·I0 - 2 em. Durchlaufgeschw., f3 = o.1 V min-1. Widerstand im Leitkanal, RK = 
IOoo!l. 
Bei den angegebenen Potentialen wurde die Ohm'sche Spannungskorrektur nicht beriicksichtigt. 

Fig. 6. Strom-Spannungskurve der Depolarisatora bscheidung bzw. Auflosung im System Tl-Au 
(Vorstufentyp, Nr. 5 Tab. 2). 
Ia, Ib, Tl-Vorstufen an Au; II, T l-Hauptstufe. rE, Ruhepot ential einer reinen Tl-Elektrode. 
Depolarisator, 4.38 · lo-4 M TIC!. E lektrodenmetall, Au. Weitere Angaben wie in Fig. 5· 

Fig. 7· Strom-Spannungskurve der Depolarisatorabsch eidung bzw. Auflosung im System Tl-Sn 
(Einzelpeaktyp, Nr. 8 Tab. 2). 
rE, Ruhepotential einer reinen Tl-Elektrode. Depolarisator, 4.38 · I0 - 4M TI2S04 • L eitsalz, o.5M 
NH4Cl04- HCJO,, pH = 2. Elektrodenmetall , Sn. Kammerhohe, (j = 1.50 ·I0-2 em. Widerstand 
im Leitkanal, RK = 1050 n. W eitere Angaben wie in Fig. 5· 

spannungen gegeniiber dem Ruhepotential 

RT 
rE = 0 E + zF ln m (2I) 

einer gesattigt bedeckten Elektrode (a Me = r) im betreffenden Elektrolyten . 
Die Kurvenform ist, vom Stromvorzeichen abgesehen, besonders innerhalb 

der Vorstufenregion im anodischen und kathodischen Durchlauf weitgehend die 
gleiche (vgl. S. 302). Bei den Kurven vom Vorstufentyp besteht ein Zusammenhang 
zwischen der Peakform bzw. -hohe und den Dimensionen der Elektrodenkammer 
dergestalt, dass sich das Stromintegral der Hauptpeaks mit abnehmender Depolari
satordichte m!J kontinuierlich verringert und nach Unterschreiten eines krit ischen 
Schwellenwertes vollig verschwindet (Fig. 8) . Ein solches Verhalten entspricht der 

]. Electroanal. Chem., 12 (1966) 300-319 
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nach Gl. (I6a) zu erwartenden Aenderung von Zahl und Abscissenlage der Schnitt
punkte von d2 ln aMe/dy2 mit h(y) beim Verschieben der Hyperbelasymptote y = mb 
langs der Bedeckungsachse. 

Wie aus Tab. 3 hervorgeht, betragt die im Potentialgebiet E:>rE, also ausser
halb des Stabilitatsbereichs von Depolarisatorniederschlagen der Aktivitat aMe = I 
kathodisch umgesetzte Depolarisatormenge bei allen Systemen et~a 2-3 · Io-6 mmol 

-0.4 -0.6 -0 .8 -1.0 

V/SC E 
1--.------1 

, E I -0.6 -0.8 

I 2 ~A 
V/ SCE 

la lb II 

A 

E 

D 

c 
B 

B 

A 

Fig. 8. Strom-Spannungskurven der Abscheidung von Tl an Cu in Abhangigkeit von der Kammer
hi:ihe <5 (Potentialvorschub in kathod . Richtung, Vorstufentyp, Nr. 7 Tab. 2). 
Ia, Ib, Tl-Vorstufen an Cu. II, Tl-Hauptstufc. ,E, Ruhepotential einer reinen Tl-Elektrode. A, 
Grundstrom; B, o em; C, 3.0 · Io -3 em; D, 6 .o · Io-3 em; E, 9 .0 · Io - 3 em. Bei Kurve B entspricht 
das Kammervolumen dem Restvolumen V0 (vgl. Lit. 6). 
Depolarisator, 6.6I ·Io-•M TIC!. Leitsalz, 0.5 M KCI, pH = 5· Elektrodenmetall, Cu. Elektroden
flache, A= 0.785 cm 2 . Durchlaufgeschw. , {J = o.I V min -'. Widerstand im Leitkanal, RK = 
IOOO-I200 D. 
Bei den a ngegebenen Potentialen wurde die Ohm'sche Spannungskorrektur nicht berlicksichtigt. 

Fig. 9· Strom- Spannungskurve der Depolarisatorabscheiclung bzw. Aufli:isung im System Cd- Sn 
bei offener Kammer (Einzelpeaktyp, Nr. I I Tab. 2). 
A, . Potentialvorschub in kathodischer Richtung (Abscheidekurve). B, Potentialvorschub in 
a nodischer Richtung (anodic stripping-Kurve). (--), Grundstrom. ,E, Ruhepotential einer reinen 
Cd-Eiektrode. Depolarisator, 2.3 ·Io - 4M CdS04 . Leitsalz, 0.5 M NH4CI0 4-HCI04 , pH = 2. 
Elektrodenmetall, Sn. Elektrodenflache, A = 0.785 em•. Kammerhi:ihe, <5 = C/J. Durchlaufge
schw., {J = o. I V m in - 1 Wiclersta ncl , ~ 30 D. 

cm- 2 und liegt demnach in der Grossenordnung der vom eingangs definierten Mono
schichtmodell geforderten einatomigen Sattigungsbelegung s)', wenn man Rauhig
keitsfaktoren urn I-2 annimmt und die gemessenen Sattigungsstromintegrale 

ts 

5q = syzFA = Jo i(odt mit aMe = I bei t = ts, 

mit dem Strombedarf zum Auf- und Abbau der dichtest gepackten Netzebene im 

]. Electroanal. Chem., I2 (I966) 300-3I9 
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TABE LLE 3 
SATTIGUNGSBEDECKUNGEN DER UNTERSUCHTEN DEPOL ARISATORSYSTE ME 

Depola- Unter- L eitelek- Stromintegral Strombedarf zum A ufbau der ,qf,q * 
risator lage trolyt im B ereich der dichtest gepackten N etzebene (2 R auhig-

(o.s M ) ungesiittigten im K ristall des Depot. metalls keitsfaktor ) 
Bedeckung ,q* (mAsec em-• ) 
8q (m A sec 
em-• ) 

Bia+ Ag H C!0 4 0 .68 ± 0.04 ~ 0. 45::::. (ooo r ) im Bi- ~ 1. 5 
K rist a ll bei 2 5° 

Pb2+ Ag K Cl 0. 50 ± 0.04 }0.305::::. (rii ) im Pb- 1. 50-1. 77 
P b 2+ Cu KCl 0. 45 ± 0. 04 Kristall bei 2 5° 1.35- 1.60 

Tl+ Au KCl 0.22 ± 0.02 I.25-I. 5o 
Tl+ Ag K Cl 0 .30 ± 0.02 ) o. '6o .0 (ooo<) im o - Tl- I. 75-2.00 
Tl+ Cu KCl 0 .38 ± 0.02 Kristall bei 25° 2.25-2-50 
Tl+ Sn NH.c to. 0.25 ± 0.02 !. 45-1. 70 

Cd 2+ B i N H4Cl0 4 0. 31 - 0. 34 } 0. 416 ::::. (ooo r) im Cd- 0.74- 0. 81 
Cd2+ Pb NH.Cl04 0.31 - 0 .33 Kristall bei 2 5° 0.74- 0- 79 
Cd 2+ Sn N H4Cl04 0.2? - 0.29 o.65- o.7o 

krist allinen Depolarisatormetall vergleicht . Die angefiihrten Messwerte von sq wurden 
bei Systemen mit Einzelpeaktransienten im I nteresse einer sicheren Festlegung der 
oberen Integrationsgrenze t, aus Versuchsansatzen mit offener Kammer ermittelt 
(0- H:O , oCMe :=:::: m), bei denen ein charakteristischer Stromanstieg den Uebergang von 
der ungesattigten zur gesattigten Bedeckung eindeutig kennzeichnet (Fig. g). Bei 
den Kurven vom Vorstufentyp dar£ sq in den Grenzen der Auswertefehler mit der 
Stromsumme der Vorpeaks identifiziert werden . 

Man kann mit Hilfe der Kammermethode voraussetzungsfrei zeigen, dass die 
dem Integral sq aequivalente Depolarisatormenge im Spannungsintervall aE > E > rE 
t at sachlich auf der Messelektrode fixiert wird, obgleich ein kompakter Niederschlag 
mit a Me = I thermodynamisch nicht existenzfahig ist . Wird die Elektrode namlich 
ausserhalb der Kammer in der Nahe des Ruhepotentials (E > rE) kathodisch vorpo
larisiert, so ist der nach dem Einsetzen in die Kammer und erschopfender Anodisie
rung regist rierte Stromtransient seiner Peakstruktur und Stromsumme nach iden
tisch mit einer bei erhohter Depolarisatorkonzentration und gleichem Kammer
volumen, aber ohne Vorpolarisation aufgenommenen Strom-Spannungskurve, wobei 
die Zunahme des Depolarisatorinhalts der Kammer gerade dem Stromintegral der 
kathodischen Vorbelastung entspricht (Fig. ro) . Der zusatzliche Depolarisatorbetrag 
kann nach Art der Versuchsdurchfiihrung und unter Beriicksichtigung der syst em
bedingten Unloslichkeit des abgeschiedenen Metalls in der Unterlage (vgl. Tab . r ) nur 
in Form einer Sorptionsschicht des Reduktionsprodukts Me auf der Elektrodenober
flache in den Diffusionsraum gelangt sein . 

Die durch Messung des Gesamtstromintegrals qcath (vgl. (8)) als Funktion der 
Kammerhohe o bestimmte Ladungsaufnahme pro Ion 

Z( q) = dqcath/mF A d o (22) 

unterscheidet sich bei den meist en Systemen im Monoschicht- wie auch im gesattigten 

]. Electroanal . Chem., 12 (1966) 300- 319 
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I ~System Pb-Ag 
-0.4 -0.6 -0 . 8 -1. 0 3 

i ~System Pb-Cu 
V/ SCE m.sJ Syst eme TI - Au, 

i TI - Ag, TI - Cu z 
~.dhi 

I a lb II 1) 
ISSSSSS1~ 2 

B-

A_ 1-:. .. ...... :.: .·: .· ... ·· .. ·.·.:.:::: :-::-:-1 

c 

1.5 }JA I 
0 4------.------~-----.------r 

1,5 Y/aY 

Fig. I O. Einfluss der kathodisehen Vorpolarisation im Potentialgebiet der Vorstufen auf das 
Stromintegral der Abseheidung von Tl auf Ag (Vorstufentyp, Nr. 6 Tab. z). (- - ), Grundstrom. 
,E, Ruhepotential einer reinen Tl-Elektrode. Ia, Ib, Tl-Vorstufen an Ag; II, T l-Hauptstufe. A, 
Vergleiehspolarogramm einer naeh S. 30I behandelten Messelektrode. B, Polarogramm naeh 
Vorpolarisation der Messelektrode bei - 750 mV vs. SCE vor dem Einsehrauben in die Kammer. 
C, Anodiseher Ablosestrom beim Einstellen des Startpotentials -750 mV vs. SCE n aeh Ein
sehrauben der vorpolarisierten Messelektrode in die Kammer. 

0 0.5 2 

Depolarisator, 5-55 ·I0-4M TlCl. Leitsalz, 0.5 M KC1, pH = 5· Elektrodenmetall, Ag. E lektroden
fliiehe, A= 0.785 em 2 • Kammerhohe (fiir A, B, C), 15 = 4.0 · Io-a em. Durehlaufgesehw., fJ = o.I 
v min -1. Widerstand im Leitkanal, RK = I IOO n. 
Bei den angegebenen Potentialen wurde die Ohm'sehe Spannungskorrektur nieht beriieksiehtigt. 

Fig. I 1. Effektive Ladungsaufnahme z pro Grammatom Depolarisator als F unktion des Bedee
kungsgrades Y!•Y in 0.5 M KC1 (Vorstufensysteme). (·-·-), Sattigungssehwelle. 

Bedeckungsgebiet urn nicht mehr als ± 5% von den zur Neutralisation der Kationen 
Mez+ nach (I) erforderlichen Werten Zwahr (Fig. n). Die bemerkenswerte Ueberhohung 
von z bei der Abscheidung der Bleimonoschicht auf Silber tritt nur in halogenidhaltigen 
Leitelektrolyt en in Erscheinung und wird auf den gleichzeitigen partiellen Abbau 
der Halogensorptionsschicht der Silberoberflii.che16 zurtickgeftihrt : 

Pb2++n Xacts + (z + n)e- +± Pbacts + n X' (III ) 

Dabei hii.ngt der auf den gesamten Vorstufenbereich bezogene Ladungstiberschuss 

/lq = sqgemessen - Zwahr FA s)'wahr 

= sqgemessen - Zwahr F s v m * 
(23) 

von der Halogenidkonzentration ab und betrii.gt beispielsweise in 0.5 M KCI rund ein 

* Die Grosses V in (23) gibt das Volumen der Elektrodenkammer an, bei dem der Depolarisatorin
halt gerade zur Sattigung der Elektrode (a Me= I) a usreieht, und kann einer Auftragung der 
experimentellen q-Werte gegen 15 entnommen werden. Die Grosse sYwahr ist als Produkt sYwahr= 
s VmfA definiert . 

]. Electroanal. Chem., Iz (1966) 300-319 
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TABELLE 4 

STROMBILANZ DER ABSCHEIDUNG VON Pb AN Ag IN GEGENWART VERSCH IEDEN ER LEITELEKTROLYTE 

(vgl. Gl. (23)) 

Leitelektrolyt pH sqgemessen !1q ZwahrF sYwahr sYwahr 

(o.s M) (mAsec cm - 2) (mAsec cm-2) (mAsec cm-2) (mM cm - 2 ·ro - 4) 

NaF 5 0-48 ± 0 .02 0.48 ± 0.02 2.5 
NH2SOaH 0 . .) 0.47 ± 0 .02 0-47 ± 0.02 2.2 

KCI 5 0 .53 ± 0 .02 0.10 ± 0.01 0.43 ± 0.02 2.2 

KBr 5 0-47 ± 0.02 o.Ig ± o.o2 0.28 ± 0.02 !.5 
KSCN 5 O.jO ± 0.02 O. I2 ± 0.02 0.38 ± 0.02 2.0 

TABELLE 5 

PEAKDATEN DER BLEIVORSTUFE AN Ag IN VERSCHIEDENEN ELEKTROLYTEN 

Leitelek- Peakpotentiale der ,E 
trolyt Pb- Vorstufe, bezogen (mVvs.SCE) 
(o .s M) auf ,E (mf!) 

cat h. anod. 

KOH I45 ± 5 200 ± 5 - 820 

NaF I35 ± 5 175 ± 5 -520 

NH2SOaH I I5 ± 5 125 ± 5 - 475 
KCI roo ± 5 II5 ± 5 -525 
KBr 50 ± 5 So± 5 - 540 
KSCN 40 ± 5 75 ± 5 -520 
KI 30 ± 5 30 ± 5 - 670 

Drittel der von VESELOVSKY16 angegebenen Chlorsorptionskapazitat (o.g · 1015 A tome 
em - 2) einer blank en Silberelektrode. In Gegenwart von Rhodanid, Chlorid und vor 
all em von Bromid erfahrt ZwahrF AsYwahr eine deutliche Verringerung im Vergleich zu 
in Sulfaminat- und Fluoridlosung ermittelten Vergleichswerten (Tab. 4), was darauf 
hinweist, dass Halogenadsorbat und Bleimonoschicht urn zumindest teilweise iden
tische Adsorptionspositionen konkurrieren 2 6 (ein analoges Verhalten der Silberober
flache ist bei der simul tan en Adsorption von Iodid und H ydroxyd 19 festgestellt worden). 

Der Potentialabstand zwischen Vorstufe und Ruhepotential wird durch die 
Anwesenheit nichtmetallischer Sorptionsschichten ( einschliesslich der Sauerstoff
bzw. OH-Bedeckung in stark alkalischem Milieul6) merklich beeinflusst (Tab. 5), 
wobei gleichzeitig die Potentiallage des gesamten Stromtransienten beziiglich des 
Spannungsnullpunkts infolge unterschiedlicher Komplexierung des Depolarisatorka
tions in den einzelnen Leitlosungen betrachtliche Differenzen aufweisen kann. Ein 
Ersatz des Leitkations K + durch Na+, NH4 +, Ba2+ oder H + bleibt dagegen ohne er
kennbare Auswirkungen auf die Kurvenform. 

