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ON THE DETERMINATION OF KINETIC PARAMETERS FROM POTENTIAL- 
STEP AND VOLTAGE-STEP MEASUREMENTS 

K. B. OLDHAM* AND R. A. OSTERYOUNG 

Novth American Aviation Science Crnter, Thousand Oaks, California (U.S.A.)  

(Received J u l y  23rd, 1965) 

Two techniques by which rate constants of fast electrode reactions have been 
measured are the potential-step method and the voltage-step methodl. In both 
methods an initial equilibrium state of the electron-transfer reaction 

is perturbed a t  time t = o  by a sudden change E I + E ~  in the applied potential. The 
current resulting from this perturbation is then followed as a function of time and 
from the characteristics of this changing current, the standard rate constant k ,  can be 
determined. The two methods differ in the magnitude of the step (El-Ez) and in its 
point of application. 

In the potential-step method, the change El+ Ez is applied directly across the 
electrode by means of an electronic potentiostat. Assuming that the current is deter- 
mined solely by semi-infinite linear diffusion and by the first-order kinetics of reaction 
(I ) ,  the current-time relationship may be shown2 to be 

-anF(Ez - E,) 1 
i = n,A Fks exp - (?zF(EI -ES)j ] I RT 

-, [C-c  exp - 
RT 

exp(ill2t) erfc(ill1t) (2) 
where 

and where other symbols have been defined. Note that since Ez is invariant, ill is 
constant, as are all the terms on the right-hand side of (2) other than the two final 
factors. 

In the voltage-step method, the change E1+E2 is applied, not to the electrode, 
but across the series combination of the cell and its current-measuring resistor. 
Moreover, the step has a magnitude equal to a small fraction of RTInF, i .e. ,  of only a 
few millivolts. Under these conditions, the current is given, to a good approximation, 

by3 

* Permanent address: University of Newcastle upon Tyne, England. 
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where Q is the total resistance and 

Again, all terms in eqn. (4) are constant apart from the exp and erfc factors, and is 
also invariant. 

The chronoamperometric equation for both methods is seen to be basically 

i = i o  exp{Azt) erfc{iljt) (6)  

where i o  is the initial current. Since k ,  enters into the expressions for both i o  and A, 
measurement of either of these parameters will enable the rate constant to be deter- 
mined. However, as will be shown below, the content of kinetic information is 
greatest a t  short times and therefore more accurate ks  values are to be expected from 
i o  than from A. In practice, ks has usually been determined from i o ,  although both 
parameters have been studied in some similar investigationsd. 

I t  may be shown that i contains appreciable kinetic information only a t  
sufficiently short times. This is evident by noting that for either method an alter- 
native form for eqn. (6) is 

where g, isindependent of k ,  andoc. Thus since 

I 
Lim [F  exp E 2  erfc 51 = - 
5-m 1 / ~  

we see that 

q' Lim [ i ]  = -- = i,i, 
al/t+oo l/zt 

and is independent of the kinetics. We can regard the ratio 

TABLE 1 

Certain important functions of c, viz.: Column 2 = cxp €2 erfc 5 ;  Column = I - dn ,$ exp 

5 2  erfcc, i.e., the value of S (eqn. 10) for 6 = A v t ;  Column 4 = IOO 

i . e . .  the % difference between column 2 and the approximation given by eqn. ( I  I ) .  

Column 2 Column 3 Column 4 
-- -- 

Column z 
-- 

Column 3 Column 4 
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as defining the fraction of the current which is kinetically determined. Table I in- 
corporates a column enabling S to be found for representative values of Jj t .  

Direct observation of io is prevented by experimental difficulties and by the 
double-layer charging current which was ignored in the derivation of the above 
equations. This current is additive to the faradaic current i, but decays more rapidly 
than does i, becoming negligible a t  times longer than a few times the product of the 
double layer capacitance and the resistance with which it is in series. If we denote by 
t, the time after which charging current may be ignored, data collected during 
t t, may be used to obtain io by a back extrapolation of a plot of i versus some 
convenient function of time. This extrapolation is made to t=o, or, better, to some 
positive time t= t, so as to correct for non-faradaic current5.6. 

Since for small values of its argument E, 

26 exp ["rfc E zz I - - 
vn 

the most convenient function of time against which to plot i for extrapolation purpos- 
es is its square root. This is the basis of the standard procedure of graphing i us. i t ,  
selecting the near-linear initial section and extrapolating it to  find io. The purpose of 
the present communication is to show that these extrapolations have not always been 
wisely made and to suggest methods of avoiding this difficulty. 

Table I shows that the expression 
- 

(12) 

yields i-values differing from those generated by eqn. (6) by 1% or less, only if 

In other words, a plot of i vs. ]It is linear to better than 1% provided inequality (13) is 
satisfied. The necessity for satisfying this inequality, or one similar (e.g., i l i t  < 0.2 

suggested by OKINAKA, TOSHII\IA AND OKANIWA~, corresponding to a departure from 
linearity of about 5%) has been appreciated by all workers in the field, but not all 
have realized that (13) also implies 

(or ilia a o . 8 ,  taking the less stringent alternative of OKINAKA, TOSHIMA AND OKANI- 
WA) as is evident from Table I and as was clearly stated by GERISCHER~. 

Let us consider that the results of a step-method experiment are plotted as 
points on an i vs. i t  graph (see Fig. I). The first few points may be exalted on account 
of a non-faradaic contribution to the current. Following these, there may be a number 
of points which are considered to adequately delineate a straight line. Let i, be the 
last such point and let a straight line be drawn through the colinear points and 
extrapolated back to give i, (Fig. I). Now, from inequality (14) i t  may be shown that 
only if 

(15) 
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I 

t 
* 

G o  
t 

t = 7# 

(or &fic) 

Fig. I. Typical chronoamperometric data points; i,, is the current a t  the last colinear point. 

Fig. 2 .  The upper curve shows i,/io as  a function of ili,. The lower curve shows i,/io as a function 
of i / i , .  The upper curve has the lines i2/io = I and i / i ,  = 4 as tangents a t  its limits. The corre- 
sponding tangential lines for the lower curve are i y / i o  = i / i y  and i l i ,  = 3. The markers shown 
along each line indicate the points a t  which S acquires the stated values. S has the values of unity 
and zero a t  the ends of each curve. Interestingly. S is almost a linear function of i / i ,  or ili,, so tha t  
interpolation along this axis is very accurate. 

J .  Electroanal. Chem., I I (1966) 397-405 
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(or i,- i, < 0.25 i, using the less stringent condition) is i, a valid approximation to io, 
i.e., the extrapolation should traverse a current span not exceeding 11% (or 25%) of 
the lowest datum encompassed by the straight line. We know of no published extra- 
polations in which this 11% criterion has even been approached; more usually5.9 
extrapolations traverse about 100% of i, and in one extreme case7, a 300% extrapola- 
tion was employed. In these cases the values of i, and io are not even approximately 
equal. 

We strongly urge that criterion (14) be used in place of (13). Inequality (13) is 
extremely treacherous in that ii is not known a priori. Reliance on an unsound 
extrapolation will lead to an underestimation of i o  and hence of ks .  The use of this 
false k ,  to calculate ii may produce a value of the latter which deceptively satisfies (13) 
and so apparently validates the extrapolation. We believe OKINAKA, TOSHIMA AND 

OI<ANIWA to have been victims of this insidious circumstance. 
The function exp ["rfc 6 never displays more than slight curvature versus 6 

in the domain o >[ > co and therefore values of i determined over a short range of i t  
appear approximately linear and may be extrapolated without difficulty to find i z .  If 
we identify the extrapolation with the tangent to the curve a t  the ordinate value i, 
it is easily demonstrated that 

Equations (6) and (16) may be regarded as defining a unique relationship between the 
two ratios iz/io and ili,; Fig. 2 includes a graph of this relationship. The figure also 
shows how, as ili, declines S decreases to zero, i.e., the kinetic content eventually 
vanishes. 

Notice that provided i/iz 20.75, i, will be within 10% of io. For a longer 
extrapolation, Fig. 2 can be used to find i o  from known values of i and i,. This 
provides a powerful method for the determination of i o  since, in principle, it may be 
applied at  any point along the i vs. i t  graph. In practice, very short times are excluded 
because of the double-layer charging interference and very long times are affected by 
the decreasing value of S which accompanies increasing time. A decrease in S does not 
invalidate the method, but does demand increased precision in the data. Thus, a 

TABLE 2 

.I. Electroa~zal. Chem., I I (1966) 397-405 
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value of i n  determined by an extrapolation from i/i,=o.73, where S=o.5, will be ten 
times as accurate as an in-value from a tangent a t  ili, = 0.525, where S = 0.05 only. 

In  Table 2 we show the application of this method to the potential-step data of 
VIELSTICH A N D  GERISCHER"~~ the reaction 

Zns+ + z e + Zn (Hg) 

in molar aqueous sodium perchlorate. The tabulated values relate to El -Ez = 0.020 

V and C = 2.1 x 10-6 mole cm-3. iz-values were determined by drawing tangents a t  
current values, i, to a smooth curve of the published experimental points on an i as. 
i t  plot and extrapolating to t  =o. Knowing ili,, values of i,/io were read off from Fig. z 
and hence in was computed from each of eleven tangents. Except a t  long times 
(currents less than one-third of i n  and hence S less than 0.1) the metliod is seen to 
yield io-values which are highly reproducible (possibly fortuitously more reproducible 
than might be expected). We believe the value 2.2 mA cm-2 to be much more accurate 
and reliable than is possible from a single extrapolation technique. The extrapolation 
shown in the published graph9 yields i0=1.67 mA cm-? Notice that the data in 
Table z show no evidence of interference from charging current; no such interference 
is to be expected on the time scale of the experiment. 

Figurc z shows that 

i.e., the extrapolation can never traverse a current range greater than the current a t  
which the tangent was drawn. I t  therefore appears that the data for copper and 
cadmium deposition presented7 by O K I N A K A ,  TOSHIMA ANI) O K A N I W A ,  and which 
violate inequality (17)~ are invalid, notwithstanding the agreement with established 
k,-values which these authors find. 

One drawback to the method described above-we shall term it the "first 
method"-is that, before it can be applied, the experimental i vs.  t data must be 
replotted as i us. i t .  Not only is this inconvenient, but precision is lost in transcribing 
the data. We now describe a "second method" to obviate these difficulties. We wish 
to stress that our second method does not differ in basis from the technique described 
by GERISCHER~, although we believe the application of our method to be more 
straightforward. 