Zur Ermittlung der Aktivitatsisotherme aMe(y) aus den experimentellen 
Strnm-Spannungsdaten wird den Bedeckungswerten y eine Funktion 

zF zF 
a*(y) = oCMe exp RT(oE -E)= oCMem-1 exp RT (rE -E) (24) 

(vgl. (2I)) zugeordnet, die sich aus dem gemessenen Elektrodenpotential E und der 

]. Electroanal. Chem., 12 (rg66) 300- 319 



CHRONOAMPEROMETRIE METALLISCHER MONOSCHICHTEN 315 

jeweiligen Elektrodengrenzenkonzentration oCMe berechnet. oCMe ist tiber eine nume
rische Faltungsintegration des gemessenen Stromes i!t> nach Gl. (4) zuganglich . 

Sofern der losungsseitige Depolarisatortransport (J) die Gesamtgeschwindig
keit des Bruttovorgangs (i) bestimmt, ist a*ty> mit der Aktivitat aMe(Y) identisch, da 
E dann den durch die Nernst 'sche Gleichung (n) vorgeschriebenen reversiblen Wert 

RT 
Erev = oE + zF ln oCMe/aMe 

annimmt: 

Wenn dagegen Hemmungen des Ladungsdurchtritts oder des Sorptionsvor
gangs die Einstellung des Gleichgewichtspotentials verhindern, definiert Gl. (24) eine 
Scheinaktivitat, die je nach Stromrichtung positiv oder negativ vom wahren Wert 
aMe(y) abweicht. Bei gegebenem oCMe und y gelten wegen 

0+-----~------~ 

-I .J-------1---

-2 -1--------+---

d]·-· I I 

I -- I -----+----, 

-3 

-4 

Vorstufe I a 1 \/.St. Ib 1 Hauptstufe n 
lg a•!.--------'---------''---------

0.1 0.2 z~y' zF,y 0.4 

zFy (mAsec; cm-2) 

Fig. 12. Seheinaktivitaten a*cath und a* an des Thallium-niedersehlages auf einer Ag-Elektrode 
(Vorstufentyp, vgl. Fig. 10). e. a*cath ; () , a*••· Messfehlerspanne, ± 3 mV2o.r log. Einheiten. 
zF,y' = o.2r5mAseeem-2 ~ ,y' = 2.23·ro-9 moleem - 2; 
zF,y = 0.300 mAsee em - 2 ~ ,y = 3· r r ·r o - 9 mole em - 2 (vgl. (25)) . 
Depolarisator, 6 .1 2 · ro - 4 M TIC!. Leitsalz, 0 .5 M KC!, pH = 5· Elektrodenmetall, Ag. E lektroden
flaehe, A = 0.785 em 2 . Kammerhohe, b = r.o ·I0 - 2 em. Durehlaufgesehw,. fJ = o.r V min - 1. 

Fig. 13. Aktivitatsisothermen von Depolarisatorniederschlagen des Vorstufentypus. System, 
Depolarisatorkonz. und Kammerhohe bei Kurven: (A), TI-Au, 4.38 · ro - •M TIC!, r.oo ·ro - 2 em; 
(B), Tl-Ag, 6.12 ·I0- 4M T IC!, S.o ·ro - 3 em ; (C), Tl- Cu, 6 .61 ·ro - 4M TIC!, S.o ·ro-3 em; (D), 
Pb- Ag, 3.71 · ro - •M PbClz, r.oo ·ro - 2 em; (E), Pb-Cu , 3·75 ·ro-•M PbCI2, r.oo ·ro - 2 em. 
Leitelektrolyt, 0.5 M KC!, pH = 5· Elektrodenflaehe, A = 0.785 em 2. Durehlaufgesehw., fJ = o.r 
V min - l 
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E (y,
0

cMel ~ E rev(y, 
0
cMcl fiir i<t l;::: o (kathod. Strom) 

und 
E(y,

0
cMel?::Erev(y,

0
cMe l fiir i(t)~ o (anodischer Strom) 

die Ungleichungen a*cat (Yl = a*<y.i >o) ?:: aMe(y) (fiir kathodische Strome und E #E rev) 
und a*an(y) = a*<Y.i<o)~ aMe(y) (fiir anodische Strome und E #E rev) mit deren Hilfe 
sich ein Intervall 

a* cath(y)?:: aMe(y)?:: a* an(y) 

abgrenzen lasst , innerhalb dessen der gesuchte Aktivitatswert aMe(y) liegt . Die 
Grossen a*cath(y) und a* an(y) kormen im kathodischen und anodischen Spannungs
durchlauf des gleichen Versuchsansatzes (Fig. 5-7) gemessen werden. 

Geeignetes Kurvenmaterial zur Aktivitatsauswertung liegt bislang fiir die in 
KCl-Leitlosung untersuchten Systeme Pb- Ag, Pb-Cu, Tl-Ag, Tl-Cu und Tl-Au 
(Nr. 2, 3, 5, 6, 7 der Tab. 2) vor, deren Strom-Spannungskurven samtlich zum Vor
stufentyp gehoren. 

Die Werte a*cath und a*an differieren im Bereich der Monoschichtbedeckung 
auf Ag und Au nur urn o.r- 0.2 logarithmische Einheiten (Fig. 12), so dass die be
treffenden Bruttoreaktionen (I) als polarographisch reversibel angesehen werden 

-2 
8 

• D c 
E 

-4 

- 6 
A 

- 8 

lg a 

-10 
-I.~ -1. 0 - 0. ~ 0 o.~ lg Y/ .y'- y 1.5 

Fig. 14. Darstellung des Mittelwertes lg aMe(YI a ls Funktion von Jg (yf,y'-y) fiir die Vorstufen
systeme der Fig. 13. Auswertung vgl. Tab. 6. 

diirfen, zumal der Term llg a*cath -lg a*anl RT/zF etwa mit der Fehlerbreite der Span
nungsmessung (±3 mV) iibereinstimmt. Die Abscheidung der Pb- und Tl-Mono
schicht auf Cu ist starker gehemmt, was eine Zunahme von llg a*cath - lg a* ani 
bis auf ca. 0.5 bedingt. Nahe dem Sattigungspunkt scheint sich das Entladungs
gleichgewicht in allen Fallen weniger rasch einzust ellen als bei Bedeckungeny/sY~ r, 
da sich der Abstand dyr kathodischen und anodischen a*-Kurven in der Umgebung 
der Ordinate lg a*~o generell auf o.8-r logarithmische Ein,heit erhOht ; eine einge
hende Untersuchung dieser Erscheinung, vor allem im Hinblick auf den Einfluss des 
koadsorbierten Halogens auf Durchtrittskinetik und Nui>leation beim Uebergang 
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von der Monoschicht zum kompakten Depolarisatormetall, steht jedoch noch aus. 
Die den errechneten Scheinaktivitaten zugrundeliegenden und durch das geometrische 
Mittel 

lg ii* (y) = t (lg a* cath(y) + lg a* an(y)) ~ lg aMe(y) 

niiherungsweise dargestellten [lg aMe](y)-Isothermen der genannten ftinf Systeme 
zeichnen sich durch deutliche Sigmoidform aus (Fig. 13) und erftillen demgemiiss eine 
auf die Wendeabscisse wY der Kurve normierte lineare Beziehung (vgl. Fig. 14) 

lg a Me =P+Q lg-!-
sy -y 

mit sy' = z wY· (zs) 

Der Ordinatenabschnitt P misst die Aktivitiit bei y = hy' und ist daher der Freien 
Adsorptionsenthalpie !:l.Gw beim Wendepunkt proportional : 

!:l.Gw =wfJ,Me- Ofl,Me = 2.303 RTP. 

Die Steigungen Q der Geraden in Fig. I4 unterscheiden sich signifikant vom 
Neigungsquotienten einer im Kurvenverlauf analogen Langmuir-Isothermen 

Iga=P+lg _Y_ 
sy-y 

mit d lgafd[y(sy-y)-1] =I, 

die von BYRNE UND RoGERS3 zur Beschreibung der Aktivitiit von Tracerniederschlii
gen auf Metallelektroc.en herangezogen wurde (vgl. Tab. 6). Als Ursache fur die bei 
den vorliegenden Versuchen beobachtete Abweichung vom Langmuir'schen Bedek
kungsmodell kommen neben einer energetischen Inhomogenitiit der polykristallinen 
Unterlage (d .h. bedeckungsabhiingiger Adsorptionswiirme) eine StOrung durch 
Halogen- oder andere Anionenadsorption sowie durch Assoziationsvorgiinge in der 
metallischen Monoschicht in Frage. Von NEWMAN 2o wurden in submonoatomaren 
Metallaufdampfschichten auf Silberoberfliichen Partikelverbiinde hoheren Ord
nungsgrades elektronenoptisch nachgewiesen, so dass die Moglichkeit ihres Auftretens 
auch in elektrolytisch hergestellten Monoschichten und in Gegenwart der Elektrolyt
phase nicht von der Hand zu weisen ist. 

TABELLE 6 

PARAMETER DER ISOTHERMENGERADEN Jg a"e = p + Q Jg yf,y' - y 

(vgl. Fig. 14 und Gl .(25)) 

Nr. Depola- Grund- Q p LlGw ,y' sY ,y' / s)' 

risator metal (kcalf (mM cm- 2. (mM cm - 2. 
mol) Io - 6} Io - •) 

A Tl+ Au + 1.20 - 7.80 - 10.6 1.0 2.3 0.44 
B Tl+ Ag + 0.48 - 2.97 - 4·0 2.2 3·0 0.73 
c Tl+ Cu + o.61 - 3-47 - 4·7 2.8 4·1 0.68 
D Pb2+ Ag + o.so - 3.66 - s.o 2.0 2.6 0.77 
E Pb2+ Cu + o.so - 4·15 - s.6 1.6 2.3 0.70 

Die in Gl. (25) verwendeten sy'.Werte liegen vor alle:n beim Tl betriichtlich 
unter der Siittigungsbt:-deckung sY (Tab. 6). Der Isothermenabschnitt im Intervall 
sy' < y < sy, der als Gegensttick zur Uebergangsfunktion gr(y) in (r8) gel ten kann, ent
spricht dem zweiten Vor~tufenpeak der Systeme Tl-Ag, Tl-Cu und Tl-Au. 
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ZUSAMMENFASSUNG 

Die Reduktion von rnetallischen Depolarisatoren an Festelektroden aus 
wassriger Losung wird auf chronoarnperornetrischern Wege unter Verwendung von 
Messelektroden vorn Karnrnertyp auf Monoschichteffekte untersucht, wobei unter 
einer metallischen Monoschicht eine elektrisch neutrale Frerndrnetallbedeckung an 
der Phasengrenze Elektrode- Elektrolyt von der Grossenordnung einer Atornlage ver
standen wird. 

Der Verlauf der Strorn-Zeit-Kurve ist von der Form der Aktivitatsisotherrne 
im Gebiet der ungesattigten (subrnonoatornaren) Bedeckung abhangig; die Abschei
dung von Tl auf Au, Ag und Cu, Pb auf Ag und Cu sowie Bi auf Ag fiihrt zur Aufspal
tung des Strorntransienten in separate Vor- und Hauptpeaks (a Me( r bzw. a Me= r), 
wii.hrend irn Falle der Systerne Sn auf Bi, Tl auf Sn sowie Cd auf Bi, Pb und Sn nur ein 
einziges Strornrnaxirnurn beobachtet wird. 

Die Strornbilanz des Elektrodenvorganges wird durch coulornetrische Aus
wertung der Chronoarnperograrnrne gepriift. 

SUMMARY 

The reduction of metals from aqueous solutions on the surface of solid elec
trodes is performed chronoarnperornetrically to study monolayer effects using chamber 
type indicator electrodes. A metallic monolayer is defined as a layer of electrically 
neutral foreign metal atoms at the electrode-electrolyte interface, the deposit having 
the approximate thickness of one atomic diameter. 

The shape of current-time curve depends upon the structure of the activity 
isotherm within the region of unsaturated (subrnonoatornic) surface coverage of the 
electrode. A single current peak is observed during the deposition of Sn on Bi, Tl on 
Sn, and Cd on Bi, Pb and Sn. The reduction of Tl on Au, Ag and Cu, of Pb on Ag and 
Cu, and of Bi on Ag, however, leads to the splitting of the current transient into a so
called main peak with unit activity of the electrodeposited depolarizer, and a less 
negative prewave region, within which the activity of the reduced metal is less than 
unity. 

The current balance of the electrode reaction is verified by coulornetric 
evaluation of the chronoarnperograrns . 

RESUME 

La reduction de depolarisateurs rnetalliques dans des solutions aqueuses a la 
surface des electrodes solides est etudiee au point de vue des effets de couches rnono
atorniques, par une methode chronoarnperornetrique, au moyen d'electrodes indica
trices nornrnees electrodes de charnbre. Le terrne "couche rnonoatornique" indique 
une couverture de metal etranger, electriquernent neutre, ala surface de !'electrode de 
l'epaisseur d'un atorne. 
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La courbe intensite du courant vs. temps depend de la forme de l'isotherme 
d 'activite dans la region de la couverture insaturee (submonoatomique). La reduc
tion de Tl sur Au, Ag et Cu, de Pb sur Ag et Cu, de Bi sur Ag mene ala separation du 
signal de courant en des peaks primaires (activite du metal depose moins d'un) et en 
un peak principal (activite du metal depose egal un), pendant qu 'on trouve dans le 
cas des systemes Sn sur Bi, Tl sur Sn, Cd sur Bi, Pb et Sn un seul maximum du cou
rant electrique. 

Le bilan de courant du processus a la surface de !'electrode est verifie par 
mesurement coulometrique des chronoamperogrammes. 
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INTRODUCTION 

It is well known that proteins show a considerable tendency to form complexes 
with metals and especially with heavy metals. Although numerous and detailed works 
have been carried out, some recently, on the complexes of proteins of biological impor
tance with metals, little is known about the Ag+-gelatin interaction. The most impor
tant work on this complex was carried out by CARROL AND HUBBARD 1 in 1931 but it is 
not exhaustive. 

Work on macromolecule complexes, and in particular proteins, is generally 
designed to determine: 

(a) the maximum number of metal ionsjmole which can be complexed under 
different experimental conditions; 

(b) the nature of these complexes, i.e., which ligand group of the macromolecule 
is involved in the formation of the complex; 

(c) the stability of the complexes. 
The problem is especially difficult for proteins, and there is probably no exact 

solution. Many factors can, in fact, cause complications: simultaneously-active groups 
of different chemical nature can be found in proteins (such as carboxyl, imidazole, 
amino, sulfhydryl groups, etc.); each single group can have a complexing activity 
strongly influenced by its steric position more or less facilitating the formation of 
chelates; some groups can remain completely inactive because they are internally 
protected by the proteic mass, but can be activated by denaturation of the protein 
causing alterations in the molecular structure. It is difficult to evaluate the electro
static effects and the acid-base strength of the different groups. 

Although the true problem does not lend itself to a general mathematical treat
ment, several authors have undertaken extensive studies to establish a mathematical 
basis of calculation adaptable to ideal molecular models. Several important reviews on 
the subject have appeared, among them the work of CoHN AND EDSALL2, KLOTZ3, 

GuRD4, and TANFORDs. 
The essential idea can be stated thus: a series of stability constants, one for 

each ligand group, exists for high molecular-weight substances with numerous ligand 
groups capable of participating in the formation of complexes. Complicated systems, 
having different types of groups as in the case of proteins, contain an equal number of 
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equilibrium systems and types of ligand groups. In this instance, each type of complex 
has an " intrinsic const ant k" which is relat ed to each ki constant of a series by the 
expression : 

ki = n - ~ +r k 
t 

where n represents the maximum number of sites that can be associated with the 
complexing element (Ag+) in the macromolecule (P), i is the number of occupied sites 
and ki is the equilibrium const ant for the process 

PAgi-1 +Ag+-+ PAgi 

As the proteic molecule is amphoteric, it often has considerable quantities of 
both positive and negative electrostatic charges which influence all possible phenom
ena of ionic dissociation . When acid- base groups are involved in the formation of 
metal complexes, the possible competition of H + ions must be considered . This hap
pens in the case of the Ag+-gelatin complex where the following equilibria t ake place 
simultaneously : 

P + mAg+ ~ P Agmm+ 

P+ n H+ ~ PHnn+ 

If we express the number of Ag+ and H+ ions combined/mole of gelatin to i-type 
groups (imidazole, .s-amino, carboxyl, etc.) as ViAg and ViR, respectively, the following 
equations will be valid: 

where 

kiAg 

(r ) 

(z) 

intrinsic acid association constant of i-type group (inverse to the 
corresponding constant of acid dissociation), 

intrinsic stability const ant of the i-type group complex, 

= e - 2
w zv zH }electrostatic factors of the H + and Ag+ ions, 

= e -2w Zp ZAg 

«Hand «Ag = activity of H+ and Ag+ ions ; when operating at const ant ionic 
strength, the activity is assumed to be equal to the molar concen
tration «Ag = [Ag+], 

ni maximum number of i-type group sites present in the mole . 
From eqns. (r ) and (z) it follows that : 

k 
ViAg (r + kiHaH rH) 

iAg = 
«Ag(ni - ViAg) r Ag 

(3) 

kiAg can be obtained from eqn. (3), provided that the ViAg, «Hand «Ag values can be 
obtained experimentally. r H and rAg can be calculat ed by the procedures described 
in the literature2-4, and are deducible5 from the empirical values of w. km can be 
obtained from the acid-base titration curve of the protein. Equation (3) can also be 
expressed as follows : 
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n; ktAg aAg r Ag 

VtAg = I +kiHaH FH+ktAgaAg rAg (4) 

Obviously, this equation is applicable when i-type groups only are active. When ac
tive groups other than i -type groups such as j, y , et c. are present in the molecule, the 
expression can be: 

(5) 

Consideration of the possibility of other generic J -type ions t aking part in the 
formation of the complex besides H+ and Ag+ ions, leads to the following general 
equation : 

_ ,~ _ , -. n; ktMaM r M 
VM = ..t...J ViM = ..t...J 

i i I+ 'L ktJaJ FJ 
(6) 

Equation (6) gives the average number of M-t ype ions bonded to all possible ligand 
groups contained in the molecule. The application of the above equations requires 
knowledge of the electrost atic term, FJ. The necessity of introducing this t erm into 
the calculat ion is due to the presence in the proteic molecule of a number of negative 
and positive charges the net potential field of which favours or hinders the approach 
of the complexable ion . This effect, called the electrost atic effect , produces changes in 
the st ability const ant of the complex, which has t o be determined each time. The 
electrostatic effect can be calculated on the basis of the Debye - Htickel theory by the 
equation : 

(7) 

The electrostatic factor, FJ , is thus a function of the net charge of protein Z p, the 
charge of ion, Z1, and the t erm w which, according to the theory cited, is a const ant 
expressed by the equation : 

where : 
b = radius of the protein, 
a = sum of the radius of protein and complexable ion, 
){ = (De bye function) (8nN fl B2j i ooo D kT ) t. 

(8) 

In practice, eqn (8) often gives useless values for w since b and a are not const ant and 
change with the pH and ionic strength (/1) of the medium. 

A critical examination of the limit of applicability of this theory is reported in 
the recent study of NAGASAWA AND HoLTZER6. When w cannot be calculat ed success
fully, it is common practice t o t reat it as a correction factor and to det ermine it em
pirically. It is often possible t o calculate w by the acid-base titration curve using the 
equation: 

X; 
log-- = pH-pkiH + o.868 wZp 

I- X; 
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where: 
Xi = degree of dissociation of i-type groups (e.g., carboxyl), 
kiH = intrinsic dissociation constant of the group, 
Zp = net charge of the protein molecule at the chosen pH. 

323 

It is not often possible to calculate by means of eqn. (9) the values of w for the whole 
pH-range, since the equation is valid only when the dissociation process is concerned 
exclusively with i-type groups. Details of the procedure have been described by TAN
FORDs; they were applied by us in the present work. 

The value of Zp in eqns (r) and (6) should be calculated taking into account the 
variation of the electric charge in the protein molecule due to association of Ag+ ions 
and loss of H + ions. The values of r were therefore calculated according to equation: 

r = e -2w(Zp +vAg -v H) (ro) 

In the present work, an attempt was made to apply eqn. (5) to the study of the 
Ag+-gelatin complexes without considering possible interaction of other ions present 
in the system (K+, NOa-) and taking into consideration only the competition of Ag+ 
and H+ ions. It should be borne in mind, however, that although eqns (4) and (5) are 
generally applied to the study of multiple equilibria systems, they are based on 
assumptions that cannot always find confirmation in such complicated systems as 
proteins. 

The use of eqn. (4) presupposes in fact: 
(r) that all i-type sites have identical steric structure and therefore can be 

considered exactly equivalent in statistical treatment, and characterized by the 
same intrinsic constant; 

(2) that all sites are "independent" and do not exert mutual interactions; 
(3) that the electrostatic factor is exactly defined; 
(4) that each metal ion is bound to only one ligand group and displaces only 

one H + ion; the equation does not, therefore, take into account the possible formation 
of chelates in specific sites favourable to chelation, evidently depending on the partic
ular protein structure. In the present study, we have taken into account these impor
tant limiting factors which are not always considered. 

MATERIALS AND METHODS 

Bone gelatin for photographic use was used in all experiments. It was cie-ashed 
by ion-exchange resins (Amberlite IR-120 and IRA-400, B.D.H.). Its active groups 
content was determined by the acid-base titration curve7 and by chromatographic 
analysis with automatic amino-acid analyzer after complete hydrolysis. The composi
tion, expressed as molesjros g of gelatin, is as follows: 

II3 carboxyl groups (aspartic and glutamic acids and terminal -COOH); 
5 imidazole groups (histidine), about 3 terminal£X-amino groups; 
36 e-amino groups (lysine); 
44 guanidine groups (arginine). 

The gelatin was dissolved in a 0.2 M solution of KN03 at 40-50° and made up to 
volume with 0.2 M KN03 at 25°. The exact quantity of gelatin was weighed, taking 
into account residual moisture, to obtain solutions containing r% dry gelatin. 

The o.r N standard volumetric solutions of HN03 and KOH were brought to 
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0.2 ionic strength by the addition of KN03. The o.r N standard volumetric solution of 
AgN03 at fl = 0.2 was prepared by dissolving an exact quantity of AgN03 in KN03 in 
a volumetric flask, t o obtain a final solution, o.r N KN03-0. I N AgN03. The strength 
of the AgN03 solution was checked by potentiometric titration with KCL 

APPARATUS 

The pH and pAg measurements were made simultaneously by two separate 
pH-meters. The pH measurement was made by a precision pH-meter , Electrofact 
Type 53A, having a sensitivity of ± o.or pH in the pH-range 6-8. The high-sensitivity 
scale was extended by applying externally an adjustable counterpotential. An Ingold 
201 NS glass electrode was used. The instrument was calibrated at 25° with the follow
ing standard buffer solutions, according to NBS indications: 

0.05 M potassium tetraoxalate (pH= 1.68); 
0.05 M potassium hydrogen phthalat e (pH= 4.01); 
0.025 M phosphate buffer (pH= 6.86); 
o.or Mborax (pH=g.rJ). 
The pAg measurement was made by a Knick Model pH35 precision pH-meter , 

allowing potential differences of qoo mV, with an index scale graduated in millivolts. 
The electrode was a 0.8-mm diam. pure silver wire , coated with insulating varnish 
except for the dipping end (uncoated length: 20 mm). The calomel reference electrode 
was the same as that used for the pH measurement. It was connect ed to the cell by 
means of a KN03 bridge. 

The instrument was calibrated with standard volumetric solutions of AgN03 
at pAg 2, 3 and4, having constant ionic strength (p = 0.2). 

The determinations were made in a circulating water bath at 25±0.5°. Solu
tions at pH > 8 were measured in an atmosphere of nitrogen. 

PROCEDURE 

50 ml of r % gelatin in 0.2 M KN03 were brought to the desired pH by the 
addition of KOH or HN03. The time required for attaining apparent equilibrium 
varies from I to 20 h depending on the pH-range. The equilibrium was considered as 
realised when two measurements of the pH, made at intervals of I h, showed a dif
ference of less than o.or pH-units. Increasing quantities of o.or N AgN03 solution (in 
0.2 M KN03) were added . After each addition, the pH was brought back to the initial 
value by the addition of suitable quantities of KOH solution measured with a syringe
microburette. When the pH was stabilized, the potential of the silver electrode was 
read after at least 5 min of apparent equilibrium. The concentration of free silver, 
[Ag+], was determined by means of a m V /pAg calibration curve. The difference 
between the concentration of total silver, [ Ag+ ]o, and the free silver, [ Ag+], corresponds 
to the concentration of combined Ag+. VAg is obtained from the following equation : 

_ [Ag+]o- [Ag+] 
VA g = - -';:---:--.,-;--7'--

[gelatinJ 

assuming, conventionally, a molecular weight of roo,ooo for the gelatin. (VAg is ex
pressed, therefore , as the number of Ag+ ions bound to ros g of gelatin). 
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RESULTS 

Measurements were made keeping the pH constant at values: 1.5, z, 2.5, 3, 4, 
5, 6, 7, 8, g, ro. Experimental results obtained at pH 7 and data for subsequent 
calculations are shown in Table r, as an example. The values obtained were plotted 
on graphs which form the basis for the study of this system. 

TABLE I 

Initial volume, 52,86 ml; f.l , 0.2; [gelatin], 0.946 · I0-4 M; temp., 25.0°; pH, 7.0. 

O.OI N AgN03 mV pAg [Ag+]. ro4 VAg O.IO N KOH - VH 

(ml) (ml) 

0.0 S6.s 
o.s I8r.s 6 .o8 0.00832 0-99 0.023 0.46 

228.2 5.28 0 .0525 1.94 0.028 o.s6 
2 278.0 4·44 0.363 3-70 0.049 0.98 
3 301.4 4-045 0.90I5 5-09 0.083 I.66 

4 3I7.0 3·78 r.66 6.IO O.II2 2.24 
5 328.6 3-59 2-57 7-0I O.I33 2.66 
6 337-8 3-43 3-72 7-59 O.I48 2.96 
8 349·8 3-23 s-89 8.77 O.I70 3-40 

IO 3s8.o 3-09 8.I3 9.68 O.I84 3.68 
I2 364.0 2.98 Io.so I0.34 O.I93 3.86 
I4 368.8 2.90 I2.6o II. OS 0.20I 4-02 
I6 372-5 2.84 14-50 I 1.93 0 .207 4·I4 
IS 375-8 2- 79 I6.2o I2.87 0.2I3 4-26 
20 378.2 2-74 I8.2o I3 .25 0.2I7 4·34 
22 38r.o 2.70 20.00 I3-97 0.222 4·44 
25 393 -8 2.65 22.40 I4-94 0.228 4·56 

TABLE 2 

Gelatin Model lg ktAg lg kiH n, 
active-group 

-COO- CH3COO - 0.73 (ref. IS) 4.25 (a) II3 (a) 

- C--NH CH--NH 3.II (ref.I3) 6 .s (b) 5 (c) 
II I II I 
CH CH CH CH 

""-. ;:/ ""-. ;:/ 
N N 

e<-NH2 NH3 3.20 (ref. I4) 7·5 (b) 3 (c) 

e-NH" NH3 3· 20 (ref. 14) IO (b) 39 (a) 

Note: (a) obtained from acid - base titration curve; 
(b) mean value of d ata obtainable from technical literature, TANFORD, l.c .5 pp. 73, II2, II 3; 
(c) obtained from chroma tographic analysis. 

The formation curves were obtained by plotting the values of VAg and pAg. 
Formation curves at pH 5, 6, 7, 8, g, and ro are shown in Fig. I. For greater clarity, 
the curves relating to the pH-range r.s- s .o are plotted as VAg/ [Ag+] functions (Fig. z). 
Curves which give an immediate schematic representation of the several possible 
equilibria in the Ag+-gelatin system at the experimental conditions under examina
tion, were obtained by plotting pAg-values as functions of the pH, obtainable from 
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the formation curves at the subsequent values or VAg (Fig. 3) . In order t o facilitat e 
interpret ation of the graph, the functions calculated by eqn. (3) were also plotted , 
assuming vAg = I and giving ktAg the values of the stability constants of known Ag
small molecule complexes which function as models for the various active groups of 
the prot ein. Data for the calculations are shown in Table 2. The straight line, marked 
OH - on the graph, gives the approximate limit below which formation of AgOH and 
precipitation of oxide is possible. In the graph, the curves indicate (as a function of 
the pH) the values the pAg must have so that the first active group of a series (e.g., 
carboxyl, s-amino, etc.) can be complexed. 

Higher pAg-values also imply the partial or t ot al dissociation of the first 
complex . Lower pAg-values imply the subsequent binding of Ag+ ions with other active 
groups of the same series. The graph based on eqn. (3) is valid only if : 

(a) each series acts independently; 
(b) sites do not exert mutual interactions; 
(c) chelates do not form. 

The displacement of H+ ions by the Ag+ complexing is a very important factor in 
interpreting the experiment. 

Figures 4 and 5 show the graphs of - VH as a function of VAg. The VH-values are 
easily calculated from the volume of the KOH solution used t o keep the pH constant. 

AP PLICATIO N OF E QN. (5) TO THE CALCULATION OF THE INTRI NSIC STABILITY CONSTANTS 

On the basis of the data obtained from the experiment, the intrinsic const ants 
were obtained from eqn. (5); aH, aAg, as well as r, km and nt, were substituted by the 
values determined experimentally. The km- and and nt-values of the gelatin are 
shown in Table 2 . The complexing power of the guanidine group of arginine was 

TABLE 3 

pH VAg -COO- I midazole rx-NH 2 e-NH2 

2.17 5.02 7·07 

6- 7 
2 2.1 7 4·85 5· 19 
3 2. 17 4.66 4·23 
5 2.1 7 3·67 3·37 

I (2 . 17) (5.02) 5 ·73 

8-g 2 (2. 17) (4.85) 5·1 4 
3 (2 .1 7) (4.66) 4·37 
5 (2. 17) (3.67) 3·37 

Not e: the n umbers in brackets represent t he values calcula t ed at p H 6 a nd 7 and considered valid 
at pH 8 a nd g. 

considered negligible in the pH-range used. The only unknown values remaining after 
substitution of the known values in eqn. (5), are the four intrinsic constants of the 
carboxyl, imidazole, 1X-amino and s-amino group complexes. The equation was 
applied t o the measurement of various VAg-values at pH-values 6, 7, 8 and g, each time 
applying hypotheses in order t o facilitate calculation. The results expressed as log 
ktAg are shown in Table 3· 
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DISCUSSION ON RESULTS 

From a general survey of the data obtained, it can be concluded that gelatin 
shows a considerable tendency to complex Ag+ ions in the whole pH-range examined; 
this tendency, is particularly strong in basic or neutral environment. Although the 
number of moles of Ag+ ions bound/mole of gelatin, (conventional mol. wt. = ro 5) 

reaches the maximum value of 4 (Fig. 2) in decidedly acid solutions (pH ~ 3), for 
higher pH-values it increases continually without limitation at the concentrations 
examined (Figs. rand 2). 

~Ag 
I - I 
30 ---· 

20 1----- --

4 -pAg 

Fig. r. Binding of Ag+ ions by gelatin at pH: ( o), 5; (A.), 6; (V), 7; ( • ), 8; ( ') , 9; ( o ), ro. 

Figure 3 shows the trend of functions pAgfpH for different values of VAg. The 
curves give an immediate indication of the stability of complexes. Given identical 
conditions, it is obvious that stable complexes are formed at high pH-values. It is also 
evident from the graph that more stable complexes exist in the Ag+-gelatin system 
than would be expected from the chemical nature of the ligand groups present in the 
protein. The graph, in fact, extends over an area of high pAg, clearly above the area 
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of hypothetical model complexes such as Ag-carboxyl, Ag+-t:-amino, Ag+-imidazole 
groups, etc. The intrinsic constants calculated by means of eqn. (5), are higher than 
the constants of the relevant models having the same ligand groups of the type con
sidered (see Tables 3 and 4). Such high values might be justified if we suppose that 
simple complexes are not formed in the interaction but that we arrive directly at the 
formation of chelates by more than one ligand group. This would mean a considerable 

~A 
1 0 1--~,~~------1 

5 

Fig. 2. Binding of Ag+ ions by gelatin at pH : ( e ), 1.5; (+), 2; (.6.), 2.5; ( o ), 3; (x), 4; ( o), 5· 

8 
pAg 

6 

4 

2 

-PJ 0 
0 2 4 6 8 10 12 14 

Fig. 3· Variation of pAg as a function of the pH, with subsequent values of VAg· Curves calculated 
for various model-systems are plotted. 

increase in the stability of the complex. This of course, implies the inapplicability of 
eqns. (r)-(6) . 

In analogy with better known Ag+ complexes, it can reasonably be supposed 
that chelates are formed by two ligand groups with a formation of linear hi-coordinated 
complexes relating to the hybrid ssp orbitals of Ag+. 