If tangents are drawn to an i us. t graph and extrapolated to t =o  (or to t = T,), 

the intercept i, may be shown to be given by 

where (t,i) are the coordinates of the point at  which the tangent was drawn. Notice 
that this expression for i, differs from that for i, (eqn. (16)) only by the presence of 
factors of z in the latter. The relationship between i,/io and ili, may be depicted 
graphically as was done for the first method; Fig. z shows the results. Notice that, 
whereas i/iz can take values between 4 and I, 
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We have attempted to apply this method to the published data of LAITINEN, 
TISCHER AND 130~5 on the application of the voltage-step method to the reaction 

in fused KCl-LiC1 eutectic. Tangents to the experimental i us. t curve11 were drawn 
and extrapolated to t=9 psec, to give the values listed as i, in Table 3. The value 
t, = 9 psec is that established by the authors5 as the appropriate correction for double- 
layer charging. Notice that for i < 45 pA the ratio ili, lies within the range 0.667 
G ili, G 0.700 For this range, as Fig. 2 shows, o G S G 0.08, so that for these data to 

TABLE 3 
APPLICATION OF T H E  SECOND METHOD TO T H E  DATA O F  LAITINEN. TISCHER A N D   ROE^ 

Mean = 47.7 
0 = 2.1  

* Currents in arbitrary units 

contain significant kinetic information would demand a precision beyond that ob- 
tainable by the method. The scatter observed in ili, a t  this end of Table 3 is further 
evidence that these data are not significantly different from the 0.667 limit. For 
i >4o PA, the ratio ili, does shift in the expected direction in a regular fashion. 
However, in this region the current contains a non-faradaic component which is 
far from negligible5.10, so that none of the foregoing relationships is applicable. We 
are forced to the conclusion that the data of these authors cannot be used to determine 
kinetic parameters in the absence of a quantitative treatment of theeffectof simultane- 
ous faradaic and non-faradaic currents in the voltage-step method. I t  should be 
mentioned that changing the value of t, does not affect our conclusion on the validity 
of this experimental determination of kg .  

Finally, we show in Table 4 the result of applying the second method to the data 

J .  Electroanal. Chem., I I  (1966) 397-405 
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of GERISCHER* for the reaction 

We have analyzed the curve for a cyanide concentration of 2.10-5 mole cm-3 
published in Fig. 6 in GERISCHER'S article. Our results are in Table 4 and show how, 
with suitable data, the method can yield an io-value with a standard deviation of 
only 4%. 

NOTATION 

A 
C 
C' 
L) 
D' 
Es 
El 
Ez 
F 
Ox 
R 
Rd 
S 
T 
e- 

exp 
erf c 
i 

'7% 

t 
u 
01 

A 
A1 

A2 

5 
e 
'Gc 

'GP 

'P 

surface area of working electrode (cmz) 
bulk concentration of Ox (mole cm-3) 
bulk concentration of Rd (mole cm-3) 
diffusion coefficient of Ox (cm2sec-1) 
diffusion coefficient of Rd (cm%ec-1) 
standard potential of the Ox/Rd system (V) 
applied potential a t  t < o (V) 
applied potential a t  t > o (V) 
Faraday's constant (9.65 x 104 C equiv.-1) 
an electroreducible species 
gas constant (8.31 J mole-1 deg-1) 
reduction product of Ox 
aratio defined by eqn. (10) 

absolute temperature (OK) 
an electron 
exponential operator, exp 6 (2.718 ...)c 
error function complement operator, erfc 
faradaic current (A) 
value of i were ks infinite (A) 
initial value of i (A) 
intercept determined by extrapolation of an i vs. i t  graph (A) 
intercept determined by extrapolation of an i vs. t graph (A)  
current corresponding to the last linear i vs. i t  datum (A) 
electron transfer rate constant for reduction of Ox and oxidation of Rd a t  
potential Es (cm sec-l) 
number of faradays to reduce one mole of Ox (equiv. mole-1) 
duration of electrolysis at  applied potential Ez (sec) 
an integration variable 
cathodic transfer coefficient 
represents either A1 or A2 (sec-*) 
characteristic parameter of the potential-step method (sec-4) 
characteristic parameter of the voltage-step method (sec-4) 
an arbitrary variable 
resistance (ohm) 
effective time-delay to correct for non-faradaic current (sec) 
time after which non-faradaic current has decayed to a negligible fraction (sec) 
a parameter independent of kinetics (A seci) 
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SUMMARY 

An analysis of published data shows that in the determination of rate constants 
from experimental potential-step and voltage-step measurements, extrapolations 
have not always been wisely made. Two methods of avoiding the difficulties are 
proposed and each has been applied to various data. 
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POLAKOGRAPHY OF NEODYMIUM, SAMARIUM, YTTERBIUM AND 
EUROPIUM IN ACETONITIiILE 

E. J. COI<hI,* A N D  E. N. WISI< 

Chemistry Department, The Univevsity of Arizonu, T~tcsot?, Arizorza (U.S..4.) 

(Received August r j r d ,  1965) 

INTRODUCTION 

In an earlier paper1 we described the controlled-potential coulometric deter- 
mination of europium and ytterbium in methanolic solutions. At that time, we 
noticed that methanol was not a suitable solvent for the coulometry of any of the 
other lanthanide elements, and was difficult to use even in the case of ytterbium, 
because of hydrogen evolution from the solvent as the reduction proceeded. Further- 
more, the use of methanolic solutions was further complicated by the unexpected 
phenomenon of co-reduction of ytterbium(II1) a t  the potential required for the reduc- 
tion of europium(II1). Such behavior would not be predicted from the observed 
half-wave potentials of these ions in methanolic solution. For these reasons, our 
attention shifted to the use of other non-aqueous solvents as possible media for the 
coulometric determination of the rare-earth elements, and we wished also to see 
whether or ]lot the co-reduction occurred in solvents other than methanol. 

This paper is mainly concerned with the polarography of the rare earths which 
are capable of existence as divalent ions in acetonitrile solution. I t  is the antecedent to 
a paper in which we describe an extension of the controlled-potential coulometric 
reduction method to the determination of europium, ytterbium, and samarium in 
their mixtures which can be accomplished without difficulties arising from co- 
reductive behavior. KOLTHOFF A N D  COETZEE~ have previously described the polaro- 
graphic behavior of a number of metal ions, including the rare earths, in anhydrous 
acetonitrile under research-laboratory conditions. The material which we present is a 
description of the polarography of the latter elements in the analytical laboratory. 
Accordingly, we have avoided the use of special apparatus such as the dry box and 
elaborate solution-handling equipment. 

The half-wave potentials determined in this work are not as well-defined as 
those usually found in aqueous-solution polarography because of the irregularity of 
the current-potential curves. As will be seen later, the effect of added water on the 
shape of the polarograms is of particular interest in connection with the determination 
of the half-wave potentials. 

APPARATUS 

PoLarogra$lz 
The polarograph used in all investigations is of conventional circuitry. The 

* Present address: Chemistry Dcpt., University of Puget Sound, Taco~na,  Washington 



POLAlrOGRAPHY O F  Nd, Sm, Yh A N D  EU I N  ACETONITRILE 4O7 

polarizing circuit consists of a motor-driven 10-turn, 2 0 0 4  helipot with scan voltage 
supplied by dry cells. 

The electrolysis current passes through a 500-!2 helipot and a fraction of the 
voltage drop produced across its terminals is taken as the input to a Hewlett-Packard 
Model 425-A microvolt-ammeter used as a high impedance d.c. amplifier. The output 
of this instrument, after suitable attenuation, is recorded by a Sargent Model MR 
recorder. 

Provision is made for measuring the scanning and initial potentials with the 
Fluke differential voltmeter. 

Electrol?sis cell 
The cell shown in Fig. I ,  used in all work described here, is a slightly modified 

version of that previously used in the authors' work with methanolic solutionsl. The 
working anode and cathode compartments are separated by a salt bridge. This 
change was incorporated to eliminate diffusion and migration of silver ions from the 
anode into the cathode compartment. The working anode, which is also used as the 
polarographic counter electrode, is made from a spiral of 16-gauge silver wire. The 
small anode used as the cathode potential reference electrode is separated from the 
cathode compartment only by a single sintered-glass disc, since the small current in 
the reference electrode circuit results in negligible production of silver ions. The elec- 
trolyte used in all compartments of the cell is a solution of 0.100 M tetraethylammoni- 

I'ig. I. Cell usctl for polarograpliy and coulometry in acctonitrile solns. ( A ) ,  Iieference electrode 
assembly; the silvcr clectrotlc wire is cemcntetl to the inncr part of the 1o/18 joint with epoxy-resin 
cement; the outer part of thc joint is conncctctl to the lowcr tube with Tygon tubing. (B), Bottom 
part  of a mercury scal stirrer. (C), Nitrogen inlet. (D), Counter electrode assembly. (E), Mercury 
pool electrode. 

Fig. 2. Container for anhytlrous solvent. 

.I. Elrctroanal. Chcm., I I (1966) 406-415 
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um perchlorate (TEAC104) in acetonitrile. A dropping mercury capillary (not shown 
in Fig. I) is included in the complement of the cell's electrodes. 

An external aqueous saturated calomel electrode was used as the ultimate 
reference potential throughout the investigation. 

Thermostat 
All the polarographic measurements were made a t  a constant temperature, 

usually 25O. This was accomplished by circulation of water from a Sargent "Thermon- 
itor"-controlled constant-temperature water bath which maintained the bath temper- 
ature within f o.01" of the desired value. 

PREPARATION O F  REAGENTS 

Acetonitrile 
No commercially-available acetonitrile, including two brands of the spectro- 

grade chemical, was found to be of adequate purity for coulometric work. The follow- 
ing purification method was found to give an 85990% yield of suitable material from 
any available grade of acetonitrile. Consequently, the industrial or commercial-grade 
material was generally used for reasons of economy. This purification procedure is a 
modification of one published by COETZEE et a1.3 while our investigation was in pro- 
gress. The acetonitrile used in our early work was purified by a slightly different 
procedure, the difference being that the cyanoethylation step described3 was not 
included. Substantially lower residual currents resulted when the cyanoethylation 
step was used in the purification procedure. 

A 500-ml separatory funnel containing 10 ml of saturated sodium hydroxide 
solution was almost filled with impure acetonitrile. After extraction of the acidic 
impurities, the aqueous phase was discarded and the acetonitrile placed in a distilling 
flask with 10 ml of half-saturated sodium hydroxide solution. This mixture was 
refluxed for 3-8 h and then fractionally distilled, leaving the residue of sodium hydrox- 
ide and high-boiling materials in the flask. The product was placed in another distill- 
ing flask, warmed, and phosphorus pentoxide added until all water present had been 
removed, as indicated by the white appearance imparted to the acetonitrile by 
suspended particles of PzOs. This suspension was refluxed for 30 min, with addition 
of phosphorus pentoxide, as required, to keep the suspension milky white. The dry 
acetonitrile was then distilled from the residue of basic impurities, polyphosphoric 
acids, and polymerized acetonitrile. Two or three grams of PzOs were added to the 
product, which was then carefully fractionated on a 12 mm x 55 cm column packed 
with 3/32" glass helices. The product was collected in the container shown in Fig. z .  
It was protected from atmospheric moisture by a drying tube charged with successive 
layers of anhydrous calcium sulfate and phosphorus pentoxide; the calcium sulfate 
being used to prevent direct exposure of the phosphorus pentoxide to moist laboratory 
air. The water content of the purified acetonitrile was determined by a constant- 
current coulometric Karl Fischer titration. Acetonitrile prepared and stored as 
described above typically contains less than 5 - ~ o - ~  (:; water. 