Graphs - VH/VAg shown in Figs. 4 and5 are also significant and give a picture in 
accordance with the hypothesis of chelate formation. In fact, if we consider the factor 
of H + ion displacement during the gradual association of Ag+ ions with the protein 
molecule at the different pH-values, useful information can be deduced on the 
possible nature of the complexing ligand groups. A large H + displacement indicates 
that highly protonated groups are involved in the interaction. If Ag+ is complexed 
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without displacing H+ ions, this means that either the groups involved have no acid
base properties or have completely lost their proton due to dissociation at that pH 
condition. 

For the purpose of discussion, the values of the slope of curves deduced from 
Figs. 4 and 5 are shown in Table 4· The values correspond to the mean values of H + 
ions displacedfAg+ ion complexed at different pH conditions and in the indicated VAg 

interval. 

TABLE 4 

pH ( -LJVH) /( f1VAg) 

VA~ = I - 4 

4 0.4 
5 0.35 
6 0-4 
7 0. 15 
8 0.25 
9 o.25- o.g 

10 0.8- 1.28 

-VH 
12 1--~1 ---l 

I 

3 

VAg= 4-8 VAg> 8 

0.55 
0-40 0. 18 
0.55 0.15 
0.50 0.36 
o .g-o.65 1.2-0.6 
1.25 !.50 

,/ 

I / 

6 9 12 15 18 

Fig. 4· Displacement of H + ions by binding of Ag+ ions, as a function of the pH: ( X ), 4; ( o ), 5; 
(A ), 6; ('V). 7; ( • ). 8; (,), g; ( o ), 10. 

Displacement of approximately 0-4 H+ ionfAg+ ion bound is seen at pH 4· Such 
a low value excludes the possibility that imidazole- or amino-groups may be involved 
since, being fully protonated at that pH-value, they would displace a greater quantity 
of H+ ions. Among the various ligand groups present in gelatin, the only groups to be 
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taken into consideration are the carboxyl groups, preferably those showing more acid 
properties because of their position in the protein molecule. 

The same can be said of the first four Ag+ ions which are complexable at pH 5. 
When the pH increases, the quantity of H+ ions displaced by the first three or four 
Ag+ ions complexed, has a tendency to decrease. The succeeding Ag+ ions displace a 
higher quantity of H+ (about 0.55). In this case, the complexing action can be a
scribed to the less acid carboxyls (more protonated) or to incipient action of imidazole 
groups. 

so~--v_,_t.___+---+---t------r------l 

I 
t 
I • 40 1------' ___ _ _ ____ _ __ ,_ - - ---'------1 

30 1--- ----i 

Fig. 5· Displacement of H+ ions by binding of Ag+ ions, as a function of the pH: ( \7), 7; ( • ), 8; 
(+), 9; ( o ), IO. 

At that pH-value when amino-groups are involved in the formation of chelates, 
the H +displacement should be greater. 

At pH 6, the slope of the curve increases for the first few Ag+ ions. Moreover, 
there is a decided displacement of H+ ions caused by the first complexed Ag+ (about 
0.75 H+ ions) noticeably higher than the one measured at lower pH-values (Fig. 4) . 
An appreciable increase of the pAg can, in fact, be observed in the graph pAgfpH 
(Fig. 3) at about pH 6 for VAg= I. This indicates the formation of more stable com
plexes and therefore requires the presence of groups with different chemical natures. 
They might be the imidazole- or the !X-amino-groups. The .s-amino groups would 
displace a greater quantity of H+ ions and cannot therefore be considered. Under 
these conditions, there would be mixed chelates by carboxyl- and imidazole-groups, 
or carboxyl- and !X-amino-groups. Above VAg 8, the slope of the curve descends again 
to 0.2, approximately. When the imidazole- and!X-amino-groups, eight in all, are used 
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up, the only remaining active groups at this pH are the carboxyls that liberate small 
quantities of H + when they are complexed because they are highly dissociated. 

At pH 7, similar reasons support the hypothesis that the first Ag+ ions are 
complexed with carboxyl- and imidazole-groups in a mixed chelate and the succeeding 
groups are bound to carboxyl- and ex-amino-groups because of the greater H +ion dis
placement. The succeeding decrease of the slope again indicates that the ligand groups 
left after vAg== 8 are the carboxyls. 

The reading of the curve at pH 8 is more difficult. While a complexing action 
can reasonably be ascribed to the imidazole- and ex-amino-groups up to VAg 8, the 
constant, relatively high slope of the curve that is noticeable for vAg 8- 30, causes some 
perplexity as to the identification of the ligand group. Indeed, as the slope of the curve 
is so high, the action obviously cannot be attributed to the carboxyl groups only and 
would not explain the increase from o.rs- 0.36 going from pH 7-8. On the other hand, 
the H+ ion displacement seems to be too small to be caused by c-amino groups which, 
with their alkaline properties, should not give a slope of a value much lower than r. 
The same difficulty can also be encountered in part in reading the curve at pH 9, al
though the greater slope of the curve seems to indicate a possible intervention of the 
s-ammo groups. 

In our opinion the results can be explained if under these conditions, peptide 
links take part in the chelation. This possibility has rarely been considered in the 
study of the metal-protein complexes; however, mention should be made of the work 
of DATTA AND RABINB, RABIN9 and KOLTUN, FRIED AND GURDlO on the chelation of 
copper by dipeptides, and the recent research by BRESLOW AND GuRD 11 on Cu2+ and 
Zn2+ interaction with sperm-whale myoglobin. The unexpected displacement of H + 
observed by the above-mentioned authors, is therefore connected with the dissociation 
of hydrogen from the complexed peptide group. 

The -CO-NH- group has extremely weak acid properties, and consequently its 
dissociation is generally disregarded at pH-values 10\yer than 13 or I4· Hydrogen can 
dissociate only when the peptide link takes part in the chelate formation9,ro. The 
gradual dissociation of the peptide hydrogen that increases with the alkalinity of the 
environment seems to explain the slope of the curve at pH 8 and 9 and in particular 
the increase of the slope with increase of alkalinity. 

At pH 8, the first eight Ag+ ions would then bind with the imidazole- and ex
amino-groups and the succeeding ones would be chelated by the peptide links, due, of 
course, to the intervention of the carboxyls. 

The curve at pH 9 can be similarly interpretated although the slope of the 
curve which is higher in the initial part indicates that participation of the c-amino 
groups is probable, as already stated. 

At pH ro, the graph assumes a peculiar aspect: when the first six or seven Ag+ 
ions are complexed, the curve has a constant slope with a value 1.5, in the whole VAg 

interval examined, i.e., up to and even more than 40 Ag+ ions bound. If the s-amino 
group takes part in the chelate formation together with the peptide group, the value, 
r .5, of the slope is fully explained: for each Ag+ ion bound, one H +ion from the peptide 
link and half a H + ion from the s-amino group, are displaced; so% of the c-amino 
group should, in fact, be dissociated at pH ro (log kH = ro). 

In regard to the behaviour of the system in a decidedly acid environment (pH 
r-3), it can be seen that Ag+ is fixed by gelatin in the interval considered, independent-
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ly of the pH (Fig. 2), reaching a maximum number of 4 Ag+ ions bound/mole of 
gelatin, and no measureable H + displacement is noted . The difficulty in the interpreta
tion as far as formation of complexes is concerned, is that none of the ligand groups 
that are generally considered remains in its active (basic) form at these low pH-values. 
A similar effect was observed by WoRMSER12 in a Ag+-serum albumine system. The 
author, although emphasizing the close analogy with adsorption processes, does not 
propose any particular interpretation. The subject is still being studied experimentally. 

CONCLUSION 

The results obtained lead to the conclusion that in gelatin several ligand 
groups are simultaneously active, with different nature and affinity for Ag+. Accord
ing to the pH, one group prevails over the other and, at a const ant pH, Ag+ progress
ively occupies sites of lower affinity, going from one class t o another as its concentra
tion increases. For inst ance, at pH 7 we notice first the occupation of the imidazole 
groups, then of £X-amino groups and finally of the carboxyls only. It is practically 
impossible t o isolate the action of one type of ligand group, with the exception, per
haps, of the first few Ag+ ions at pH 4 and 5 where only carboxyl groups seem t o t ake 
part in the complexing. Owing to the complexity of the problem, it is inadvisable to 
propose a deeper interpret ation on the basis of the dat a obtained. Instead, it is of 
interest to point out certain characteristics that seem a peculiarity of the Ag+
gelatin system. 

Although, for inst ance, formation of chelates is considered more an exception 
than a rule in the metal - protein interact ion \ in this case it seems to be the prevailing 
form of interaction if not t he only one. This is probably due t o the steric form of the 
Ag+ ion, which is particularly suitable for intramolecular cross-linking through ssP 
orbitals of linear symmetry. 

Although cross-linking of some metal- protein syst ems, e.g., Hg2+-serum 
albumine (dimer)l G, Hg2+- papain17, Zn2+- insulinl s, Fe3+- transferrin19 and e ra+_ 
collagen 2o, are described in the literature, equally clear examples in the Ag+-prot ein 
systems are not known. This is probably due t o a scarcity of work on the subject . We 
wish t o point out, however , that in the Ag+- polyvinylimidazole complex the coordina
tion number of 2 was givenla to Ag+. 

In the Ag+-gelatin interaction, a large number of sites in the protein molecule 
is noted ; at pH ro, no t endency to saturation can be noted even after complexing 
more than 40 Ag+ ions/mole. In most cases, inst ead, the number of met al ions com
plexed in the interaction with proteins is relatively small and often corresponds to the 
number of certain ligand groups present in the molecule. 

Serum albumin, for inst ance, binds r6 Zn 2+ ions, below 37°, corresponding with 
the r 6 imidazole groups present21. In the Zn2+- insulin system, it can be found that 
each prot ein molecule binds one Zn 2+ ion 4; metmyoglobin binds a maximum of 7 Zn 2+ 
or Cu 2+ ionsfmolell . 

The Cu 2+-serum albumin syst em, on the other hand, presents a certain anal
ogy with the Ag+-gelatin system ; in this case, also, saturation at pH 9 is not reached 
and the maximum value of iiM remains undet ermined. However, in the case of Cu2+
serum albumine, the investigation is greatly limited by hydrolysis of Cu 2+ and its 
precipitation in a more alkaline environment . Ag+ ion is very suitable for the study of 
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interaction with proteins in an alkaline environment because its tendency to hydrol
ysis is negligible22 up to at least pH ro. 

Quantitatively, it is evident that the Ag+-gelatin interaction has not the 
simplicity of an ideal model for mathematical treatment . Any tentative application of 
eqns. (5) and (6) might, at the most, demonstrate once again the difficulty of finding 
the stability constants of the several types of complexes. This subject might be 
developed by systematic research on synthetic polymer models or on the gelatin itself, 
suitably modified by chemical inactivation of the various types of ligand groups. 
Further work in this direction is in progress. 
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SUMMARY 

From a study of the Ag+-gelatin system it can be deduced that complex forma
tion is possible in the whole pH-range examined (r.s-ro). The ligand groups of gelatin, 
carboxyl, <X- .and c;-amino and imidazole groups, can be active simultaneously; the 
predominant action of one or other group depends on the pH. In alkaline environment 
(pH > 8) the Ag+ complex directly affects the peptide link. 

From the observed pAg-values and the measurement of the number of H+ions 
displaced/Ag+ion complexed, it can be deduced that the interaction Ag+-gelatin 
leads essentially to the formation of chelate complexes. 
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INTRODUCTION 

Several workers have carried out electrochemical investigations in dimethyl 
sulfoxide (DMSO). It has been used in a study of solvent effects on the oxidation of 
iodide ionl and has been considered for possible use in the electrodeposition of cerium 
and plutonium2• Most results reported have been obtained utilizing the dropping 
mercury electrode (DME)3-8, the rotating mercury pool electrode4 and the rotating 
platinum electrode4. More recently, a method for the determination of carbon dioxide 
in DMSO at gold, platinum, amalgamated gold, and amalgamated platinum electrodes 
was published9. 

This investigation extends existing studies to include the use of chronoampero
metry with a single potential sweep at the hanging mercury drop electrode (HMDE). 

EXPERIMENTAL 

Electrical measurements 
The experiments were carried out with a d .c. polarograph (Model FS, E. H. 

Sargent & Co.) which had calibrated sweep rates of 16.6, 24.9, 33.1, 41.4, and 49·7 
m Vjsec. The potential of the working electrode was controlled with a potentiostat (E. 
H . Sargent & Co.) which is similar to the one described by ARTHUR10. Voltages are 
reported vs. the aqueous saturated calomel electrode (SCE ) and are uncorrect ed for 
junction potentials. Temperatures were regulated at 25.0 ± 0.1°. Bridge voltages were 
checked with a calibrat ed digital voltmeter (NLS Model 4312, Non-Linear Systems, 
Inc.) . The solution was not stirred during potential scans. 

Half-wave and peak potentials 
The peak potentials obtained from the polarograph were converted to half

wave potentials by subtracting 28 jn m V from the measured peak potential where n is 
the number of faradays transferred/mole of reactant 11 . 

Cell 
The electrochemical cell was a 150-ml chamber with one side arm 5 em long. 

The side arm was fabricat ed so that it accommodated two neoprene "0" rings (13 mm 
o.d. x 10 mm i.d.) locat ed about 2 em apart. This arm received a capillary probe 
reference electrode chamber. 
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Electrodes 
The working electrode was a hanging mercury drop electrodel2 the usual drop 

area of which was 0.030 cm2. The area was calculated from the weight of a determined 
number of drops provided by a conventional DME at zero volts applied potential. 

The counter electrode was a short length of zz-gauge platinum wire which was 
inserted directly into the test solution on the side of the working electrode that was 
opposite the reference electrode probe. 

The reference electrode assembly consist ed of a commercial fiber-junction 
SCE which was inserted into a separat e chamber. This chamber was made of glass 
tubing and contained a 90° bend. One portion fitted horizontally into the side arm of 
the cell through the two " 0" ring seals and terminated as a capillary probe with an 
orifice of about o.r mm diam. The tip was plugged with a very small quantity of agar 
gel of conventional composition . The vertical portion of the chamber was slightly 
larger and received the SCE. The chamber was filled with an aqueous saturated KCl 
solution . Horizontal adjustment of the working electrode - reference electrode distance 
was easily accomplished by manua l adjustment of the separate chamber. This distance 
was never greater than 0.5 mm during measurements with the HMDE. 

Reagents 
Pre-purified grade nitrogen (minimum purity 99·996%) was used without fur

ther purification for de-aeration . It was also used t o maintain a prot ective covering 
during measurements . 

Reagent-grade DMSO (Fisher Scientific Company) or reclaimed DMS04 gave 
virtually no residual current until a potential of - 2.7 V was reached after which a 
current of about o.r f-tA was observed. 

Tetrabutylammonium perchlorat e was synthesized in the following manner. 
A portion of E astman White-Label grade tetrabutylammonium iodide was dissolved 
in a 6o% solution of perchloric acid. Water was then added to precipitate the t etra
butylammonium perchlorate. The pale yellow crystals were washed with cold water 
and filtered . They were recrystallized once from a so% (v/v) acetone - water solution 
and the pure, white crystals were dried for 4 hat 60°. 

All other chemicals were reagent grade. De-ionized water was used . Depolarizer 
salts were dried in an oven at I00° or under vacuum with phosphorus pentoxide. 
Thallium solutions were prepared from the metal using a minimum amount of nitric 
acid. 

Potentiostatic control 
TAYLOR AND SMITH1a have indicated that in ordinary solutions of low specific 

resistance the IR drop in the immediate vicinity of the working electrode may be 
large enough to measure. Also, KNECHT AND KOLTHOFF14 point out that even in a 
solvent the dielectric constant of which is greater than that of water, as in the case of 
N-methylacetamide, the resistance of the solution can be at least t en times as great as 
that of an aqueous solution of comparable electrolyte concentration. Thus, it frequently 
becomes desirable to introduce into the measurements some means of compensation 
for the IR drop in the solution. This is necessary in order to make measured half-wave 
or peak potentials as meaningful as possible. 

IR drop as a source of measurement error becomes most significant when the 
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specific conductivity is low or the current density to be used is high. The results of 
BARNARTT's1 5 study indicate that when electrode polarization is accompanied by a 
high current density, some type of potentiostatic control could give improved results 
even in aqueous solutions. The need for such compensation in ordinary d. c. polaro
graphic measurements in water is uncommon since currents usually need not exceed 
several microamperes in magnitude. However, the use of unusually high depolarizer 
concentrations with consequently greater currents can give rise t o appreciable distor
tion in the uncompensated polarogram, unless potentiostatic control is utilized. 