Tetraethylarnmo~ziztm Perchlorate (TEAC104) 
The salt was prepared by adding perchloric acid dropwise, from a burette, to a 
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warm, stirred solution of tetraethylammonium bromide or hydroxide until a perma- 
nent precipitate formed. The precipitation of TEAC104 was completed by addition of 
0.2 M perchloric acid until no additional precipitation occurred. This point was found 
by interrupting the stirring to allow the precipitate to settle, then adding acid to the 
supernatant liquid. The contents of the beaker were cooled in an ice bath, transferred 
to a sintered-glass filter funnel, and washed with ice-cold water until nearly free of 
bromide ions. The product was dissolved in the minimum amount of hot water and 
recrystallized by allowing the solution to cool to room temperature. 

The crystals were collected and air-dried on a sintered-glass filter, dried in an 
oven at 50°, and stored in a desiccator over PZOF,. The supernatant layers from succes- 
sive batches were retained, concentrated by evaporation over a hot plate, and succes- 
sive crops collected until nearly all the TEAC104 had been recovered. 

Nitrogen 
A continuous nitrogen flow of approximately 0.5 cu. ft./h was necessary for 

rapid de-aeration of the catholyte and to prevent diffusion of atmospheric oxygen 
into the cell. This gas flow was provided by the use of Matheson pre-purified nitrogen 
of nominally 99.9980/;, purity. The gas was passed over copper turnings in a tube 
furnace to remove a trace of oxygen, then through a moisture absorption bulb con- 
taining anhydrous calcium sulfate, and finally to the electrolysis cell. 

Rare-earth materials 
All the rare earths used in this investigation, except europium, were obtained 

as the oxides from the Ames Laboratory of Iowa State University. The stated purity 
was 99.8% or better in all cases. Europium oxide of 99.9% purity was obtained from 
Research Chemicals, Inc. Neodymium, europium, and samarium oxides were ignited 
a t  goo0 for several hours, then cooled and stored in a nitrogen-filled desiccator until 
weighed. The remaining rare earths were weighed after a few minutes drying a t  
110" to remove surface moisture. 

Miscellaneous chemicals 
In all cases where purity is not specifically stated, analytical reagent-grade 

chemicals were used without further purification. 

Prefiaratiolz of rare-earth sam+les 
Rare-earth perchlorate samples were sometimes prepared by solution of the 

oxide in perchloric acid, but the usual technique involved evaporation of an aqueous 
rare-earth chloride stock solution with perchloric acid. The oxides were weighed into 
the tube of the apparatus shown in Fig. 3, covered with 60% perchloric acid, and 
heated in a nitrogen stream to speed the dissolution of the oxides. The sample was 
first heated on a water bath until only a syrupy liquid remained in the sample tube. 
The water bath was then replaced by a mineral-oil bath and heating was continued 
until fumes of perchloric acid ceased to be evolved from the outlet tube. The sample 
tube was allowed to cool and was stored in a desiccator over phosphorus pentoxide. 
An acetonitrile solution of the sample was prepared by partially filling a 10-ml 
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volumetric flask from the acetonitrile storage vessel, and then transferring the sample 
to  the flask with a micro transfer pipette, using small portions of this solvent. 

Aliquots of the aqueous chloride stock solution, prepared by dissolving 
weighed portions of the oxide in excess 6 M hydrochloric acid, were evaporated to 
dryness on the water bath before addition of the perchloric acid. The procedure for 
this type of sample was otherwise the same. Only a thin film of lubricant on the lower 
114 of the ground joint of the drying apparatus was used, because stopcock grease is 
readily oxidized by hot perchloric acid fumes. The temperature of the oil bath should 
not be allowed to exceed 250°, as extensive decomposition of the rare-earth perchlo- 
rates occurs above this temperature. 

> - - -  -- 
2' 

------ 

-0 .6  - 0 8  -10 - 1 2  - 1 4  -1.6 -18  - 2 0  -2.2 

VOLTS VS.  AQUEOUS SATURATED C A L O M E L  ELECTRODE 

Fig. 3 .  Sample preparation apparatus. 

Fig. 4. Reduction wave in 0.100 M TEAC104 of: (-), ncodymiuln; (---) ,  srumarium. 

Rare-earth nitrates, bromides, and iodides were prepared from the chloride 
stock solutions in a similar manner by substitution of the appropriate acid for per- 
chloric acid. 

Preparation of supporting electrolyte solution 
A two-day supply of supporting electrolyte, usually 50-100 ml of 0.100 M 

TEAC104, was prepared by transferring the appropriate weight of salt to a volumetric 
flask and diluting to volume with acetonitrile. To prevent contamination of the dry 
acetonitrile by atmospheric moisture, the volumetric flask was purged with dry 
nitrogen before filling. 

Polarogra@hic measurements 
Conventional polarographic techniques were used throughout the investigation. 
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The potential scan rate was o.200 V/min. Solutions were de-aerated for 5 min before 
the polarographic scan was begun. Polarograms were obtained versus a silver-silver- 
ion electrode, the potential of which was afterwards compared to that of an aqueous 
S.C.E. with the aid of the Fluke differential voltmeter. Only the amount of damping 
necessary to overcome internal noise in the instrumentation was used in the recording 
of the polarograms. 

RESULTS 

Polarography of neodymizcm fierch~orate 
A 5.32. I O - ~  M solution of neodymium perchlorate in 0.100 M TEAC104 has 

a half-wave potential of -1.45 V as. S.C.E. as shown in Fig. 4. The diffusion current 
was measured by extrapolating the diffusion plateau of the entire wave, not just the 
first part, back to - 1.45 V. At a mercury flow rate of m=o.841 mg/sec and drop time, 
t=5.00 sec, the diffusion current was 3.93 PA. The observed distortion of the polaro- 
gram which yields an apparent double wave is thought to  be a result of the presence 
of an unavoidable trace of a surface-active impurity. 

Polarografihy of samarium flercklorate 
The polarographic results for samarium are somewhat at  variance with those 

reported by KOLTHOFF AND COETZEE? These authors found that the diffusion current 
for the polarographic reduction of samarium(II1) to samarium(I1) occurs a t  a half- 
wave potential of - 1.62 V vs. S.C.E. and that the diffusion current is proportional to 
concentration, a t  least over the range 0.2-2.0 - 10-3 M. They also reported that they 
were unable to obtain a wave corresponding to the reduction of samarium(I1). The 
value of the half-wave potential of the samarium(II1) reduction found in the work 
reported here is -1.04 V. Another wave, approximately twice the height of that 
corresponding to the samarium(II1) reduction, was found a t  - 1.55 V. This remained 
after the controlled-potential reduction of samarium(III), and must be assumed to 
result from the samarium(I1) +(0) reduction. 

TABLE 1 

Sm(111) concn. . 10-1 Ed us. S.C.E., 25' 
-~ - -- ~ - 

The half-wave potential of the samarium(II1) reduction becomes more cathodic 
with increasing samarium concentration, as shown by Table I. 

The samarium waves are shown in Figs. 4 and 5. The addition of a small 
amount of water to the samarium(II1) solutions results in a slight cathodic shift of the 
half-wave potential. 

Although well-formed, easily measurable waves were obtained over a samari- 
um(II1) concentration range of 9 - 10-"1.03 . 10-3 M ,  the diffusion current obtained 
was not proportional to the concentration. I t  is likely that traces of acid, water, or 
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unremoved oxygen cause enhancement of the wave height by oxidizing samarium(II1) 
as it forms at the dropping electrode. Since it has not been possible to obtain non- 
aqueous solutions completely free of the above-mentioned substances, the polaro- 
graphic determination of samarium in acetonitrile appears to be impractical a t  present. 

I I I I I I I 
- 0 6  - 0 8  -10 - 1 2  -1.4 -16 -Is -2.0 - 2 2  

VOLTS VS. AQUEOUS SATURATED CALOMEL ELECTRODE 

Fig. 5. Samarium oxidation waves in o.roo M TBACIOd. 

Polarogra+hy oof ytterbiztm eerchlorate 
The polarographic reduction of ytterbium occurs in two steps in acetonitrile, 

as it does in other solvents. The reduction of ytterbium(II1) to ytterbium(I1) occurs 
a t  a half-wave potential of - 0.60 V. This wave can be distinguished in the presence of 
all the other rare earths. The half-wave potential for the reduction of divalent ytterbi- 
um, - 1.58 V, is too close to those of the remaining rare-earth(II1) +(O) reductions to 
be of analytical value. 

Solutions of ytterbium(II1) perchlorate in acetonitrile decompose rapidly, as 
evidenced by the appearance of a flocculent white precipitate within I h. Precipitation 
could be prevented only by the addition of water and acid to the acetonitrile solutions. 
When this was done, the resulting partially aqueous solution was unsuitable for the 
determination of samarium. No practical means of preventing the precipitation of 
ytterbium in the non-aqueous solution was found that would allow the determination 
of samarium in the same solution. 

Polarography of europium $erchlmate 
Two waves were found upon polarographic reduction of europium(1II) solu- 

tions. The half-wave potentials determinedin this work are slightly different from those 
reported by KOLTHOFF AND COETZEE, as shown in Table 2. This discrepancy probably 
results from our use of a somewhat different method of preparing the anhydrous 
perchlorates. The addition of small amounts of water resulted in a shift of the half- 
wave potentials. The europium(1II)- (11) reduction wave was affected more than that 
of the europium(I1)-(0) reduction. In addition to the shift of the half-wave potentials, 
the slopes of the waves decreased, indicating that the presence of water makes the 
reduction "polarographically irreversible". 

Further evidence for a decreased rate of the electrode reaction upon addition of 

J .  Electvoanal. Chenz., 1 1  (1966) 406-415 



SURIMARY O F  RARIE-IIARTH I'OLAROCRAI'HIC HALF-WAVIS POTISNTIALS I N  ACETONITRILE US. A Q U E O U S  
S.C.E. 

1:; 
- - - 

( I i o l t / i ( ~ f f  a r ~ d  C ( ~ e l : c v )  (thzs work)  

- -  - - -- - - - -- - - . N o t  c)l ,t:~inc.cl .  11 S i l l i t  wave, sc-e figs. 4 ; m c l  5.  '. (:oncn. 4.05 . lo-.' M. The h a l f - w a v e  p o t e n t i a l  
s l i i f t s  c n t l i o t l i c a l l y  \\.it11 increasing c o n c n .  0 S p l i t  \\>a\,c. 

V O L T S  VS AQUEOUS SATURATED CALOMEL ELECTRODE 

Fig 0 1 7 u r o p 1 u m  r c t l u c t i o n  wa\ cs N u m l ) c r s  o n  L u r v c s  r e f r r  to p e r - c e n t  water a d d r t l  to the s o l n .  

s m l m r  - + s m t n l  

~ b ~ r n i  - v b l n i  

E u l m i - * E u l l l )  iL +O I V O L T S  -0 .._-II--L- I VS. 0 . 3  AQUEOUS lf SATURATED 0 5 0 7 CbLOMEL - 0  9 E L E C T R O D E  - 1  1 I - 1  3 

Fig. 7. P o l n r o g r a m  of r n r r - c a r t 1 1  p c r c I 1 l t ) r r ~ t e s .  



4I4 E. J. COKAL, E. N. WISE 

water was obtained when the europium was reduced a t  controlled potential. The con- 
trol potential required for quantitative reduction of europium(II1) was shifted cath- 
odically by several tenths of a volt in the solutions containing water. 

The appearance of the europium polarographic waves is indicated in 
Fig. 6. 

Polarography of rare-earth perchlorate mixtzcres 
A polarogram of a solution containing approximately I pmole of each rare- 

earth element, as its perchlorate, is shown in Fig. 7. The polarographic behavior of 
europium, samarium, and ytterbium in solutions of this type is easier than would be 
expected from the results obtained in the solutions containing only one rare-earth 
element, since the matrix of non-reducible rare earths has the beneficial effect of 
decreasing the interference caused by traces of water and oxygen. 

DISCUSSION 

The results of our work and that of KOLTHOFF AND COETZEE are compared in 
Table 2. I t  can be seen that the polarographic determination of these elements is 
possible under conditions appropriate to an analytical laboratory. However, the 
method is a t  present more complicated than polarographic procedure using aqueous 
solvents because of the sample preparation problem and the necessity of purifying the 
solvent. 

Effects of water on the electrode reactions 
Mention was made in a preceding section, of the shifts of half-wave potentials 

of the ytterbium and samarium waves upon the addition of water to the acetonitrile 
solutions. Although the magnitude and direction of the shifts are such as to suggest 
the formation of rare-earth-aquo complex ions prior to reduction, no evidence is 
available regarding this point. The much larger shift resulting from the addition of 
water to europium(II1) solutions probably arises from a cause other than complexing, 
although a part of the total effect may be due to  aquo-complex formation. I t  seems 
more reasonable to assume that in this case the rate of the electrode reaction is affect- 

/'ed by the presence of water molecules adsorbed on the mercury-electrode surface. This 
accounts for the fact that the effect is observed on the positive side of the electro- 
capillary maximum potential, where the europium is reduced, and not on the negative 
side. The electrocapillary maximum potential in acetonitrile lies at  approximately 
-0.5 V vs. aqueous S.C.E., as judged from the potential of minimum current oscilla- 
tion on the residual current polarograms. 
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SUMMARY 

Europium, samarium, and ytterbium can be determined in rare-earth mixtures 
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by polarography in specially purified solutions on the perchlorates. The polarographic 
waves correspond to the reduction of the tripositive ions to dipositive species. Water 
and traces of acid interfere but their effect can be made negligible by adding an excess 
of non-reducible rare earths. The half-wave potential of the Sm(I1) - (0) polarogram in 
acetonitrile was found to be -1.55 V vs. the aqueous S.C.E. 

I E. N. WISE AND E. J .  COICAL, Anal. Chem., 32 (1900) 1417.  
2 I. M. I~OLTHOFF AND J .  I?. COETZEL, J .  A m .  Chcm. Soc., 79 (1957) 1852. 
3 J .  F. COETZEE, G. P. CUNNINGHAM, D. I i .  MCGUIRE A N D  G. Ti. PADMANABHAN, Anal. Chem. 

34 (1962) 1139.  
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FURTHER CONSIDEliAITONS ON IIEDOS TITIIA~I'ION EQITATIONS 

J A M 1 3  '2. (;OLI)MAN 

Uepuvtmrnt of  Clzemistvy, Polytrrhnir I r ~ s / i t ~ t / ~  o f  l i r ~ ~ ~ ~ t t l l ~ r i ,  .Y. 1'. ( !J .S . . , I . )  

(I<cceivcrl J u l y  l o t h ,  1 ~ > 0 . 5 )  

Over a decade ago1 it was recognizcd that ,  generally, tlie potential a t  tlie equiv- 
alence point in a potentiometric rcdox titration could not t ~ c  expressed solely in terms 
of the formal potentials of the two retlox coul)les. 'fllis was latcr rxplicitlv demonstrat- 
ed by a derivation of an equation%vliicli expressed tlie c~quiv;llc.nce point potential as 
a function of not only the weighted mean of tlie formal ~)c.tcnti;lls but  also tlic equil- 
ibrium constant for the reaction and thc initial conc.cntration of one, of tlie participat- 
ing species. 

More recently" reclax reactions have I>een classifictl accoriling to  thc relation- 
ships existing between the stoichiomctric coefficirnts of the reactants and products. 
For homogeneous and symmetrical reactions, tlic ecluiv:tiencc-1,oint potential is 
dependent only upon the weightedmcan of the two apl~ropriatc formal p o t e n t i a l s l ~ ~ ' ~ ~ ~ ,  
K I S H O P ~ ~ ~  has made some ol~sc~rvations upon t h ~  form of tht, ccluntion to cxpcctcd 
for inhomogeneous reactions. Further tletailccl considerations"fi for inliomogc~neous 
reactions have been also undertaken, the conclusions being that the ccluivalcncc-point 
potential, in general, cannot be exprrssctl solelv in trrms ol' thc formal potentials. 

A fundamental difficulty that  arises is tlie impossibility o f  rxpressing the 
concentration ratio [lied)//Ox]-for aOx+ltc clicd-as a function oitl?~ of thc 
potential and appropriate constants (such as tlie formal potcntial, 7 2 ,  ctc.). 'l'llis is 
explicitly demonstrated by the restrictions necessary in the recent derivation of a 
general redox titration equation7. To some extent, it is this situation wl~icli generally 
makes the equivalence-point potential, I?, concentration tlepcndent. Ncverthcless, it 
is indeed interesting to note that even when a # c, IT* will 11c. conccntr:~tion indcpend- 
ent as long%s ad = bc (where (10x2 + m c  blieclz). 

Indeed, for symmetrical and homogeneous reactions, it is evident from tlie 
general equation7 that  the entire curve is independent of tlic conccntrations of tlie 
species participating in the reaction, the potential being ctepcndent only upon the 
values of the formal potentials and the progress of tlie titration. ,4ltliougli ISISHOI' 
first proposed a rigorous methodx, utilizing reaction deficicnccs, and formulatcd in 
terms of absolute rather than relative concentrations, for the calculation of tllc entire 
curve, it was later reformulated%o as not to involve thcusr of a1,solutcc.oncentrations. 
Rut it was then readily admitted that the actual calculations basccl on tliis method are 
somewhat more laborious than by the formerly proposcd mctliocl~. Therefore, thc 
most recentljfproposed equation7 is particularly atlvantageous not only brcause it 
facilitates the procedure of calculation hut also Iwcause it cxplicitlv and emphatically 
sllows the entire titration curve to be indepenclont o f  tlic concentration of any species. 

Presented now, are some further considerations prrtaining to tlie equations 



descriptive of rctlox titration curvcs. 'fhc rc,sult of an investigation into the explicit 
rclationsliip I~rtwccn the ccluiv:tlcncc~-l,oi~it potential and tlie equilibrium constant for 
the titration rcaction is first discussed. 

In gcncral, t l ~ c  valucs of somc ~ncasurcd property a t  the equivalence point in 
any titration is tlcl)c~ndcnt upon tlic ecluilil,riurn constant for the titration reaction 
and the initial conccntration (correctctl for tlilution wliich occurs during the titration) 
of tlic s1,ecics being titratctl. For ~)rccipitntion titrations and tllosc o f  strong acids by 
strong bascs, thc potcntial (as tlctcrmincd by tlic concentration of an appropriate 
sl>ccics) a t  ccluiv:ilcncc dcll)c,ntls only upon tlic value of the ecluilibrium constant and 
not up011 thc~ initial concc\ntration of any s1)ccics. Ho\vcver, for the titration of a weak 
acid (1)asr.) \vitli :t strong I,;lr;cs (:~c.itl), the* pH a t  ccluivalcnce and therefore, potential, 
dcpcnds also upon the initial conccntrntion of the species to be determined. In po- 
tentionietric. rctlox titrations, thc ccluivalcncc point potential, E*, is concentration 
depndcn t  only for some. t:rr~)cs of inhomogeneous reactions"6 but even from the 
conimonly given equations for homogeneous and svmmetrical reactions, the explicit 
tlcl)cxnclcncc~ of I<* u1)on tlic ecluilil,riuni constant is not readily evident. 

Let us first considcr lioniogcneous and symmetrical reactions. The equation 
that  rcprescnts thc titration rcaction is3.7 

and tlic Ncrnst exl)rcbssions for t l ~ e  corrcsl)onding reversible half-reactions are 

The rclationshil~ I,c.twccn tlic ccluilibriurn constant, Ii', for the reaction 
rcprcbscntctcl 11y cqn. ( I ) ,  ant1 tlir, formal potentials, is 

P .  

I llrougliout the enti -c titmtion Ox2] = (PZ~/?Z~) / IiedlJ, so that  a t  equivalence 
\\.c may write 

wlicre the nstcrisl< tlcnotc!; the intlicated concentration a t  tlie ecluivalence point. 
However, only a t  ccluivnlcnrc docs 

1 o x ,  I* = ( 112 /1? , )  1 l<ecI.: I *  (7)  
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Substitution into eqn. (5) of expressions for [Oxzl* and I Red~l*, obtained from 
eqns. (6) and (7), respectively, yields 

and substitution into eqn. (5) of expressions for [Kedll* and LOXI]* obtained from 
eqns. (6) and (7)) respectively, yields 

[OXZ]* - K l i ( n l + n 2 )  -- 
[Redzl * 

Substitution of eqn. (8) into eqn. (z), and of eqn. (9) into eqn. (3), results in 

E* = E10' - 
n2 RT 

In K 
nl n2 (nl+ nz) F 

and 

E *  = EzO' - 
nl RT 

In K 
n ~ n z  (nl + no_) F (11) 

where E* represents the potential a t  the equivalence point. 
Addition of eqn. (10) and eqn. (II) ,  followed by solution for E*, yields 

El 0' + Ez0' (nl - nz) KT E* = In I< 
2 + 2n1 nz (nl + nz) F 

which may be rewritten as 

by the use of eqn. (4). Now it is readily seen, by substitution of EO'= El0'-EzO', that 
eqn. (13) is equivalent to 

which is the commonly given expression3~4. However, eqn. (13) more explicitly shows 
the dependence of E* on the magnitude of AEO' (which is determined by the value of 
K).  Equation (13) (and eqn. (14)) may also be written as 

which form has been previously used7. The customary methods374 of deriving E* 
always yield directly eqn. (14) in which the dependence of E *  upon AEO' (and there- 
fore K) is somewhat obscured. 