NEMEC16 has suggested that IR compensation is relatively ineffective for the 
DME, largely because of the complications involved with the proper location of the 
Luggin capillary. This arises because of the constantly changing distance between the 
working electrode surface and the tip of the reference electrode probe. The use of the 
stationary drop electrode has an obvious advantage over the conventional dropping 
mercury electrode in this respect. 

The stationary HMDE used in these experiments was construct ed so that 
shielding of the working electrode was minimum. Careful attention was given to 
maintaining the least possible distance between the tip of the reference probe and the 
HMDE17 . 

RESULTS 

Carrier electrolytes 
Several electrolyt es were used to suppress migration currents in the DMSO. As 

expected, the combination of a tetraalkylammonium cation and the perchlorate anion 

T ABLE I 

POTENTIAL RANGES OF CARRIER ELECTROLYTES IN DMSO (VOLTAGES MEASURED VS. SCE) 

Carrier Anodic limit Cathodic limit Reference" 
electrolyte a (V) (V) 

O.IO M 
KC10 4 + o.2o - 1.84 8 
KCIO• + 0.30 - 1.88 
Bu4NC10• + o.31 - 3.00 8 
Bu4NC104 + o.3J - 2.70 
Bu.NI - 0.41 - 2.85 
LiCl - 0.2 1 - 2.17 
NaCl04 + o.25 - 1.90 4 
E t 4NC104 + o.25 -2.80 4 
Et,NN03 -0.20 - 2.74 3 
O.OIO M 
NaN03 +o.31 -1.85 
NaC2H302 - 0. 10 - 1.96 

a B u = n -butyl ; Et = ethyl 
b Values without refs. are those determined in this investiga tion . 

give the widest possible useful polarization range. This combines a difficultly reduced 
cation with an anion lending minimum stability t o the oxidation product of mercury. 

Table r gives the cathodic and anodic polarization limits obtained at the 
HMDE with six electrolytes. Literature values for other salts are included for com
pleteness and permit comparisons in the cases of o.ro M potassium perchlorate and 
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o.ro M tetrabutylammonium perchlorate. Solutions of sodium nitrate and sodium 
acetate more concentrated than o.or M were not easily prepared due to solubility 
limitations. The other salts listed were readily soluble in DMSO. 

Oxygen 
Two waves of oxygen were observed in o.ro M KCl04 in DMSO. The first one 

was well formed and exhibited a peak potential of -0.73 V. The second wave was 
poorly defined and gave a drawn-out wave the peak of which occurred at approximate
ly -1.5 V. The height of the second wave appeared to be considerably less than that 
of the first . One of the difficulties of the potential sweep method, however, is the 
uncertainty involved in measuring the peak currents of waves that have been preceded 
by earlier ones. 

A more thorough investigation of the oxygen waves obtained in DMSO is in 
progress and the results will be published later. 

Tests for diffusion control 
·If the mass-transfer process is diffusion-controlled, a Randles-SevCik18 •19 plot 

of peak current against the square root of the voltage scan rate should be linear. This 
is true for both reversible and irreversible electrode reactions. If, however, the plot is 
non-linear, irreversibility may be indicated, provided that no significant IR drop goes 
uncompensated and that depletion effects are eliminated by stirring after each poten
tial sweep. Both of these requirements were met in this study and a Randles-SevCik 
plot was made for each of the depolarizers examined. 

The five scan rates used in this study fall within the limits suggested by FRAN
KENTHAL AND SHAIN20 and DELAHAY21. They point out that at slow scan rates, 
convection can give rise to peak currents which are greater than those predicted from 
theory. Conversely, very fast or repetitious scans produce a depletion effect and, 
consequently, smaller peak currents than expected. 

TABLE 2 

COMPARISON OF HALF- WAVE POTENTIALS IN DMSO 

(Voltage measured vs. SCE) 

Depolarizer Peak Calculated Literature 
potential E; 

Cd2+ -o.6s• - 0.64 see text 
Co2+ -1.44. - 1.43 _ 1.4 c,4 

Mn2+ - 1.74 . - 1.73 - I.68b,8 
Ni2+ - I.IIb - 1.10 - I.14b,8 
Pb2+ -0.51b - o.so - 0.53b,8 
Mg2+ - 2.20& - 2.19 - 2.28ct.a 
K+ -2.09" - 2.06 - 2.IIct,a 
Li+ -2.41. - 2.38 - 2.45d,3 
Tl+ - 0.53. - o.so 
02 -0.73. see text 

- I.5b 

• o. 10 M tetrabutylammonium perchlorate carrier electrolyte 
b 0.10 M potassium perchlorate carrier electrolyte 
c 0.10 M sodium perchlorate carrier electrolyte 
d o.1o M tetraethylammonium p erchlorate carrier electrolyte 
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Randles -SevCik plots for Mg(NOa)2, MnCb, Co (NOa)2, LiNOa and TlNOa were 
linear, which indicates that the reductions of these salts are describable in t erms of 
semi-infinite linear diffusion . Plots obtained using solutions of Cd (NOa)2, KC104, 
Pb(N03)2 and Ni(N03)2 showed degrees of non-linearity which increased in that order. 
The peak current due t o Ni2+ increased much less per unit increase in scan rate than 
did that of any other depolarizer and the Randles - SevCik plot exhibited curvature. 
The curvature observed in the severa l cases indicat e that simple diffusion is not the 
sole rate-det ermining process in those instances. 

Millimolar solutions of depolarizer in the appropriat e carrier electrolyte list ed 
in Table 2 were used for the t ests of diffusion control. 

P eak potentials 
Millimolar solutions were used t o obtain peak potentials of nine depolarizers. 

These were recorded at a scan rate of 33.1 m V sec-1. Scan rates bet ween r6.6 and 49·7 
m V sec-1 gave few significant differences in peak potentials. Table 2 lists the depo
larizers investigated and permits a comparison of calculat ed half-wave potentials 
with previously published results. The carrier electrolyt es used are designated in the 
table. 

The calculated half-wave potentials of Co2+, Mn 2+, Ni2+, Pb2+, Mg2+, K +, and 
Li +agree with previously reported values. 

No literature value for the half-wave potential of thallium in DMSO could be 
found . The value of - o.so V vs. the aqueous SCE obtained in this investigation 
compares favorably with that found in water22. The value found in N-methylacet
amide is reported 14 to be -0-42 V. 

Cadmium 
Cadmium solutions in KCl04 were examined in det ail. Some of the measure

ments were made with a conventional DME (t=s .o sec at Et , h=54 em) so that fur
ther charact erization of the solvent - electrolyte systems would be possible. For these 
measurements, the Model FS polarograph was modified by exchanging the chart drive 
and bridge drive motors for others with slower speeds so that the electrical characteris
tics of the instrument resembled those of a conventional d . c. polarograph. 

Half-wave potentials of millimolar cadmium solutions were - o.66 V and 
- 0.63 V at the DME in r.o M KC104 and o.ro M KC104, respectively. The polaro
graphic wave plots obtained were linear and had slopes of 0.029 V in r.o M KCI04 and 
0.034 V in o. ro M KCl04. 

The conventional polarograms were well formed in all cases. No misbehavior 
by the capillary electrode was noted except for an occasional bad drop or very small 
maximum in a few of the more concentrat ed solutions. 

A typical cell resist ance reading was o.zo M.Q when measured through the 
capillary probe electrode and the DME. The values obtained with a simple 6o-cycle 
Wheatstone bridge and by calculation using Ohm's law and the displacement of E 1 
upon removal of the potentiostat agreed satisfactorily. 

Although half-wave potentials changed significantly upon the removal of the 
potentiost at from the measuring circuit (largely due t o uncompensat ed resistance in 
the capillary reference probe), the change in limiting diffusion current was negligible 
( < o.6%) in the case of millimolar cadmium in o.ro M KCl04. 
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The influence of the depolarizer concentration as well as that of the carrier 
electrolyte concentration can be seen in Table 3· These data record peak potentials of 
the carrier electrolyte concentration. 

The addition of successive r-ml aliquots of water (o .ro M in KC104) to a 
millimolar cadmium solution in o. roM KC104 in DMSO followed by de-aeration for 2 

min caused measurable shifts (ro- so mV) of the peak potential and the conventional 
half-wave potential. The magnitude, ra te, and direction of these shifts varied with the 
total water content, with time, and with the cross-sectional area of the tip of the 

T ABLE 3 

I NFLUENCE OF CARRIER ELECTROLYTE CONCENTRATIO N ON THE PEAK POTENTIAL OF CADMIUM IN 

DMSO 

Molarity 
KClO• 

ro-3 
ro-2 
ro - 1 

ro 0 

Ep(V) 
r.oo · ro - 3 M Cd2+ 

- 0.71 
-o.65 
-0.65 
- o.66 

Ep(V) 
s.oo · ro - • M Cd2+ 

-0.72 
- o.68 
- 0.67 
-0.65 

capillary reference probe. Final equilibrium values of peak potentials or conventional 
half-wave potentials were generally more negative than the value obtained in dry 
DMSO. These shifts are probably due largely to changes in the liquid junction poten
tial across the capillary reference probe tip. 

DISCUSSIO N AND CO NCLUSIONS 

Although, of all the electrolytes examined, tetrabutylammonium perchlorate 
permits the widest possible voltage scan, several common salts can function as carrier 
electrolytes in DMSO. Potassium perchlorate was commonly used in this investiga
tion since synthesis was unnecessary and most common cations are more easily 
reduced in DMSO than is potassium ion. The solubility behavior of potassium per
chlorate is very satisfactory and the salt is recommended for general use in DMSO. 

The behavior of oxygen in DMSO resembles that observed in water and several 
organic solvents4,14, 23, 24. Two waves are formed. The first , at -0.73 V, is well formed, 
while the second one, which occurs at about -I .5 V, is poorly defined and is apparent
ly quite irreversible. 

The magnesium wave observed at -2.20 V required the use of a tetraalkyl
ammonium salt as the carrier electrolyte. It was well formed in DMSO but would be 
unobservable in ordinary aqueous solutions because of interference from hydrogen 
evolution. 

Assuming that the reduction of cadmium in DMSO is a two-electron process, 
the slopes of 0.029 V and 0.034 V obtained from the conventional plots of the polaro
graphic wave equation indicat e that the single-step process is almost reversible. That 
the process may not be completely reversible when using the fast er scan rates, is 
indicated by the small dependence of the peak potential on the depolarizer concentra
tion as shown in Table 3· 

The reduction of millimolar cadmium in o.ro M KC104 in DMSO is probably 
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diffusion-controlled at the DME since a series of values of the ratio of the diffusion 
current t o the square root of the height of the mercury column were const ant t o within 
±4% of the mean value. This finding agrees with that of B u RRUS8. 

BuRRUS also showed that a plot of wave height vs. concentration for several 
ions in DMSO is linear. The plot shown by BuRRUS for cadmium is linear at least up 
to r.o · ro -a M in r M KCl04, o.r M KCl04, and o.r M (n-C4H9)4NCl04. Slopes of the 
plots in these carrier electrolytes were reported as 3.r8, 5.36, and 5.56 ,uA/mmole, 
respectively. 
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SUMMARY 

Electroanalytical studies in dimethyl sulfoxide have been extended to the 
hanging mercury drop electrode. Potential sweep chronoamperometry was utilized 
with potentiostatic control of the working electrode. Several ions have been examined 
for diffusion control in this system by means of the Randles-SevCik equation. Half
wave potentials of select ed depolarizers and polarization limits of several carrier 
electrolytes have been measured. 
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DETERMINATION POLAROGRAPHIQUE DE LA NITROHYDROXYLAMINE 

A. CALU~ARU 
Inst itut de polarographie "]. Heyrovsky", Prague (Tchecoslovaquie) 

(Re-;u le 12 novembre, 1965} 

INTRODUCTION 
Le compose azote de formule brute Na2N203 est le plus souvent denomme 

nitrohydroxylaminate de sodiuml- 4, correspondant au sel de sodium de l'acide 
hypothetique H2N203, appele acide nitrohydroxylaminique4 ou nitrohydroxyl
amine2,3. Dans d'autres travaux5 la meme substance est denommee cx-oxyhyponitrite 
de sodium pour pouvoir la differencier de son isomere p-oxyhyponitrite de sodium. 
L'isomere ex peut etre obtenu par l'action du nitrate d'ethyle sur !'hydroxylamine, 
tandis que l'isomere p peut etre obtenu par l'action du tetraoxyde d'azote liquide sur 
l'hyponitrite de sodium5. 

Ce travail etudie la determination polarographique de l'ion nitrohydroxyl
aminique (cx-oxyhyponitrite). 

La determination quantitative par titration avec du permanganate de potas
sium est relativement compliquee ei implique un temps assez long d'analyses. En 
t enant compte du fait que les solutions aqueuses de cette substance ne sont pas 
stables, il est preferable d'employer une methode physico-chimique rapide. Dans la 
litterature, deux methodes seulement sont decrites: (r) une methode spectrome
trique5·7 qui n'est pas utilisable en presence d'autres composes azotess et (z) une 
methode colorimetrique 6 fondee sur la determination du complexe [Ni(CN)3N0]2-. 
Ce complexe resulte de la reaction de la nitrohydroxylamine avec le complexe 
[Ni(CN)4]2-. La methode n'est pas applicable en presence de !'hydroxylamine. 

On a constate auparavants que la nitrohydroxylamine forme en presence du 
cobalt un complexe nitrohydroxylamine qui donne une vague catalytique en polaro
graphie. Dans le travail present, on etudie une methode polarographique quantitative, 
a partir de cette vague catalytique. 

REACTIFS ET APPAREILLAGE 

Afin d'effectuer les courbes d 'etalonnage, il est necessaire d 'utiliser le nitro
hydroxylaminate de sodium a l'etat tres pur. On a effectue la synthese de cette 
substance d'apres la methode d'ANGELII, utilisee aussi dans d'autres travaux3,5 ,8,9, Io. 

Puisque la determination polarographique necessite !'utilisation de solutions 
faiblement ammoniacales, on a travaille avec des solutions fraichement preparees. 
On a constate que ces solutions sont stables pendant r h ala temperature ambiante 
et 4 h a 2°. On a utilise un polarographe type LP 55, avec une cellule de Kalousek dont 
l'anode est une electrode saturee de calomel. Le capillaire a les caracteristiques 

* Adresse permanente: Institut de Physique Atomique, Bucarest, Roumanie. 
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suivantes: m =2.73 mg sec-1 et t1=3 sec, en circuit ouvert, h=85 em et dans la 
solution suivante : NH4Cl, o.r M; NH40H, 0.07 M ; CoCh, o.oor M; gelatine, o.or %. 
Sensibilite du galvanometre, r.Sz x ro - 9 Afmm. 

RESULTATS EXPERIMENTAUX 

I njluence de qtfelq~tes facte~m physico-chimiques 
Cobalt . A une concentration const ante en nitrohydroxylamine, la hauteur de la 

vague cro1t lorsque la concentration en cobalt augmente. La Fig. r montre la variation 
de la hauteur de la vague catalytique en fonction de la concentration en cobalt. La 
courbe ala forme d'une parabole avec un exposant inferieur a l'unite (0 .75). Toutefois 
le rapport entre la vague catalytique et la vague du cobalt diminue avec la croissance 
de la concentration en cobalt9 .10. C'est la raison pour laquelle il est necessaire d'utiliser 
des petites concentrations en cobalt lorsque l'on desire travailler a des sensibilites plus 
gran des. 

Solution tampon et pouvoir tampon. La vague de la nitrohydroxylamine en 
presence du cobalt peut etre obtenue soit en solutions tamponees, soit en solutions non 
tamponeesB-1o. La vague est mieux definie dans le premier cas et , par consequent, on 

5 10 15 20 

[Co] 104 M 

Fig. r. Influence de Ia concn . en Co sur Ia ha uteur de Ia vague cat a lytique pour une concn. en 
Na2N203 de 4-ro - 4 M; Soln : NH4Cl , o.r M; NH40 H, o .o7 M; gelatine, o.or %. 

Fig. 2. Influence du pH sur Ia vague catalytique de Ia nitrohydroxyla mine 4·ro - 4 M en soln. 
t a mpon veronal- acetate + Co•+, ro -a M + gela t ine, o.or%; sensibilite r / roo; potentiel de de
pa rt - o.8 V; -2oo mVfabsc.; anode E.S.C.; pH: (r), 6.r2 ; (2), 6.gg ; (3), 7. 42; (4), 7.66; (5), 
s.ss; (6), 8.68 . 
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utilisera des solutions t amponees a des fins analytiques. On peut utiliser le syst eme 
chlorure d'ammonium - hydroxyde d'ammonium ou veronal-acetate. E n presence du 
premier syst eme, la vague cat alytique est plus haute qu 'en presence du second. 

Le pouvoir t ampon a aussi une influence marquee sur la vague catalytique. 
Dans le cas de la nitrohydroxylamine, la vague cat alytique diminue lorsque le pouvoir 
t ampon augmente, puisque les equilibres de complexation au sein de la solution sont 
modifiesro. 

I nfluence du pH. En presence de t ampon ammoniacal, la vague catalytique 
diminue avec le croissance de la concentration en ammonium 1o. Puisque les milieux 
ammoniacaux ne sont utilisables qu'aux pH alcalins, on a utilise le systeme veronal 
acet at e afin d 'etudier !'influence du pH. Sur la Fig. 2 on peut voir que le pH influence 
en meme t emps la forme et la hauteur de la vague cat alytique. Les conditions experi
mentales les plus favorables se situent dans l' intervalle de pH = 7.6-8.6. Aux pH plus 
acides que 4.9, il y a une decomposition brusque de la nitrohydroxylamine. 

Concentration saline. Avec la croissance de la concentration en sel de fond , la 
vague du cobalt est deplacee vers les pot entials negatifs, t andis que la vague cat a
lytique est peu deplacee . C'est la raison pour laquelle les vagues sont mal separees dans 
les solutions concentrees en electrolyte indifferent . Dans le syst eme veronal -acet at e, 
il n'est plus possible de distinguer la vague cat alytique de la vague du cobalt pour une 
concentration en KCl de r. z M . Pour des buts analytiques, il faut done travailler a 
des faibles concentrations salines. 

c our be d' etalonnage 
Puisqu 'on utilise la vague cat alytique du complcxe cobalt - nitrohydroxyl

amine, la variation de la hauteur de la vague en fonction de la concentration en nitro
hydroxylamine, e3t celle qui est caracteristique aux courants cat alytiques (Fig. 3). On 

0.6 

0.4-

-- 0 

2 4 6 
[Na2N203] 105M 

8 

F ig. 3· Courbe d'etalonnage de Na2N203. Intervalle d es concns., ro - "-ro-5 M. Soln: Co 2+, 25" r o - 6 

M ; N H .Cl, o.os M; N H .OH, o.o25 M; gela t ine, o .oz% . 

a trouve auparavantro que, dans le cas de la nitrohydroxylamine, la vague catalytique 
varie lineairement avec yhc (he etant la hauteur corrigee). Il est done necessaire de 
controler la hauteur du reservoir et en general d'utiliser de gran des valeurs pour cet te 
hauteur. Une concentration en cobalt de r o-3 M est favorable pour un domaine de 
concentrations en nitrohydroxylamine de l'ordre de grandeur de ro-Lr o-3 M . 
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Dans le cas des solutions diluees en nitrohydroxylamine, il est necessaire d'uti
liser des sensibilites plus grandes du galvanometre et par consequent de concentra
tions plus faibles en cobalt. Pour l'intervalle de ro-6_ro-5 M de la concentration en 
nitrohydroxylamine, on peut utiliser une concentration en cobalt de 2 .5 x ro-5 M 
(Fig. 3). 

Influence d' autres composes de l' azote 
Il est interessant d'etudier !'influence d'autres composes de l'azote speciale

ment: NOa-, NOz-, NHzOH, NzOz- et NOzNHz sur la vague catalytique de la 
nitrohydroxylamine. 

Fig. 4· Influence de l'azotate et de l'azotite sur Ia vague catalytique de Ia nitrohydroxylamine. 
Soln.: Co 2+, 10 - 3 M; Na2N20 3 , M; NH4Cl, o.o5 M; NH40H, 0.025 M; gelatine, o.o2%. Temp., 
22°, sensibilite, r jroo; potentiel de depart, -o.8 V; -200 mVjabsc. (r), NaCI o.o5 M; (2), NaNOa 
o.o5 M; (3), NaN02 o.o5 M; (4), NaNOa + NaNOz, 0.025 M . 

Fig. 5· Influence de Ia nitramide et de l'hypoazotite sur Ia vague catalytique de Ia nitrohydroxyl
amine. Meme soln. et memes conditions qu'en Fig. 4· T emp. 2° ; Na2N 20 3, 5'10- 4 M. (1), Soln. 
seule; (z), soln. + NHzN02, 5'10-4 M; (3), soln + Na2N 20 2, S'lo - 4 M. 

On a represente (Fig. 4) les polarogrammes en presence de NOa-, NOz- et 
NOa- + NOz- a une temperature de 22° et (Fig. 5) les polarogrammes en presence de 
Nz0z 2- et NOzNHz a 2°. On a toujours maintenu constants la force ionique et le 
pouvoir tampon. 
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A zotate. La presence de l'ion azotate (0 .05 M) ne produit pas une influence 
visible sur la hauteur de la vague. On const ate seulement que la decharge des compo
sants de la solution de base a lieu a des potentiels plus anodiques. 

Azotite. Dans le cas de l'azotite (o.o5 M) il y a un processus electrochimique 
supplementaire qui se produit avant la decharge du cobalt. Celui-ci est aussi obser
vable en absence de cobalt. Ce processus est caracterise par un maximum tres haut, 
qui disparait partiellement par apport de gelatine. La vague catalytique est peu 
modifiee: sa hauteur augmente seulement de 5% -

A zotate plus azotite. En presence du melange azotate (0.025 M) et awtite 
(0.025 M ), seull'azotite exerce son influence. 

Nitramide. DelaFig. 5,ilresultequelanitramide, memepouruneconcentration de 
5 · ro - 4 M , produit une augmentation de la vague cat alytique. En pratique il est peu 
probable d 'avoir des melanges de nitrohydroxylamine et nitramide parce que ces 
deux substances ne peuvent etre preparees et ne sont stables que dans des conditions 
opposees : la nitrohydroxylamine est stable dans les milieux fortement alcalins et la 
nitramide dan.:; les milieux acides. De plus, dans les conditions de pH utilisees pour 
observer la vague de la nitrohydroxylamine, il y a une decomposition tres rapide de la 
nitramide a 20°. 

Hyponitrite . La presence de l'hyponitrite se manifeste par !'apparition d'un 
processus qui precede la decharge du cobalt . Elle n'a aucune influence sur la vague 
catalytique. 

Hydroxylamine. L'hydroxylamine pour des concentrations superieures a 
5 · ro - 4 M produit des effets supplementaires plus importants et plus complexes que 
les azotites; la vague cat alytique interfere avec les vagues cathodiques de !'hydroxyl
amine. 

Ces resultats montrent que la determination polarographique des nitrohydrox
ylaminates (a-oxyhyponitrites) est possible en presence de la plupart des composes 
de !'azote. En presence des nitrites il est necessaire d'enregistrer rapidement les solu
tions fraichement preparees. Seule la presence de !'hydroxylamine a une concentration 
superieure a 5 · ro - 4 M empeche la determination polarographique de la nitro
hydroxylamine, comme dans les autres methodes5,6 . 

Precision des determinations 
A des concentrations molaires egales en nitrohydroxylamine et en cobalt, la 

hauteur de la vague catalytique est 1.44 fois celle de la vague du cobalt. La precision 
dans la mesure est pratiquement egale pour les deux vagues et elle est de l'ordre de 
celle que l'on obtient generalement en polarographie. Compte tenu des erreurs d'eta
lonnage, l'erreur maximale est de 3% et l'erreur moyenne r%. 

CONCLUSION 

Pour la determination polarographique des nitrohydroxylaminates il est 
possible d'utiliser les systemes tampon chlorure d'ammonium-hydroxyde d'ammoni
um, ou veronal-acetate. En general, il est necessaire d'employer des concentrations 
faibles en electrolyte indifferent. Les meilleurs resultats ont ete obtenus pour les 
conditions suivantes: NH4Cl, 5 · ro-2 M; NH40H, 2.5 x ro- 2 M; la concentration du 
cobalt doit etre de ro-aM pour des concentrations en N2032- de ro-Lro-5 M et de 
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2.5 x ro-5 M pour des concentrations en N20 32- de ro-Lro-5 M. En presence d 'hy
droxylamine, la determination polarographique n'est pas possible, mais elle l'est en 
presence de nombreux autres composes de l'azote . 

La vague catalytique de la nitrohydroxylamine en pre3ence de cobalt divalent 
peut etre utilisee pour la determination polarographique de cette substance. Les 
vagues catalytiques sont bien developpees dans I' electrolyte suivant: NH4Cl, 0.05 M; 
NH40H, 0.025 M; gelatine, o.o2% . La concentration en cobalt doit etre environ de 
ro - 3 M pour ro - Lro- 5 M en N20 32 - et de 2.5 x ro - 5 M pour ro-L ro-5 Men N20 32-. 
D' autres composes de l' azote comme : l'azotate, l'azotite, l'hypoazotite et la nitramide 
ont peu ou pas du tout d 'influence sur la vague catalytique de la nitrohydroxylamine. 
La presence de l'hydroxylamine seule empeche la determination. 

SUMMARY 

The catalytic wave of nitrohydroxylamine in the presence of divalent cobalt 
can be used for the polarographic determination of this substance . The catalytic waves 
are well-developed in the following supporting electrolyte solution: NH4Cl, 0.05 M ; 
NH40H, 0.025 M ; gelatine, o.oz% . The cobalt concentration should be about ro -3 M 
for ro-Lro- 5 M N2032- and 2.5 x ro -5 M for ro - Lro-5 MN20 3 2-. The other nitrogen
containing compounds present such as nitrate, nitrite, hyponitrite and nitramide have 
little or no effect on the catalytic wave of nitrohydroxylamine. Only hydroxylamine 
interferes with the determination. 
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I NTRODUCTION 

347 

Potentiometry and potentiometric end-point indication have found wide 
application in acid-base and redox titrations, where reversible electrodes give good 
reproducibility of potential measurements. They have proved much less suitable for 
determining the concentration in solution of ionic species the other valency state of 
which is zero, since most metals require special precautions and treatment to get 
reproducible, reversible electrode potentials. 

It is the purpose of this paper to show that in such cases, corrosion potenti als 
(mixed potentials), as characteristics of corroding systems, can have analytical ap
plications if certain conditions are established at the metal-solution interface. 

Corrosion potential, which appears whenever a solid is immersed in a solution 
containing non-corresponding ionic species undergoing electroreduction at more pos
itive potentials, is a property easily measurable with standard potentiometric equip
ment. It is, in general, a function of time and of the concentrations of all the species 
involved in the process. However, if the time is fixed , for a fixed concentration ofthe 
oxidizable component the corrosion potential becomes a function of the concentration 
of the reducible species only, provided all other characteristics of the system are kept 
constant. Obviously, the latter condition can be satisfied with reproducibility of the 
conditions of the electrode process, such as is obtained, for example, with the dropping 
mercury electrode at potentials at which diffusion controls the rate. The potential of 
the electrode is then a good indicator of the concentration of the reducible species and 
as such can be used for analysis even where potentiometry of reversible processes fails. 
The dropping mercury electrode itself, however, cannot have a wide application of this 
kind, because of the relatively high positive standard electrode potential of the mer
cury dissolution process. However, amalgams of some metals such as zinc and cad
mium have negative standard potentials and therefore can be corroded at a fixed , 
diffusion-controlled rate dependent solely on the concentration of any species the 
polarographic half-wave potentials of which are more positive than the potential of 
the dropping amalgam. This versatility gives dropping amalgam electrodes attractive 
possibilities. Their use as indicators in the potentiometric titration of copper ions is 
demonstrated below. 
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EXPERIMENTAL 

The experimental set-up for corrosion potentiometry with a dropping amalgam 
electrode is shown in Fig. r. F or observing the change of corrosion potential with time, 
t he cell was isolated from the at mosphere with a ground-glass lid and purified hy
drogen introduced before measurements. Potentiometric titrations were done in open 
beakers, the dissolved oxygen being removed by adding sodium sulphite t o the ti
trat ed solution. All the experiments were carried out at room temperature, which was 
25± 3°· 

Fig. I. Apparatus for corrosimetry and corrosimetric titration . (A), standard electrode; (B ), drop 
p ing amalgam electrode ; (C) , in let for hy drogen . 

The time-dependence of the corrosion potential was recorded on a "Tektronix 
55I" oscilloscope. The e.m.f. between the corroding electrode and the reference elec
trode were measured on a Hewlett-Packard type 4I ZA precision voltmeter. To in
crease the precision of the readings in some experiments, a st andard cell was intro
duced into the circuit in opposit ion so that a higher sensitivity of the instrument could 
be used. 

Cadmium amalgam was made by dissolving a weighed amount of the metal in 
mercury. The concentration of amalgam was about z% . 

Solutions to be titrated were prepared by t aking known amounts of a more 
concentrated (Io-1 M ) copper sulphate solution and diluting with I M ammonium 
chloride solution as supporting electrolyte t o an approximately const ant volume, t o 
make the concentration about Io-2 M in copper ions. The titrant was a I · I o-1 M 
solution of E DTA "Chelaton" 3 G.R. (Chemapol). 

RESULTS AND DISCUSSION 

For convenience, the potentiometry investigat ed here is called corrosimetry and 
the corresponding titrations corrosimetric titrations. 
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A typical time-dependence of the corrosion potential is given in Fig. 2. The 
corrosion potential may be seen to be virtually independent of time. This can be 
explained theoretically by the following reasoning: 
The corrosion process taking place at the interface is 

Cd(a) + Cu2+ (s)~ Cu(a) + Cd2+ (s) (r) 

(a) and (s) denoting the amalgam and the solution phase, respectively. If the concentra
tion of cupric ions is sufficiently low that conditions of pure diffusion control are 
established at the interface, the electrode behaves as totally polarized with respect to 

Fig. 2 . Time-dependence of the corrosion potential at the dropping cadmium-amalgam electrode. 
Time scale 0.5 secfcm, voltage scale 5 mVfcm. 

cupric ions and its potential is determined solely by the electrochemical oxidation of 
cadmium. This is known to be fast enough for an equilibrium between cadmium and 
cadmium ions to be maintained at the interface at corrosion current densities equal to 
cupric ion diffusion currents. Hence, the corrosion potential can be considered near 
enough equal to the reversible potential of the cadmium-amalgam electrode. The 
latter is determined by the concentrations of cadmium and cadmium ions on the 
amalgam and solution sides of the interface, respectively, as given by the Nernst 
equation 

o RT Ccd2+(o,t) 
E(t) = Ecd/Cd2+ + -F ln C ( ) (2) 

2 cd o,t 

These concentrations can be found by an approach similar to that of McGILLAVRY 

AND RIDEALl, VON STACKELBERG2 or KOUTECKYa for evaluating instantaneous current 
at a dropping mercury electrode. 

Any depletion of cadmium ions in the reaction layer at the interface, caused by 
any type of anodic current that is large enough to cause concentration polarization 
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effects, must satisfy the differential equation 

oCcd - D o2Ccd 2 X oCc<l 
Tt - Cd8X2 + J t -a;-

and 

oCcd2+ o2Ccd2+ 2 x oCcd2+ --- = D cd2+ + -----
ot ox 2 3 t OX 

(3) 

(4) 

These are the 2nd Fick's law equations corrected for linear expansion and compression 
of diffusion layers, respectively. 

To solve this set of equations, the following initial and boundary conditions can 
be assumed: 

(5, 6) 

(7, 8) 

Stoichiometry of the anodic oxidation of cadmium requires that the fluxes of 
the two species are equal, i.e., . 

D (
oCcd (x, t)) D 2+ (oCcd2+ (x, t)) + Cd = Cd 

OX -x->0 OX +x->0 
(g) 

Both these fluxes are caused by the corrosion current, which is related t o the flux of 
cupric ions at the electrode. Since all the stoichiometric factors in eqn. (1) are unity, 
this relation is such that the equality (g) extends to the flux of cupric ions as well. This 
is (cf. ref. 4) 

( 
oCcu2+) 1/7 Dcu2+ + Dcu2+ --- = - (Ccu2+)o V- -- = Ol.t-t 

ox x-o 3 n t 

With all these conditions the following solutions are obt ained 

1/Dcu2+ X 
Ccd(x, t) = (Ccct)o- (Ccu2+)oV v-- erfc 

1
;=::::::::: 

cct 2 V .:!_ Dcctt 
7 

Substituting the relevant concentrations at x =o into eqn. (2) we get 

E(t) _ E 2+ RT l 1/ Dcu2+ RT l ___ __,_(C_c_u2_+'--)o_, __ 
- Cd/Cd + - n v-- + - n 

2F Dcct2+ 2F (C ) _ (C 2+) 1/ D cu2+ 
Cd 0 Cu ov--

Dcct 

(1o) 

(rr) 

(12) 

(13) 

for the time- and concentration-dependence of the instantaneous corrosion potential 
at the electrode drop. The sum of the first two terms represents a standard quantity 
for this process and has a similar form to the polarographic half-wave potential. 
Function (13) has all the shortcomings of the simple Ilkovic equation, but can never
theless be considered a good-enough approximation. 
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The peak of a few millivolt in Fig. 2 obtained immediately after the fall of 
each drop is due to deviation of the real systems from idealities assumed in the initial 
and boundary conditions (discharge of Cu2+ ions existing in the layer at X --+0, t=o). 
The peaks are smaller the greater the concentration of cupric ions, and around ro - 2 M 
they can hardly be recorded. 