For the most general situation, namely inhomogeneous reactions, the titration 
reaction may be represented as3,7.R 

where rtlx = nzy, and the two appropriate reversible redox systems may be represent- 
ed as 
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and 
dOx2 + nz B + bRed2 

BARD AND SIMONSEN~ have presented an equation for E*, which in the present 
notation may be written as 

- (a  - b)KT (bc - ad) RT 
I n K  - In [Oxz] * 

(nl + nz) (bnl+ anz) F (bnl+ ans) F 

More recently7, an equivalent form based upon BRINKMAN'S~~ approach was presented 
a s  

{(ad - bc) In [Redl] * +ad In (dlc) - ab In (bla) + a(d - b) In ( y l x ) )  (17) 

By use of [Oxzl* = (dylcx) jRedl]*, it is readily proved that eqns. (16) and (17) are 
equivalent. 

The practical utility of eqn. (17) (as compared to eqn. (16)) is that it is then 
easily seen in what manner the value of E *  depends upon the values of the stoichio- 
metric coefficients and the values of nl and nz. However, eqn. (16) more clearly shows 
the dependency of E* upon the value of K. Nevertheless, in view of eqns. ( I Z ) ,  ( 1 3 ) ~  
and (14), even the first term on the right-hand side of eqn. (16) is itself dependent 
upon the value of K. Therefore, because eqn. (16) already contains a term dependent 
upon K, it is convenient to use it in continuing with further considerations. 

The relationship between the formal potentials and K is 

where K is now the equilibrium constant for the reaction represented by eqn. (15). 
Therefore, we may write 

(a-b)RT n ~ n z ( a - b )  
-1nK = AEO' 

(nl  + nz) ( h n ~  + anz) F (nl + nz) ( b n ~ +  anz) 

and because eqn. (13) is equivalent to eqn. (14) we may write: 

so that substitution of eqns. (18) and (19) into eqn. (16) gives: 

If ana = bnl, then E* may be expressed as (because x/y  = nz/nl= bla) : 
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i.e., E* depends upon the average of the formal potentials and is a function also of 
concentration and the values of the stoichiomctric cocfficients. Now, E *  will be 
independent of [Oxs]* only if cfzv = ~27n1, but it then follows tha t  ari = hc, so that  we 
obtain E* = (E10'+E#')/z. 

However, it  should be realized tliat ad = bc is a necessary and sufficient 
requirement only for E *  to  be concentration intlel)endent. LJnder these conditions 
(ad = bc), from eqn. (20) : 

Elof+ Ed)' (hnl   an^) ( - ) I 7  ern? E *  = AEO' - 111 - 
2 + z ( h n ~  +ans) (hn l+u~ t s )F  bnl 

and E* = (El"'+ EaO')/z is obtained only i f  b111 =an?. 
I t  is evident tha t  the equivalence-point potenti;ll, E*, is ncvcr conccntration 

dependent if E ( f )+  is concentration indepcndcnt. However, whcnevcr E *  is conccn- 
tration dependent then it is most probable that  E( f )  is also conccntration dependent. 
However, there are situations, such as for inhomogeneous rcactions, whcn a d =  hc, 
where E* is concentration independent hut  where it is very liltely tha t  E ( f )  is con- 
centration dependents,". 

FACTOIiS UETERMININ( ;  T H E  h1AC;NITUIlE OF (df?/df),=~ 

In general, for most titrations a t  equivalence, the magnitude of tlie slope of the 
tangent t o  the titration curve is dependent upon the magnitude o f  I< am/ the initial 
concentration (corrected for dilution) of the species being titrated. 

Because no general equation has yet been presented to  describe. the relationship 
between E and f (fraction titrated) for inhomogeneous reactions, we will restrict our 
discussion t o  homogeneous and symmetrical reactions. However, it 11zw been sho\\~n 
then that  the curve of E 71s. f is concentration independent so tha t  it may be nnticipat- 
ed that  so will be the magnitude of ( ~ l E / d f ) ~ = ~ .  

The general equation, for homogeneous ancl symmetrical reactions, is7 

where f is the fraction titrated (the quantitative meaqure of the progreqs of the titra- 
tion), y)= (F/RT)(E - E*), k=exp(-nd),  8 = (F/RT)AEof,  and 11 =n~gzs / (n~+  9 1 s ) .  

Using eqn. (zz), dE/df may be easily obtained: 

so thet  

because y = o  a t  f = ~ .  I t  is evident tha t  the greater tllc niagnitudc of AE"', the greater 
will be the magnitude of (dE/df),=r. 

f E(f) dcsignatcs thc  curvc reprcscntcd by a graph of 6 7,s. f .  

J .  Elcctvoa~zal. Chrm.. I I (1900) 4 16-424 



Of interest is the comparison 1)ctween the values of (dE/clf)/.=l and those of 
AEU'. For 121=122= I ,  ecln. (24) may be written as 

ant1 tlic results of the 'alculations utilizing this equation are presented in Table I for 
250 

The magnitude of (dE/( l f ) f=~ is a measure of thc sharpness o f  the potential change in 
the equivalence-point region and the necessity in any practical titration for AEO'? 
zoo rnV is immediately evident from Table I .  

The values o f f  at E=Ezo'  and a t  E = E l o '  have been previously presentcd7. 
I t  was concluded that  the value o f f  is always somewhat greater than 4 a t  E = E2O1, 
and tha t  the value off  a t  E = E I ~ '  is :I~W:LVS sonlewllat less than z. Nevertl~eless, in any 
practical titration, e . ~ . ,  wllenevcr AEO' 2 zoo mV, the difference between tllc common- 
ly given value and that  rigorously calculated is less than o.~'):). 

I t  is howevcr of interest to  also inquire into the actz~al value of E a t  f =l, and 
a t  f = z .  

For the region prior to  ecluivalence it is convenient to  rewrite the general 
equation as7 

which becomes 

For t l ~ c  region subsequent to equivnlencc, the following form is convenicnt : 

X7' -n- F 
E-Elof = -- I ( j  - 1 + -  [ e x  A (15 - I ]  (28) 721 I; RT 



and becomes 

a t  f = 2. 
From eqn. (26) it is seen that, prior to equivalence, the rigorously calculated 

value of E is always less than the common approximately calculated value as was 
explicitly stated by  BISHOP^: 

". . . the true potential is always less than the approximate potential." 
However, subsequent to the equivalence point, as is apparent from eqn. (28), the 
rigorously calculated potential will always be greater in magnitude than the approxim- 
ate value. This conclusion agrees with the calculated values presented in his earlier 
discussion8. 

In particular, it is evident from eqn. (27) that E-E20'< o a t  f=$, i.e., a t  
50% titrated the value of E will always be somewhat less than Ezo'. From eqn. (29) it 
is readily seen that E-Elo' > o  a t  f = z  so that a t  200% titrated the value of E will 
always be somewhat greater than EIO'. The magnitude of the deviation of E from ElO' 
and from EzO' at  these points of interest depends upon the values of nl, nz and 6, i.e., 
AEO', and therefore is readily calculated by the method of successive approximations 
from eqns. (27) and (29), respectively, for any given set of values. Table z presents the 
results of such calculations a t  25' for various values of AEO' and for the situation 
where nl=n2=1. 

TABLE 2 

I t  is evident that the deviation of E from the appropriate EO' is less than 
0.1 mV for AEO1?zoo mV as would be the case in any practical titration. 

For AE01>r50 mV, we may write eqns. (27) and (29) as 

- RT E-E20f = - nl F 
I + z[exp( - nl d)] + z[exp(- nl a)] [-- (E -&of)]) 

nz F RT 

and 

with an error of less than 0.1% Whenever AEO' 2250 mV, an error of less than 
0.1% is made if we further transform these equations into: 

J.  Electroanal. Chem., II (1966) 416-424 



REDOX TJTRATION EQUATIONS 

and 

respectively. 
I t  is evident that the greater the magnitude of AEO' (for a given set of values 

for n~ and n2) or the greater the values of nl and na (for a given value of AEO'), the 
smaller will be the deviation of E from the appropriate EO'. 

Alternative derivation of eqn. (13) 
In the discussion previously presented7, it was shown that for homogeneous 

redox reactions : 

and 

At /= I ,  these equations then take, respectively, the following forms: 

E* - E2@' = (n  l/n2)AEO' - (n~/na) (E* - E20') 

and 

E* - E1O' = - (nz/nl)AEO' - (nalnl) (E* - E I ~ ' )  

from which are obtained, respectively, 

n1 E* = EzOf + ------ AEO' 
ni + l Zn  

and 

The addition of these two equations and subsequent solution for E* yields eqn. (13). 

SUMMARY 

The results of an investigation into the dependence of the equivalence-point 
potential upon concentration and upon the equilibrium constant for the general redox 
reaction are presented. For symmetrical and homogeneous reactions, the equivalence- 
point potential is always concentration independent. The quantitative evaluation of 
the magnitude of the slope of the tangent to the titration curve a t  the equivalence 
point for homogeneous and symmetrical reactions is discussed as well as the rigorous- 
ly calculated values of the potential a t  5014, and 200% titrated. 

J .  Eleclroalzal. Chenz., I I  (1966) 416-424 
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ALTEIINA'L'ING ClTI<I<ENT l'OI.AKO(;IIAI'HY WITH MULTI-STEI' CHARGE 
TRANSFER 

7 .  

l llc tllcory of the a.c. polarogmpllic wave with a two-step heterogeneous 
cllarge trr~nsfcr rt:action has bccn cliscusscd for the diffusion-controlled or "reversible" 
casel.2. Of grcntcr intercst arc situations wllere the a.c. polarogram manifests kinetic 
cffccts of rate proccsscs in addition to mass transfer. To our knowledge, no for- 
11lul;ttion of th(: tllcory for such cases Ilas been presented. This fact, as well as some 
experimental rcsults o11t;~inctl in these lahoratorics:3,4, have suggested to us the desir- 
r~lIility of examining this tlteoretic;tl prol>lem.The present communication is concerned 
\\,it11 ;t theorctic;tI tlcscription of the a x .  polarograpltic wave in which the alternating 
currents dcrivctl from two-step cllarge transfer are influenced by the kinetics of 
charge transft:r as \vcll as tliffusion (the "cluasi-reversible" case). Emphasis is placed 
on presentation of rt metllod of derivation and some of the more interesting and inform- 
ative aspects of the tllcorctical ~,rcdictions. The method of derivation, moclellecl 
after Mn. r~ r~ i )~ \ ' s  analysis of the single-step quasi-reversible case" appears applicable 
to any multi-step charge transfcr scheme involving rate control by diffusion, cllarge 
transfer antl/or couplcd cliemical reactions. The equation obtained for the a.c. 
polarograpllic wave is cx;~nlinctl to ascertain the following: (a) the nature of experi- 
mental rcsults preclicted for tllc cluasi-reversible two-step mechanism, particularly 
those that  will aid in recognition of the nlccllanism; (b) the conditions, if any, where 
it will prove impossible to distinguisll between cluasi-reversible two-step and single- 
step mechanisms; (c) tlle magnitutles of cllarge transfer rates necessary to effect 
Nernstian btlhavior. 'l'llc large number of parameters (I<,,, n, EO and 1% for each charge 
tr~tnsfer step) cliaracterizing the cluasi-reversible two-step charge transfer scheme and 
thc very cumbersome algebraic forms found in tlle mathematical description of the 
a.c. polarogmpllic wr~ve preclucle a complete discussion of  all aspects of the theoretical 
predictions. The same factors discourage attempts to formulate ageneralized approach 
for cletermining all tllermodynamic and kinvtic pardmeters associated with the charge 
transfer steps that is hasctl solely on  the a.c. polarograpllic read-out. However, 
theoretical results are given sufficient to formulate criteria which enable rough 
clualitntivc asscssmcsnt of the relative valucs of f i l l  and n for the two steps. Further, i t  
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appears that methods of calculating rate parameters to fit specific situations can be 
frequently developed. A method of calculating quantitatively kh- and a-values for 
both charge transfer steps is outlined for the special case in which the d.c.  process is 
diffusion-controlled. 