Although the initial potential is undefined because of the initial boundary 
conditions, the value from very soon after the beginning of formation of the drop un-

550 

500 

> .s 
"' I 

450 

400~------~------~2--------~3--------47-----_J 

-log c 

Fig. 3· Corrosion pot en t ia l of d ropping cadmium -ama lgam as a function of t he concn. of cupric 
ions in soln . 

600 

500 L--1~0~-L~3~D~-L~5~D~-L--d70· 
Titrant added ( ml) 

F ig. 4· Corrosimetric t itration curve fo r 5 · ro-4 moles of CuSO. in o.o i M soln. with o . I M EDTA 
as titrant . 

til drop fall is a simple logarithmic function of the concentration of cupric ions when 
(Ccct)o ~ (Ccu2+)0 , since the ratio of the two diffusion coefficients is close to unity . This 
quality makes the electrode usable in corrosimetry. 

Results for the corrosion potential at various concentrations of cupric ions are 
shown in Fig. 3· They lie on a straight line in the concentration range ro-Ls · r o- 5 

Min Cu Z+ ions. According to eqn. (r 3) the slope of the straight line in a log-linear 
plot should be 

dEmax 2.3 RT 
d log(Ccu2+)o = ------;;:p- = 0

'
0296 (I4) 
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This is in accordance with experiment since the slope of the straight line obtained by 
least squares is 0.033. 

After these relations had been established, two series of corrosimetric titrations 
were performed. A typical titration curve is shown in Fig. 4· The first part, before the 
end-point is indicated by inflection, reflects the logarithmic dependence of the potential 
on concentration. The inflection and the second part, which does not conform to the 
theoretically predicted tendency to infinity, is due to the background corrosion current 
of some very low concentration impurities that are not titrated with EDTA. 

In the first series, the reproducibility of the results was t ested by titrating 
5 · ro-4 moles of cupric ions in an approximately ro- 2 M solution. The results are 
shown in Table r. It can be seen that the reproducibility is within the limits of error 
usually obtained in potentiometric titrations with EDTA. 

TABLE I 

CORROSIMETRIC TITRATION OF 0 .5 mMOLES OF COPPER IONS WITH EDTA AT THE DROPPING 

CADMIUM-AMALGAM ELECTRODE (CONCENTRATION OF THE TITRANT O.I04 M) 

Titration Titrant cuso. Error 
no. used found (%) 

(ml) (mmole X ro) 

4·75 4·95 -I 

2 4·75 4·95 - I 

3 4·75 4·95 -I 

4 4·65 4·85 - 3 
5 4·75 4 ·95 - I 

6 4·70 4·90 - 2 

7 4·75 4·95 - I 

8 4 ·75 4·95 - I 

9 4.8o 5.00 0 

IO 4·70 4·89 - 2 

II 4·85 5·05 + I 
I2 4-85 5 ·05 + I 

I3 4.80 5.00 0 

I4 4·75 4·95 - I 

I5 4.82 5.02 + o.5 

Average r. I 

TABLE 2 

THE EFFECT OF DILUTION UPON THE ACCURACY OF TITRATION OF COPPER IONS WITH EDTA AT 

DROPPING CADMIUM-AMALGAM ELECTRODE 

Con en. cuso. N o. of Av . titrant Av. Cuso. Av. Max. 
test soln . taken titration used found error error 
(M) (mmole) (ml) (mmole) (%) (%) 

Io-2 o.s I5 4 ·76 4-95. Io-1 I. I -3 
Io-3 0 .05 6 4 ·70 4.90 · Io-2 2.8 - 6 

Io- 4 0.005 5 4·85 5 ·05. Io-3 4·7 + 9·5 

In the second series, the effect of dilution on the accuracy of titration was 
investigated. The results are shown in Table 2. They show that the dropping amalgam 
electrode can be used as an indicator electrode for corrosimetric titration of cupric 
ions down to concentrations of about ro - 4 M with errors within 5%. 
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These results indicate that the dropping amalgam electrode can be used for 
corrosimetric analysis. Because of the lack of selectivity, however, it can only be used 
for (i) the titration of pure solutions of one ionic species, or (ii) the titration of the total 
ionic content of all the species that either have a half-wave potential more positive 
than the potential of the dropping amalgam or are more readily complexed by the 
titrant than other species that corrode the electrode. 

Some separations can be done, i.e., some selectivity obtained, by using differ
ent amalgams with considerable differences in standard potentials . This will be dis
cussed in a later publication. 
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SUMMARY 

Corrosion potential in direct corrosion of a dropping amalgam electrode in 
contact with a solution of more electropositive ionic species has been studied. It is 
shown to be a function of the concentrations of these species when a diffusion-con
trolled rate of corrosion is established at the surface. 

Because of this, the dropping amalgam electrode can provide a versatile elec
trode for potentiometric titration of dilute solutions, especially when amalgams of 
electronegative metals such as zinc and cadmium are used, since most systems of prac
tical interest have more positive standard electrode potentials and thus are able to 
initiate the corrosion process. As an example of the application of this principle 
"corrosimetric" titration of copper ions with EDTA has been investigated. The error 
is within the usual limits for this type of analysis. 
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SHORT COMMUNICATIONS 

Theory of programmed-current derivative chronopotentiometry* 

A discussion of the basic concepts of derivative chronopotentiometry has 
been given recently by PETERS AND BuRDEN1. These workers presented equations 
pertinent to the derivative chronopotentiometric technique as applied to both 
reversible and irreversible electrode processes, and they verified their equations 
experimentally by studying several electrochemical systems. Their treatment was 
restricted to the condition most frequently utilized in experimental chronopotentio
metry, i.e., electrolysis with constant impressed current density. Of interest also is 
derivative chronopotentiometry when the impressed current density is programmed 
as some other function of time. The theoretical equations that are pertinent to this 
latter method of derivative chronopotentiometry are presented in this communica
tion . 

Theory 
MuRRAY AND REILLEY2 have given an excellent treatment of chronopotentio

metry with the general current program 

. i f3 to= A = tr, (I) 

in which a current i at an electrode of area A gives an impressed current density io 
(A cm - 2); f3 is a current-time proportionality constant (A cm- 2 see-r), and r is any 
number greater than - r. We adopt their results and symbology with only one 
exception: we prefer to use Cb to denote the bulk concentration of the electroactive 
species rather than A o. 

The relationships pertinent to programmed-current derivative chronopoten
tiometry are presented in Table r. Derivation of those expressions is straightforward, 
albeit laborious, and will only be outlined here. Note that the equations in Table I 
refer to chronopotentiometric reduction processes. For oxidation processes, the signs 
of derivative equations should be positive and the signs before the second t erms on 
the right-hand sides of eqns. (5-R) and (5-I) in Table I should be negative . In agree
ment with PETERS AND BURDEN!, we refer to the inflection point in the normal 
chronopotentiogram as the minimum value of the derivative chronopotentiogram, 
because that is the point at which the rate of change of potential with time is minimal. 

Reversible processes involving soluble reactants and products 
Equation (I-R) in Table I (i.e., eqn. (34) of ref. z) describes the programmed

current chronopotentiometric wave for simple, reversible processes involving soluble 
reactants and products that occur under the condition of semi-infinite linear diffusion. 

• Research sponsored by the U. S. Atomic Energy Commission under contract with the Union 
Carbide Corporation. 
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Equation (2-R) in Table I is the first time-derivative of expression (I-R), r being 
constant. Hence, eqn. (2-R) describes the programmed current derivative chrono
potentiogram for processes obeying eqn. (I-R) . The minimum value of the derivative 
chronopotentiogram corresponds t o the inflection point in the normal chrono
potentiogram. The derivative minimum occurs at a time, tm;n, given by eqn. (3-R) 
and has a value, (dEjdt)min, given by eqn. (4-R). Equation (3-R) is derived by 
differentiating eqn . (2-R) with respect to time, equating the resulting expression to 
zero, and solving fort . Equation (4-R) is then obtained by substituting the value of 
tm;n given by eqn . (3-R) for t in eqn . (2-R) and simplifying the resulting expression. 
Similarly, eqn. (5-R) is obtained by substituting the value oft min given by eqn . (3-R) 

for t in eqn . (I-R) and simplifying the resulting expression to obtain Emin· This is 
the potential at which the inflection point occurs on the normal chronopotentiogram 
and corresponds to (dEjdt)min on the derivative chronopot entiogram. 

Both tmin and (dE/dt)min are related explicitly to the transition time through 
eqns. (3-R) and (4-H.), respectively. These parameters may be related to the concen
tration of the electroactive species of interest by invoking the general relationship 
between transition time and concentration . This latter relationship, according to 
MURRAY AND REILLEY (eqn. (24) of ref. 2), is 

o•H = nFD !Cb T(r+ 3/2) 
(3T (r+ I ) 

(I-G) 

Thus, combination of eqns. (I-G) and (4-R) and simplification yields the relationship 
between concentration and the minimum value of the first derivative, eqn . (6-R). 

Similarly, combination of eqns. (I-G) and (3-R) and simplification yields the relation
ship between concentration and the time at which the first derivative attains its 
minimum value, eqn. (7-R). The lumped const ants, N,rev and M,rev, are defined in 
the legend of Table r. 

Totally irreversible proce~ses involving soluble reactants and products 
Equation (I-I) in Table I (i.e., eqn. (38) of ref. 2) describes the programmed

current chronopotentiometric wave for totally irreversible processes involving 
soluble reactants and products that occur under the condition of semi-infinite linear 
diffusion. Equations (2-I )- (7-I ) in Table I can be derived from eqn . (I-I) in the same 
manner that eqns. (2-R)-(7-R) were derived from eqn . (I-R). Derivation of tm;n in 
this case requires the solution of a quadratic equation; the positive root yields a real 
and finite solution . The rather cumbersome result has been simplified by using the 
r-function, ¢, that is defined in the foot-note of Table r. The lumped const ants, 
N,irrev and M,irrcv, in eqns. (6-I) and (7-I), respectively, are also defined in the 
legend to Table r. 

The values of these constants were computed (a FoRTRAN-63 program is 
available) and are tabulated in Tables 2 and 3 for reversible and tot ally irreversible 
processes, respectively, along with other pertinent information. The selected r-values 
are those used by M uRRAY AND REILLEY2. A temperature of 298°K was assumed for 
computation of the defined constants. Note that these defined constants assume 
different values (for a fixed r) in eqns. (I -R)-(7-R) from those in eqns. (I-I )-(7-I), 
and the differences cha!1ge as r is changed. 
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TABLE 2 

COMPUTED VALUES OF PARAMETERS, REVERSIBLE CASE 

r lmtn(r: n(Emtn - E112) n-r:( dE jdt}min N,rev ·Io6 Mrrev ·I04 

(mV) (V) 

0 0,444 - I7.8 - o.o867 3·444 O.I754 
1/2 0.500 o.o - O.I028 0.9439 0.1837 
I 0.543 + 10-4 - o.II83 0 .3173 O.I949 
3/2 0.577 + I7 .8 - O.I335 O.I228 0.2067 
2 o.6o6 + 23·5 -0.!484 0.05294 0.2I83 
5 /2 0.630 + 28 .2 -o.I63I 0.02492 0 .2296 

TABLE 3 

COMPUTED VALUES OF PARAMETERS, IRREVERSIBLE CASE 

r tm<n/'r: RT nFC• ~nar(d:) </h Nrirrev ·Io6 Mrtrrev ·Io4 

Emtn - omaF ln -yrrrk1o t mtn 
(mV) (V) 

0 0 .250 - I7.8j~n. - 0.05I4 0 .500 2.651 0.2339 
I /2 0.4I4 -2-4/~n. -0.0749 0.4I4 0.6877 0.22I7 
I 0-489 +7.6/om a - 0.0949 0.342 0.2229 0.2278 
3/2 0 .540 + I4·9/~n. - O.II05 0 .292 0.084I7 0.2363 
2 0.578 +2o .6j~n. - o. 1267 0.254 0.03567 0.2457 
5/2 o.6o8 +25-4/~n. - 0.1424 0.225 O.OI657 0.2551 

Discussion 
Inspection of the information in Tables r -3 reveals several pertinent points. 

First, the equations in Table I for reversible processes are similar in form to the 
corresponding equations for irreversible processes. Secondly, the expressions for E, 
(dEfdt), tm;n, and (dEfdt)min reduce to those given by PETERS AND BURDEN1 when r 
is zero. This is to be expected because an r-value of zero corresponds to conventional 
chronopotentiometry at constant impressed current density. PETERS AND BuRDEN do 
not present expressions for Emin or Cb per se, but it can be easily shown that their 
treatment produces Emin and Cb expressions that are analogous to those in Table 1 
with r = o. Thirdly, when r is one-half, the equations pertaining to reversible processes 
indicate that tmin occurs at -r/2 , Emin = Et , and there is a linear relationship between 
(dE fdt)min (or •) and Cb. Again, this behavior is to be expected because the chronopoten
tiogram corresponding to a reversible electrode reaction is identical in shape to a polaro
gram, if the impressed current is programmed to increase in proportion to the square 
root of time3. Fourthly, the difference between the derivative chronopotentiograms for 
reversible and for totally irreversible processes, as indicated by the value of tmin or 
Emrn or (dEfdt)min, is greatest at small values of r. As r increases, the shape of the 
derivative chronopotentiogram corresponding to a totally irreversible reaction 
approaches that of a reversible reaction. This too, is to be expected since the shape 
of a normal chronopotentiogram for an irreversible process approaches that of a 
reversible process at increasing values of r. In general, the information in Tables 2 
and 3 indicates that with increasing r, tmin approaches -r, Emin becomes increasingly 
positive for a reduction process (or increasingly negative for an oxidation process) , 
and the proportionality constant between (dEfdt)min and r f-r increases. 
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It is to be emphasized that eqns. (r-R) and (r I), and hence all equations 
derived from them, are based upon a fundamental assumption of roo% current 
efficiency for the faradaic process of interest. PETERS AND BuRDENl suggested that 
derivative chronopotentiometry offers a means for increasing the accuracy with 
which transition times can be measured. This results from the fact that the loss in 
current efficiency due to the non-faradaic (charging) process is less during the 
portion of the electrolysis between t = o and t = lrntn than it is during the entire 
electrolysis from t = o to t = r. The chronopotentiometer with compensation for 
extraneous currents4 also affords increased accuracy in the evaluation of transition 
times. With this instrument, losses in current efficiency due to the charging process 
can be effectively nullified electronically so that the chronopotentiogram approaches 
ideality in shape and the transition time can be measured with good accuracy. Because 
compensated chronopotentiograms exhibit nearly ideal shapes, their derivatives 
should be excellent tests of the validity of the equations given in Tabler . We intend 
to explore the utility of programmed-current derivative chronopotentiometry as 
part of our evaluative investigation of the chronopotentiometer that incorporates 
compensation for extraneous currents4 . 

We feel that the real value of derivative chronopotentiometry may lie in its 
capability for obtaining a measure of the transition time early in the electrolysis. 
Hence, when it is desirable to minimize the effect of convective disturbances about 
the electrode surface due to thermal gradients or when it is desirable to limit the 
potential excursion to prevent unwanted reactions or degradation of the electrode 
itself, then derivative chronopotentiometry should be preferable to conventional 
chronopotentiometry. Electroanalytical studies in molten-salt media is a specific 
application where the derivative technique may be utilized to minimize convective 
disturbances. A zero (or small) f-value should be selected for such studies so that the 
measure of r is obtained early in the electrolysis (cf. tmtn/r values in Tables z and 3). 