THEORY 

I .  Assum$tions 
The majority of assumptions incorporated in the derivation to follow are 

identical to those described in the theoretical treatment of the diffusion-controlled 
two-step case1. The main difference is found in the replacement of the Nernstian 
assumption by the assumption of the applicability of absolute rate theory6 to  the 
charge transfer processes in question. That is, the Nernstian boundary condition is 
replaced by the relations (a list of notation definitions is given in Appendix I) ; 

where 
i(t) = i l ( t )+i2(t)  

Specific double-layer effects are neglected in the derivation to follow. Double- 
layer corrections of the Frumkin type7 may be introduced conveniently into the final 
equations in the usual manner8. 

I t  should be noted that application of the stationary plane diffusion model as 
an approximation to the normally employed dropping mercury electrode (D.M.E.) 
may introduce small but significant error under certain specific conditions. Recent 
work has indicated9910 that the correction for spherical diffusion can be significant, 
even with reversible systems, when the reduced form of the electroactive couple is in 
the amalgam state. I t  has been shown, also, that when the d.c. process is influenced 
kinetically by charge transfer, curvature and motion relative to the solution of the 
electrode surface may contribute significantly to  the magnitude of the a.c. polaro- 
graphic wave5911. One should keep in mind these effects when examining quantitative 
aspects of the theoretical predictions. Most qualitative features of the a.c. polaro- 
grams are not expected to  be grossly altered by the contributions of drop growth and 
geometry. 

2. Derivation 
For the step-wise electrode reaction 

J .  Electroanal. Chem., 11 (1966) 425-461 
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the set of differential equations, initial and boundary conditions sufficient to  obtain 
expressions for the surface concentrations is given elsewherel~2~12. The surface con- 
centrations may be expressed in the form (assuming only species 0 present in the 
bulk) ; 

Substitution of equations (4), (5) and (6) in eqns. (I) and (2) and algebraic rearrange- 
ment yields the integral equ a t '  lons 

where 

J .  Electroanal. Chem., 11 (1966) 425-461 
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Substituting the expression for the applicd potential 

E(1) = Ed,,, - A E  sin wt, 

and the power series 

and equating coefficients of equal powers of I ~ I F A E / I \ ' ~ ' ,  5~iclcls two scts of integral 
ecluations in two unknowns; 

( s i n  wt)" (;;n)p-rJ: $ 2 , p - r ( t - 1 0 d ~ 1  
-(- eflljl -- - 

r . !  ( n 1 1 ) ~  

( s i n  wtY J" ~ l ~ . , - , . ( t - u ) d l t  -(cc;e - " 2 j 2 + ( -  [ ) ' ~ ; ~ f i Z " )  

I ,  o (7111)+ 

where 

The small amplitude (AE 5 8/12 mV) funclamental harmonic x.c. polarographic wave 
equation is derived from tlie solutions of eclns. (21) and (22) for J,= 1 ~ v I 1 i ~ h  have the 
form 

+ e f i l j ~  ('IJ: * 2 . 1 ( t - 1 l ~ d 1 l  

(nu)' 
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where 

The solutions to eclns. (24) and (25) contain only fundamental harmonic components 
and may be expressed as 

i,bl,l(t)= a sin wt+D cos wt i28) 

= c sin wt +t l  cos wt (29) 

As in previous work5~13~14, the solution of the integral equations is approached by 
substituting eqns. (28) and (29) in eqns. (24) and (25) and applying the trigonometric 
identities 

sin w(t - u) = sin wt cos wu -cos wt sin wu (30) 

cos w(t - u) = cos o t  cos wu +sin wt sin wu (3 1) 

This yields an expression which is integrable if one neglects the slight time dependence 
of a ,  b ,  c and d"I3.14, assumes steady state in the a.c. concentration profile8 and 
employs the identities15 

cos wudu sin wudu 1 
-- 

Equating coefficients of sin cot  and cos o t  on each side of the resulting equations yields 
a system of four linear algebraic equations in the four unknowns a,  b, c and d. Solution 
of the system of algebraic equations may be effected using standard techniques of 
matrix algebra. The solutions for a, b, c and d are related to the fundamental harmonic 
alternating current by the relationship 

which is obtained by applying eqns. ( 3 ) ,  ( ( I ) ,  (19), (28) and (29) and the expression 

6 sin wt+y cos wt = ( s ~ + ~ ~ ) *  sin (34) 

J .  Electroanal. Chem., 11 (1966) 425-461 
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Substitution of the solutions for a, b, c and d in eqn. (33) and considerable algebraic 
rearrangement yields for the small amplitude fundamental harmonic alternating 
current : 

where 

J .  Electroanal. Chem.. 11 (1966) 425-461 
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The solution to the a.c. wave equation is incomplete unless the expression for 
the d.c. polarographic current is introduced in eqns. (39) and (40). This entails solving 
eqns. (21) and (22) for $J =o. While a number of authors have considered special cases 
of this probleml6-19 involving the combination of reversible and/or irreversible steps, 
a completely general solution encompassing conditions corresponding to a quasi- 
reversible d.c. wave has not, to our knowledge, been given. However, the problem is 
readily solved, as shown in Appendix 2. The solutions obtained are: 

where 

Substitution of eqns. (42) and (43) in eqns. (39) and (40) completes the expression for 
the a.c. polarographic wave. 

3. Limiting cases 
A necessary condition for the validity of the foregoing expression describing 

the a.c. polarographic wave is that it reduces to previously derived expressions under 

J .  Electroanal. Chem., I I  (1966) 425-461 
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two important sets of limiting conditions: (a) very rapid charge transfer kinetics 
and/or very low frequency; (b) the second reduction step occurs a t  much more negative 
potentials than the first reduction step. 

Case a. This corresponds to the diffusion-controlled or reversible two-step 
wave discussed previouslyl,2. The condition of rapid charge transfer and/or low 
frequency is impressed by taking the limit of eqn. (35). etc. as J/zo/jll and I/zw/;lz 
approach zero. An implication of this limit is that x ,t* andx-th are very large (greater 
than about 50). Application of these limits and algebraic rearrangement yields 

Equation (46) is identical to the previously derived expressionl."or the diffusion- 
controlled wave. 

Case b. This represents the situation in which the two reduction steps yield 
two completely resolved a.c. polarographic waves occurring in the vicinity of E4,1r 
and E+,zr, respectively. The mathematical condition appropriate to this case is 
Eb,lr%Eh,2r. Applying this condition to eqn. (35), etc. one finds for E,i... in the vicinity 
of E ,IT. 

x [l +(rwle-j1 -jl) exp(l:t) erfc(l, tf)] x sin [ wt +co t 1  ( + ) I  (47) 

and for Ed... in the vicinity of E k , z r  one obtains an expression identical to eqn. (47) 
except that the subscript I is replaced by the subscript 2 .  Thus, two completely 
resolved waves are predicted, each governed by the well-known expression for the 
single-step quasi-reversible a.c. wa~e5~13." (for diffusion to a stationary plane). The 
kinetic and thermodynamic parameters associated with the first and second charge 
transfer steps apply to the first (Ed... - E *,lr)  and second ( E d , c . ~ E I , 2 r )  waves, 
respectively. This result for case b is obviously in accord with expectations for 
E+,lr% E,,2r. The above results obtained for limiting cases a and b show that eqn. (35) 
is consistent with previously discussed theory for these simplified situations. 

With the reversible system, reasonably quantitative statements regarding con- 
ditions for the appearance of two peaks or completely resolved waves in the a.c. 
polarogram can be deduced. However, this is not possible with the quasi-reversible 
system, as such conditions are complicated functions of the various rate and thermo- 
dynamic parameters. Although correct, the statement that Et,lr$ E *,zr is required to 
observe completely resolved peaks, is hardly quantitative and it hides the fact that 
differences in E+,lr  and E6,2r required to produce resolved waves will vary widely, 
depending on the values of kh ,  M and w. 

Expressions for some other limiting cases of interest are worth examining 
because the simplified forms obtained may frequently be useful and will aid in the 

J .  Electroanal. Chem., 1 1  (1966) 425-461 
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discussion of a.c. polarographic behavior predicted from calculations based on the 
general form. 

Case c. When 

~ + t +  ' 5 0  

X- tf 2 5 0  

the functions Gl( t )  and Gs(t) reduce to 

Equations (48) and (49) define the diffusion-controlled d.c. process5~13.20 so that 
eqns. (50) and (51) may be employed whenever the charge transfer rates are suffi- 
ciently rapid that the c1.c. components of the surface concentrations maintain their 
Nernstian values. 

Case d. One obtains when 

J .  Electroanal. Chem., 1 1  (1966) 425-461 
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Equations (39) and (40) apply to Gl(t) and Gz(t). Equations (52)-($8) apply in any 
situation where the rate of the first charge transfer step greatly exceeds that of the 
second step. Further simplification is possible if the first step is so rapid that it exerts 
no kinetic influence a t  any frequency of interest. In this case one may apply the rela- 
tions 

and 

A, exp(;l:t) e r f c ( l ,  t f )  -- 0 

to eqns. (531456). 
Case e .  The situation which is the reverse of case d occurs when 

For this case Q is essentially the same as given in eqn. (53) except that A1 is replaced 
by A2 and vice versa. The other parameters are given by 

J .  Electroanal. Chem., 1 1  (1966) 425-501 
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[(1 +ej2)(l +e-'l 1-11 
Z = n: G,(t) 

( 1  + e - j l ) ( l+  ej2)' 

Case f. Finally, a limiting case of considerable interest arises when the second 
reduction step can proceed at  much more positive potentials than the first step; 
i .e . ,  when 

The primary source of interest in this case is that distinction between the single- and 
two-step mechanisms is not possible under these conditions with reversible systems1. 
Condition (67) implies that 

because the a.c. polarographic wave appears at  d.c. potentials intermediate to and 

J .  Electroanal. Chem., 11 (1966) 425-461 
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well removed from E l , 2 r  and E l , l r .  Applying ecln. (68) to eqns. (35) ,  etc. yields 

1 + A  ) (e"+e-")2+(2w)f (2 ( e j 2 + e - j j  

21 A2 
1 

- 

+ 

+ n: G 2 ( t ) ( ( - )  (ei2 + , - j l )  + ( zw) f  (*) ("l+"i) 
" 2  21 2 2  n2 

n 1  + 2 n 2  
(70) 

Z = n ;  Gl(t)((?) ( & I + e - j I )  

1 

n 2 + n ,  + n: G 2 ( t ) ( ( _ )  (e" + e - j 1  1 

( 2 ~ ) '  ( e j z  + - j l  2 2 - n l A t  + -- ) + "(5"-)) (71)  ! 
11 1: 1 2  "2 

G l ( t )  = 
[, +'2' 
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Equations (69)-(79) should prove reasonably accurate when E4.zr4E I,lr except when 
the charge transfer coefficients have extreme values (i.e., az+o and/or al-t~). To 
obtain eqns. (74)-(77) it should be noted that under these conditions 

which permits simplification of  cqn. (14) with the aid of the binomial theorem. 
The above equations for cases c-f will be discussed below. 

1)ISCUSSION OF PREDICTED A.  C. POLAROGRAPHIC BEHAVIOR FOR THE QUASI-REVERSIBLE 

TWO-STEP REIIUCTION 

The existence of four parameter!, (a, kl,, n, En) characterizing each charge 
transfer step, and the complexity of the functional relations describing the ax .  
polarographic wave make difficult, a simple, complete analysis and discussion of the 
theoretical predictions. To aid in obtaining detailed insight into these predictions 
and to answer certain significant questions regarding ax .  polarographic behavior 
with the quasi-reversible two-step mechanism, numerous calculations encompassing 
a wide range of conditions have been performed with the aid of the IBM 709 digital 
computer. A sampling of the results of these calculations, hopefully representative of 
the most salient aspects of the theory, will be discussed here. A Fortran IV  computer 
program used in these calculations can be obtained from the authors on written 
request. 

Figures 1-21 illustrate the nature of the predictions of eqn. (35). All results 
shown correspond to the case where n l=  n& = I. This is done to confine considerations 
to the effects of the relative values of kh ,  a, and E l r  and because this situation is 
likely to  be the commonest example of the two-step process. I t  should be recognized 
in examining these figures that choice of position of the waves on the d.c. potential axis 
is purely arbitrary and has no effect on the wave characteristics. The magnitude of 
the separation of E tr values is the parameter of interest. 

Despite the many variations in behavior illustrated in Figs. 1-21, it is often 
possible to establish the source, and qualitatively rationalize, many of the effects 
predicted, using as a basis the well-known predictions for the single-step mecha- 
nism5.13-21. This occurs because many of the effects shown are similar to what one 
would expect for an a.c. wave in which two completely independent, single-step 
charge transfer processes contribute to the total alternating current (i.e., as with a 
multicomponent system'". The implication of this observation is that, although 
coupled, the individual charge transfer steps in the step-wise mechanism 

I .  Elt~ctvoatzal. Chem., I I (1906) 425-401 
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often retain to a significant extent their own identity in contributing to  the total 
alternating current. This is not a surprising result in view of the close relationship 
between the mechanism involving step-wise charge transfer and one involving two 
completely independent steps, i.e., 

Indeed, when Et , l r& E *,z', the two mechanisms are mathematically equivalent as 
exemplified by eqn. (47), and as pointed out elsewherelz. If the E+r-values are more 
comparable (currents due to the two charge transfer steps overlap), the mathematical 
equivalence of the two mechanisms is destroyed on a quantitative basis, but many 
qualitative features remain common to both mechanisms (RI) and (Rz), as one 
might expect. Of course, in the extreme case where Et,zr& E &,1r, the two mechanisms 
will cease to show even common qualitative characteristics. As will become evident in 
the discussion to follow (regarding Figs. 19 and 20), when E +.2*$Et,1r, the a.c. 
polarographic wave for the mechanism of interest (reaction (RI)) is influenced pro- 
foundly by coupling of the charge transfer steps, making this the dominant factor. 
Thus, while one should not be indiscriminate in seeking or expecting analogous 
qualitative behavior for the mechanisms represented by reactions (RI) and (Rz), 
conditions frequently do exist where qualitative similarities in behavior are to be 
found. When existent, such similarities may be considered a valid and useful rationale 
for the predictions of eqn. (35). 

Careful study has indicated that, regardless of the situation, the main factors 
to be taken into account in rationalizing the predictions of eqn. (35) are the relative 
and/or absolute values of kh, DL, and Etr  for the two steps, as well as the status of the 
d.c. process (i.e., whether it is diffusion-controlled or influenced by charge transfer 
kinetics). Thus, the following discussion will be categorized correspondingly. 

( A )  Influence of the difference in E tr  values 
The predicted influence of the difference in Etr-values on the magnitude and 

shape of the ax .  polarographic wave with a quasi-reversible two-step process, has a 
number of qualitative similarities to the behavior predicted for the reversible' system 
and a few marked differences. Interpretation of the similar features is the same as for 
the reversible system so discussion will dwell primarily on the differences. 

As with the reversible system, when Et,1r$Et,2*, completely resolved waves 
are predicted (cf., eqn. (47)) for the quasi-reversible two-step process. For any given 
set of rate parameters, positive variation of E+,zr (all other parameters held constant) 
yields a merging of the resolved waves, eventually into a single peak. Continued 
positive variation of E,,zr beyond this point, at  first produces an increase in height 
and decrease in width of the a.c. polarogram, just as observed with the reversible 
system1 (compare Figs. IB and qB, 2B and gB or 3B and 6B). However, the predicted 
magnitude of the wave does not approach an upper limit for E+,zr&E+,lr, as one finds 
with the reversible system, but passes through a maximum and begins to decrease 
with additional increase in E +,zr (c.j., Fig. I ~ B ) .  In  other words, for a given set of rate 
parameters, the system is predicted to be more subject to the effects of charge transfer 
kinetics as E+,g is made more positive relative to Et , l r .  This is reflected also in the 
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phase angle where deviations of cot $ from unity are seen to increase as Et,er in- 
creases. This may be seen by comparing the figures just cited. The effect is par- 
ticularly pronounced when E l , ~ r $  E &.lr, as seen in Figs. I ~ A  and zoA. In Fig. zo, 
kh-values of 10 cm sec-1 produce substantial deviations from reversible behavior 
(deviations of cot 4 from unity), even a t  the relatively low frequency of 143.4 c/sec 
(mlzn). With the same rate parameters, a single-step mechanism would yield essen- 
tially undetectable deviations from reversible behavior (cot $ = I . o o ~  a t  peak). I t  
appears that the enhanced influence of charge transfer kinetics with increasing El$, 
observed in both current amplitude and phase angle data, can be explained on the 
basis of two effects. First, it is known that the magnitude of alternating current 
required of each charge transfer step to  maintain Nernstian conditions increases as 
the parameter, E A , z r  - E A ,lr increasesl, producing correspondingly increased demands 
on each charge transfer step. For this reason, one would expect enhanced deviations 
from Nernstian behavior to be apparent in the current amplitude and phase angle 
read-out as Eh,2r-El,lr increases, other factors held constant. That still another 
effect is responsible, in part, for the phenomena in question is suggested by the fact 
that currents required to maintain Nernstian conditions become constant when 
E *,zr-E A,~r>o .zo  Vl (approx.) while positive deviations of E ,,2r-E+,1r in excess 
of 0.20 V produce further decrease in wave height and increases in cot $ (Figs. 19 and 
20). I t  appears that the origin of the second effect is found in the position of the wave 
relative to the E+r-value (or Eo-values), a factor described previously by S M U T E K ~ ~ .  

When E &,2rp E*,lr, the wave appears a t  d.c. potentials intermediate to and well- 
removed from the E ,I-values. Under such conditions, the rate of reduction of the first 
step and the rate of oxidation of the second step are considerably suppressed due to 
the very small values of the exponential terms in the rate expressions (eqns. (I) and 
(2). As Ei,2r-E4,1r increases, the wave is further removed from the respective 
E kr-values and this effect becomes more pronounced. I t  is apparent that mainten- 
ance of alternating currents sufficient to achieve Nernstian conditions is made 
more difficult by such circumstances, producing greater influence of charge trans- 
fer kinetics. 

Mathematical expression of these effects is seen in eqns. (69)-(79). In particular, 
it should be noted that the frequency independent terms in the parameters Q, Y, 
and Z, which must predominate to achieve reversible conditions, are very small (cf., 
eqn. (68)). From these expressions, approximate criteria for reversible behavior is 
found to be given by 

or, for usual experimental uncertainties ( f  1% or less), one has 

For the rate parameters given in Fig. zoA and zoR, eqn. (82) becomes, a t  the peak of 
the wave, 
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and 

respectively. Thus, even at  the lowest frequencies employed in a.c. polarography 
(-10 c/sec), reversible behavior would not be observed for the system depicted in 
Fig. zo, despite the large values of kh. The condition for reversibility a t  the peak of 
the wave with a single-step reduction involving a =().so and k,,= IO cm sec-1 is given 

by 

o"45 ( 8 5 )  

Contrasting ecln. (85) with eqns. (83) and (84) makes apl)arent the extreme difference 
in the condition for reversible behavior associated with single-step and two-step 
mechanisms when E ; , ~ r $  E 