On the other hand, the derivative technique may be conjoined advantageously 
with higher-order current-time programs for kinetic or mechanistic studies or when 
there is convective disturbance about the electrode surface due to density gradients. 
In these situations, it may be desirable to obtain a measure of r under conditions 
that require minimal total electricity in order to minimize unwanted alterations of 
the system. The expression for total charge during a programmed-current electrolysis, 
obtained by integration of eqn. r, is 

Qt = [L] tr+l . 
r+r 

(z) 

With this expression, it can be readily shown that 

Qt/lmtn = [ lmtn]r 
Q·rfr r 

(3) 

which relates the total electricity required to attain tmin with the total electricity 
required to attain r, as a function of r. For reversible processes, 

[
tmin] r = [-r-]r/(r+!) 
r r+3/Z 

]. Electroanal. Chem., 12 (rg66) 354-359 
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TABLE 4 
COMPUTED VALUES OF (lmin(r)' 

r Reversible I rreversible r Reversible Irreversible 
Process Process Process Process 

0 I.O I.O 3/2 0 .439 0.397 
I/2 0 .707 0 .643 2 0.368 0.334 

0.545 0.488 5/2 0.3I5 0.288 

whereas for totally irreversible processes, 

[t:lnr = [¢Jri<rH) (S) 

Some values of the right-hand sides of eqns. (4) and (S) are tabulated in Table 4· 
It is seen that the value of the ratio in eqn. (3) decreases rapidly with increasing r. 
This means that, as r increases, relatively less electricity is required to attain tm1n 

than to attainT. Hence a non-zero r-value (e.g ., r = I or 2) should be selected when 
it is desirable to minimize the accumulation of reaction products about the electrode 
surface, and the derivative technique should be utilized. 

It is interesting to note finally that n and cxna can be expressed in terms of 
(dEfdt)min and tm;n. For the reversible case, combination of eqns. (6 ,R) and (7-R) 
of Table I and simplification yields 

[
Nrrev ] l / (r+t) [ I ] [ I ] 

n = M,rev (dE fdt)min tmln . 

Similarly, combination of eqns. (6-I) and (7-I) of Table I yields, for totally irreversible 
processes, 

[ 
N r i rrev] 1/(r+!) [ I ] [ I ] 

cxna = Mr1rrev (dEfdt)min tmin . 

The practical utility of these latter expressions will be limited by the accuracy with 
which tm;n can be determined. It is likely that t he PETERS AND BuRDEN1 method--in 
which n or cxna is evaluated from (dE/dt)min and an independently-dete1mined 
T- gives superior results in actual practice. 

Analytical Instrumentation Group, 
Analytical Chemistry Division, 
Oak Ridge National Laboratory, 
Oak Ridge, Tennessee (U.S .A.) 

I D. G . PETERS AND S. L. BuRDEN, Anal. Chem., 38 (I966) 530. 
2 R. W . MuRRAY AND C. N . REILLEY,]. Electroanal. Chem., 3 (I962) 64. 
3 H . HURWITZ AND L. GIERST, j. Electroanal. Chem., 2 (1961) 128 . 

W. D. SHULTS 
T . R. MuELLER 

4 W . D. SHULTS , F. E. HAGA, T. R. MUELLER AND H. C. }ONES, Anal. Chem., 37 (1965) J4I5 . 

Received February z8th, Ig66 

]. Electroanal. Chem., I 2 (1966) 354-359 



SHORT COMMUNICATIONS 

Conductometric study on the quantitative precipitation of lanthanum 
and neodymium as normal tellurites 

Introduction 
Various methods for the determination of lanthanum and neodymium have 

been reported1- 4. Lanthanum has been estimated (i) volumetricallys by titration 
against citric acid solution in the presence of the indicator arsenazo; (ii) gravimet
rically6 by precipitation with potassium ferrocyanide ; (iii) potentiometrically by 
titration against ammonium and sodium oxalate? and potassium ferrocyanides; (iv) 
amperometrically with potassium ferrocyanide9 and (v) conductometrically by titra
tion against selenious acid 1o. Spectrophotometric 11-13 procedures have been developed 
for the estimation of neodymium in trace quantities. 

Recently, tellurite ion has been used successfully in the electrometric determi
nation of cobalt14, thorium15, samarium16 and praseodymium17. 

The present communication deals with the conductometric titrations of lan
thanum and neodymium nitrate with sodium tellurite and has been undertaken to 
investigate the process as a possible analytical method for the determination of lan
thanum and neodymium as the normal t ellurites. 

Experimental and results 
Reagents. Sodium t ellurite (B.D.H.), lanthanum nitrate and neodymium 

nitrate (Atomic Energy Establishment, Trombay) were dissolved separately in con
ductivity water. The tellurium content was determined as metallic t ellurium1s and 
lanthanum and neodymium as their respective oxides19. 

Apparatus and procedure. The conductometric titrations of lanthanum nitrate 
and neodymium nitrate with sodium tellurite were carried out at 25 ± 0.5° in a roo
ml pyrex beaker with a dip cell of the type P.R. gsro having a cell constant of r-46. 
The resistance in ohms was recorded at an output frequency of so cyclesjsec by a 
Philips conductivity bridge type P .R . 9500. 

Low results were obtained in purely aqueous medium; these, however, improv
ed on the addition of ethanol. A number of titrations were carried out at various 
ethanol concentrations; rs-2o% ethanol in the case of lanthanum and 20-25% etha
nol in the case of neodymium, gave the best results. The final concentrations chosen 
for the direct and reverse titrations were rs% ethanol by volume for lanthanum and 
25% for neodymium. Other procedures are reported in an earlier communication10. 

Lanthanum nitrate solutions in the concentration range 0.8478 · ro-L2.332 · 
ro-4 M were titrated with sodium tellurite solution (2 .I93 · ro - 2 M). Neodymium 
nitrate solution at concentrations between 2.6or · ro-4 and IJ .OI · ro-4 M were titrated 
with sodium tellurite (o.I3I6 M). For reverse titrations, sodium tellurite solution in 
the concentration ranges J.JI · ro-Lrr.6g · ro-5 M and 8.77 · ro-L26.JI · ro-4 M were 
successfully titrated with lanthanum nitrate "(6.363" ro-3 M) and neodymium nitrate 
(o.rs6r M), respectively. The method is reproducible within r %. 

Discussion 
It is evident from the conductometric titration curves that one sharp end point 

]. Electroanal. Chem., 12 (1966) 360-362 
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is obtained corresponding to the formation of lanthanum and neodymium normal 
tellurites; the reaction involved may be represented as: 

zRH + 3 Te0a2- ~ R2(TeOa)a 

where R = La or Nd. 
In t he case of direct t itrations, as sodium tellurite solution is added, the con

ductance decreases up to the equivalence point owing t o the removal of La3+ or Nd3+ 
ions as La2(TeOa)a or Nd2(TeOa)a (Fig. I, Curves A1 and A2). After the equivalence 
point, a rapid increase in conductance is due to the sodium tellurite added in excess. 
In the case of reverse titrations, there is a slight increase in conductance in the pre
equivalence region due to the substitution of Te0a2- ions by the more mobile NOa
ions (Fig. I , Curves B1 and B2). The presence of ethanol slightly improves t he result 
because it reduces the solubility of the precipitate. 
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Fig. 1. (A,), Direct conductometric titration of lanthanum nitrate; (A2), direct conductometric 
titration of neodymium nitrate; (B1) , reverse conductometric titration of lanthanum nitrate; 
(B2), reverse conductometric titration of neodymium nitrate. 

The present investigation thus confirms the conductometric formation of lan
thanum and neodymium normal tellurites. The reproducibility and accuracy of the 
titrations are excellent even at low concentrations. Cations that precipitate with 
sodium tellurit e e.g., cerium, thorium, zirconium, cobalt , nickel, samarium, praseody
mium and the anions selenite, vanadate, tungstate, chromate and molybdate, interfere 
and must be absent . 
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BOOK REVIEW 

Advances in Analytical Chemistry and Instrumentation, Vol. 3, edited by CHARLES 
N. REILLEY, Interscience Publishers, John Wiley and Sons, Inc., New York, 1964, 
pages vii + 523, price £5-13-0. 

This volume contains eight specialist chapters written by experts on the 
following topics: Atomic Absorption Spectroscopy by R. TucKYER; Photometric 
Titrations by A. L. UNDERWOOD; Analytical Applications of Enzyme-Catalysed 
Reactions by W. J. BLAEDEL AND G. P. HICKs; Ion Sources and Detectors for the 
Mass Spectroscopic Study of Solids by L. F. HERZOG, D. J. MARSHALL, B. R. F. KEN
DALL AND L.A. CAMBEY; Galvanic Analysis by P. HERSCH; Linear Elution Adsorp
tion Chromatography by LLOYD R. SNYDER; Concepts and Column Parameters in 
Gas Chromatography by J. CALVIN GIDDINGS and Thin Layer Chromatography by 
RENE MAIER AND HELMUT K. MANGOLD. 

The concepts are thus wide-ranging and vary from purely practical consider
ations, such as the chapters on Ion Sources and T. L. C., to the largely theoretical 
considerations of L.E.A.C. and G.L.C. All chapters are up to date and well refer
enced and the style is clear, readable and informative. 

The theory of Atomic Adsorption Spectroscopy is clearly presented and a 
competent discussion of instrumentation (including sources, atornisers, burners and 
detectors) is given; this section, however, could have been improved by diagrams 
since the descriptions are lengthy. There is a useful table of applications to metals but 
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a discussion on the advantages and disadvantages of the technique compared with 
others would have been a valuable addition to a section that is already somewhat 
compressed. 

An excellent account of the theory of titrations, involving acid-base, redox 
and chelatometric types, with and without indicators, is given in Photometric Ti
trations. A careful consideration of the limitations of the method and the treat
ment of the data and technique of plotting curves, make this a useful contribution 
to other analytical techniques. A description of the instruments adopted-usually 
spectrophotometers-is included, but the author puts the matter in perspective 
and shows that adaptations are often far too elaborate, and titrations can often be 
done with equal facility and accuracy using much simpler equipment. Titrations 
carried out by photometric methods are compared with other methods (especially 
potentiometric and coulometric) and are of considerable value to the analyst. 

Enzyme-Catalysed Reactions are dealt with in chapter 3; this gives a clear 
outline of the methods for following the reaction kinetics involved, and indicates 
the importance of analyses in the initial stages of reaction. Methods of determining 
substrates, enzymes, activators and inhibitors are described and the value of enzyme
coupled reactions and enzyme cycling, for the determination of quantities of ma
terial in the nanogram region, illustrated. Automated methods based on variable
time and fixed-time procedures and their advantages and disadvantages are dis
cussed. The direct reproduction of recorder tracings, however, is not aesthetically 
pleasing. 

I on Sources and Detectors form a purely technical section and include new 
devices such as d.c. hot spark, exploding wire, laser and field emission sources which 
are compared with the more established R.F. and electron bombardment methods. 
Photographic plates including nuclear track plates are considered useful inte
grating devices but not so versatile as electron multipliers, scintillation, P.M. and 
semi-conductor devices, The sensitivity and usefulness of the various methods are 
considered and a useful summary is included. 

Galvanic Analysis gives a full and well referenced account of a practical 
aspect of electrical-cell measurements applied specifically to the analysis of indus
trial gas streams. Principles of transport and activation control are developed. 
Conditions under which a cell can act, coulometrically at low electrolyte flow rate, 
and flow insensitive at high flow rate, are explained, and gas-electrolyte-solid 
interactions are considered. Working electrodes, especially emerging electrodes, are 
discussed as also are methods of calibration. A large part (perhaps too much) is 
directed to the analysis of oxygen with the result that the sections on hydrogen, 
halogens, oxides of nitrogen, water vapour and organic compounds tend to be rather 
compressed. 

The principles underlying Linear Elution Adsorption Chromatography are 
competently dealt with. The author has helped to establish a unifying theory in this 
rather difficult field. The part played by the adsorbent, particularly alumina, silica 
and florisil and also the eluent, are discussed and equations are developed in terms 
of retention volume and eluent adsorption energy. From these, adsorption areas 
per molecule are determined for aromatic compounds. More advanced considerations 
of types of adsorption and adsorption sites makes this section of value in the separa
tion of mixtures. 
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Concepts and Column Parameters in Gas Chromatography are considered 
very largely with reference to G.L.C. although the final sections deal with gas-solid, 
capillary columns and programmed-temperature gas chromatography (P.T.G.C.). 
The basis of the separation of constituents is considered in relation to their diffusion 
coefficients, which are related to plate heights, and also to retention times. A care
ful study of column length and radius, flow velocity, pressure and properties of the 
solid support, liquid phase and temperature, indicate the optimum conditions for 
obtaining quick and effective separations. Gas chromatography, capillary and 
P.T.G.C. are shown to follow similar considerations and useful summaries of the 
effects of various factors make for completeness in the examination of these related 
techniques. 

Thin Layer Chromatography is a somewhat long section, devoted largely to 
practical applications to the separation of organic substances. Adsorption, ion ex
change, partition, and reverse-phase partition methods of application are considered. 
Plate applicators and coating materials are discussed exhaustively, as are also the 
techniques of the preparation of plates and application of the sample. The quanti
tative aspects and micro-preparative uses are also dealt with. Applications to es
sential oils, vitamins, alkaloids, and other compounds of biological importance, 
illustrate the use of the various types of technique, although little is said of inorganic 
systems. A list of suppliers of equipment and a comprehensive list of references 
(340), and details of procedure within the text, almost converts the article into a 
laboratory handbook. 

Overall, the format and printing are good and there are very few errors. The 
book forms a useful library reference book for analysts but is likely, in view of its 
wide-ranging nature and price (IIJ/-), to find its way to Universities, Colleges and 
large industrial concerns rather than the smaller laboratories with restricted inter
ests. 
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ANNOUNCEMENT 

J. V. WESTWOOD, 

Sir John Cass College, London 

r8th MEETING OF THE COMITE INTERNATIONAL DE THERMODYNAMIQUE ET DE 
CINETIQUE ELECTROCHIMIQUES, SCHLOSS ELMAU, BAVARIA (WEST GERMANY), 
APRIL, 1967 

The r8th Meeting of CITCE will be held at Schloss Elmau, near Garmisch-Partenkirchen, 
Bavaria (West Germany) in the period 24th to 29th April, 1967 in co-operation with the German 
Bunsen Society for Physical Chemistry. The Meeting will be restricted to the theme Electrochemical 
Processes and the Energy States of Electrons. The topics covered will include: Electron Exchange 
and Redox Reactions in Solution, Redox Reactions at Metals and Semiconductors, Semiconductor 
Electrode Reactions, Electrode Reactions under Illumination, Correlations between Absorption Spectra 
and Electrode R eactions. 

Attendance at this Meeting will be restricted to r8o participants. 
Correspondence regarding attendance or presentation of papers should be addressed to 

Professor Dr. H . GERISCHER, Physikalisch-Chemisches und Elektrochemisches Institut der 
Technischen Hochschule Miinchen, Arcisstr. 21 , 8 Miinchen 2, (West Germany) or to Dr. M. 
FLEISCHMANN, Department of Physical Chemistry, University of Newcastle upon Tyne, New
castle upon Tyne r (England). 

Abstracts should be received by October 1st, 1966 and extended abstracts by December 
rst, 1966. 
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COORDINATION CHEMISTRY REVIEWS 
With the expansion of the chemical literature proceeding at an ever 

increasing rate, it is becoming more and more difficult for a chemist to keep 

up with current work. Review articles provide one way by which it is 

possible to keep abreast of rapidly developing fields. However even these 

often have the disadvantage of being several years out of date when 

they are published, and all too often there is no recent review of a field 

of particular interest. 

Coordination Chemistry Reviews has been initiated as a means by which 

relatively short review articles may be published quickly. Each issue 

will contain some 4-8 review articles, and each article is expected to be about 

15-25 pages long. The content of these articles should fall within the 

general area of coordination chemistry and may deal with the theory or 

practice of the coordination chemistry of transition or non-transition metals. 

Articles dealing with the application of physical techniques will be especially 

welcomed. The term "Coordination Chemistry" may be interpreted broadly 

but should not include Organometallic Chemistry. 

Reviews should fall into one of the following general categories: -

(a) a survey of the developments in a particular area during the last 

few years ; 

(b) a survey, and/or discussion, of the results obtained with a particular 

technique during the last few years; 

(c) a general or philosophical discussion of some aspect of coord ination 

chemistry. 

The articles should be relatively short with the emphasis on recent 

developments and ideas. In this way it is hoped that Coordination Chemistry 
Reviews will become a useful Journal for both the established expert 

and the new research student. 

Manuscripts will be solicited from authors prominent in the field of 
coordination chemistry, but unsolicited reviews will be welcomed both from 

established experts and from younger research workers. It is requested 

that intending authors should, in the first instance, contact the Editor 

(Dr. A. B. P. Lever, Department of Chemistry, University of Manchester 

Institute of Science and Technology, Manchester 1, Great Britain) with 

a resume of the proposed review so that its suitability for publication can be 

judged and duplication can be avoided. Authors will receive payment for 

reviews on a rate-per-page basis. 
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