(B) Influence of the charge transfer coefficients 
Figures 1-8 illustrate some interesting predictions in which the relative values 

of a1 and &Z play an important role. In this series of figures, kh . l=kh ,~=o .~oo  cm 
sec-1 so that influence of kh is held constant and differences arise from variations in 
the &-values. Comparison of Figs. I ,  2 and 3 shows that when ixl>a:, (Fig. z),  the 
a.c. polarogram (current amplitude wave) tends to be narrower than when o l l = a ~  
(Fig. I).  On the other hand, the cot $-Ed.,. plot shows a wave (phase angle wave) 
which is wider when or l>arz  than when al=nz. The exact opposite effect appears 
when a1 <nz (Fig. 3) with the phase angle wave appearing narrower and the current 
amplitude wave wider than when al=az. This dependence of the width of the wave 
on the relative a-values is made even more apparent by comparing Figs. 4, 5 and 6 
which depict conditions where resolved or near-resolved peaks appear. When re- 
solved peaks appear with al = a 2  = 0.50 (Fig. 4), the degree of resolution found in the 
current amplitude and phase angle waves are comparable and nearly independent of 
frequency. The resolution predicted for the current amplitude wave is roughly the 
same as would be expected for a reversible wave with the same separation in E lr-values. 
Figure 5 shows that with al>az, resolution of peaks in the current amplitude 
wave is reduced, with the effect becoming noticeably more pronounced at higher 
frequencies. At the same time, resolution of peaks in the phase angle wave is con- 
siderably enhanced relative to the situation where ~~l=oca=o.so, but is essentially 
independent of frequency. When a1 <olz (Fig. 6), resolution of the current amplitude 
wave is greater than when a1 = a 2  = 0.5, and the degree of resolution is seen to increase 
with increasing frequency. Resolution of phase angle peaks is destroyed in this case, 
and frequency again plays a minor role. I t  is apparent that the effects illustrated in 
Figs. 5 and 6 are merely extensions of those shown in Figs. 2 and 3, respectively, with 
the effect of frequency being readily apparent only in the former. Figure 7 shows that 
when az>oll, theory predicts the possibility of observing resolved peaks on an a.c. 
polaxgram (at (0 =81oo sec-1) arising from a quasi-reversible two-step process with a 
separation of Elr-values of 50 mV. This separation is considerably smaller than the 
minimum separation (71 mV for n l = n z = ~ )  required for resolution of peaks with a 
reversible two-step wave1. When charge transfer coefficients for the two charge 
transfer steps are equal, but different from one-half, the symmetrical read-out 
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associated with a l = a ~ = 0 . 5  (Figs. I and 5) is not predicted. Figure 8 shows results of 
calculations for a1 =a2 =o.80. When a1 = a z =  0.20, one obtains essentially mirror 
images of Figs. 8A and 8B with respect to the abscissa. As when al=az=0.50, Fig. 8 
shows roughly comparable resolution in the phase angle- and current amplitude-waves 
and the influence of frequency on the separation of peaks is relatively minor. How- 
ever the peak occurring a t  more positive d.c. potentials grows more rapidly with 
frequency than the negative peak, yielding an unsymmetrical response a t  higher 
frequencies. 

The influence of a-values on the characteristics of a.c. polarographic data 
depicted in Figs. 1-8, as well as effects of kh-values, etc. shown in the remaining 
figures, may appear a t  first glance sufficiently complex as to defy simple intuitive 
explanation. However, the previously mentioned analogous behavior associated with 
the mechanism involving step-wise charge transfer and that involving independent 
charge transfer appears operative in Figs. 1-8, enabling a reasonable explanation of 
the effects illustrated. One simply recalls the influence of a on the position of maxi- 
mum current and cot q5 in a.c. polarographic currents associated with the single-step, 
quasi-reversible wave5.13,21 and assumes these effects remain qualitatively operative 
with regard to  the individual charge transfer steps in the step-wise mechanism. The 
influence of a on the characteristics of the single-step wave are summarized in Table I 
for convenience. Thus, the tendency of the a.c. polarogram arising from a quasi- 
reversible two-step mechanism to yield narrower waves and/or less resolved peaks 
whenal= 0.80 andaz = 0.20 than when ocl= a 2  = 0.50 (or when the wave is reversiblel."), 
can be interpreted as arising from the fact that the peak current due to the first step 
is shifted to negative potentials by large values of a ,  while the small values of oc 
produce the opposite effect with the second step (c.f.,  Table I). Thus the faradaic 
alternating current is confined to a narrower region of d.c. potential when a1 =o.80 
and az=o.zo. Because these shifts in position of maximum current due to the indi- 
vidual charge transfer steps are enhanced by increasing frequency, the two-step wave 

TABLE 1 

INFLUENCE OF CHARGE TRANSFER COEFFICIENTS ON POSITION OF P E A K  CURRENT AMPLITUDE 

AND COT # 
For k h >  1 0 - 2  cm sec-I, i . e . ,  diffusion-controlled d.c. processes. 

-- 

Value of a U.C.  potential covvesponding D.c. poterttiul corvesponding 
to peak current amplitude to peak rot q5 

-- 

0.5 peak potential = E $ r  a t  all 
frequencies 

peak potential = E hr a t  all 
frequencies 

>0.5 peak potential <E t r ;  deviations peak potential > E h r ;  value of peak 
from Elr  increase with increasing potential is independent of frequency. 
frequency, approaching a limiting 
value a t  high frequencies given by 

(0.5 peak potential >Ea r ;  deviations peak potential < E l r ;  value of 
from E t r  increasing with increasing peak potential is independent 
frequency. High frequency liinit of frequency. 
defined by same equation as above. 

- - - .  - 
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becomes narrower (Fig. z) and/or exhibits less resolved peaks (Fig. j) as frequency 
increases. The broader and/or highly resolved peaks in the phase angle wave with the 
same combination of a-values appear to manifest the fact that the shift in the d.c. 
potential of maximum cot 4 associated with the individual charge transfer steps is in 
direct opposition to the corresponding shift in the current amplitude wave for large 
(a > 0.5) or small (a  < 0. j) values of the charge transfer coefficient. Thus, a narrowing 
in the current amplitude wave is associated with a broadening in the phase angle wave 
when the source of the effect is found in the values of a. The frequency independence 
of the position of the phase angle peak with a single charge transfer step appears to 
lead to the relative frequency insensitivity of the width and resolution of the phase 
angle waves due to the two-step mechanism. Similar arguments may be used to 
explain the differences between Figs. I and 3 or Figs. 4 and 6. Table I indicates that 
the combination, a1 = 0.20 and &a = 0.80, should lead to increased width and/or reso- 
lution in the current amplitude wave and the opposite effect in the phase angle wave, 
as is observed in Figs. 3 and 6. 

Theory for the single-step wave suggests that equal values of a and kh would 
lead to no shift (al  =or2 = 0.5) or equal shifts (al =orz # 0.5) in the position of maximum 
current and cot 4 relative to E l r  for the alternating currents due to  the individual 
charge transfer steps in the two-step mechanism. Calculations seem to confirm this 
expectation as seen in Figs. 4 and 8. Like the other effects discussed above, the asym- 
metry of the waves in Fig. 8 would be expected for an a.c. polarogram arising from 
two independent charge transfer processes (mechanism R(2)). I t  manifests the asym- 
metry in the alternating current-d.c. potential behavior associated with independent, 
single-step charge transfer processes5~13~". Figure 8 seems to indicate that this effect 
remains operative with coupled charge transfer steps. However, the difference in 
peak heights depicted in Fig. 8 is larger than predicted for two independent charge 
transfer steps4. The origin of this enhancement of asymmetry probably lies in the 
coupling of the charge transfer steps. 

These contributions of the charge transfer coefficient to  the form of the a.c. 
polarographic read-out, as illustrated in Figs. 1-8, are likely existent in all the results 
shown. However, they are frequently difficult to discern because of the importance of 
other effects such as non-Nernstian d.c. surface concentrations. etc. 

( C )  Iglfluence of kl, 71alues 
The effect of 121,-values on characteristics of the a.c. polaropam predicted by 

eqn. (35) are both varied and interesting, but also predictable in terms of the simpli- 
fied qualitative model employed above. When kh,l and kh,a are nearly equal, one would 
expect alteration of the magnitude of the wave to be the main effect of variation of 
kh. Other characteristics, sucli as width of wave (amplitude or phase angle), resolution, 
etc., should be somewl~at insensitive to the absolute magnitude of the kh-values, 
except when kh becomes so small that non-Nernstian conditions in the d.c. process 
become important (see below). On the other hand, when kh-values differ significantly, 
the influence of charge transfer kinetics will cause substantial alteration in resolution, 
dependence of wave characteristics on frequency, etc. One would expect this to occur 
because in such situations the contribution of the slower of the two steps to the total 
alternating current will be relatively small. This will tend to destroy resolution and/or 
reduce the width of the wave, if all other factors remain unchanged. While the a.c. 
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Fig. 11. 

Figs. 11-17, Calculated a.c. polarographic current and phase anglc wit11 two-stcp reduction: 
(- ), o = 8100 sec-1. T = 4.00 SCC; (---), w = 8100 SCC-1, T = 9.00 SCC; (. . . . .), w = 
loo sec-1, t. = 4.00 sec; (.-.-.-.), w = IOO sec-1, r = 9.00 sec (T = drop life). nt = nz = I ,  
T = 2gS0E(, d E  = 5.00 mV, Co* = 5.00. 1 0 - ~  M ,  ,4 = 3.50. I O - ~  cmz, = I)Y = DR = 
1.00 . 10-5 cm2 sec-1. (A), phase angle; (B), currcnt amplitude. Valucs of kt,, n and E l r  arc given 
in the following table: 

~p - - - - - - - - 

Fig. h h , ~  kh.2 n I R Z  I < , . , r  I : $ , z ~  
(cm sec-1) (cm sec-1) ( p) f 1') 

-- -- - 
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Ed c, ( volts )-- Ed,,-, ( volts )- 

Fig. IS. 
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Fig. 16. 
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Fig. 17. 
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polarogram (current amplitude) may manifest primarily the fast step under such 
conditions, the appearance of the phase angle wave might be cxpecte~l to  be influenced 
considerably by the slow step because slow charge transfer yields large cot $-values. 
Calculations suppoyt these intuitive expectations as illustrated for example in Figs. 9 
and 10. Equations (52)-(66), which are applicable to  such conditions, also predict such 
behavior as careful perusal indicates. In Fig. 9, where the first step is slow, one finds 
the predicted a.c. polarogram centered about the standard potential for the second 
charge transfer step, indicating that the major fraction of the alternating current is 
due to  the second (faster) step. In this example, the separation of En-values would 
have been sufficient to produce resolved peaks in the a.c. polarogram, if diffusion were 
the sole rate-controlling rtep. However, the influence of wiclely differing charge 
transfer rates leads to the appearance of a single-peak, although an ill-defined shoulder 
is predicted for the lowest frequency (m= ~ o o )  where the effects of charge transfer 
kinetics are minimized. On the other hand, effects due to the slow step predominate 
in the phase angle plot (Fig. gA), as evidenced by the rapid increase in cot g5 as E,,.,. 
becomes more positive. When the second step is the slowest, as in Fig. 10, the effect 
of d.c. potential is roughly reversed as one wollld expect. Thus, for examl)le, the largest 
values of cot g5 appear a t  more negative potentials where the second step is more 
important. Figure 10 also illustrates that the gross asymmetry in the phase angle 
wave occurs without the necessity that E I , ~ p E I , 2  (as in Fig. 9). The relative I<,,- 
values can also have a profound influence on the freclucncy dependence of the a.c. 
polarographic read-out as would be expected. The variation in cot $ with frequency 
is particularly susceptible to  differences in 1~h.1 and /zkl,2. When the charge transfer 
rate constants are comparable, a plot of cot 4 vs.  is predicted to be normally a 
simple, monotonically varying curve, often exhibiting only slight deviations from 
linearity. However, when the kh-values differ significantly, the cot $-(01 plot is 
predicted to  assume a more complicated form, as shown in Fig. ZIA. At the same 
time, the current amplitude-(01 plot tends to be less informative from a qualitative 
viewpoint (Fig. ZIB). As before, one can qualitatively interpret these predictions by 
considering the a.c. polarographic signal as the resultant of contributions of two 
nearly independent charge transfer steps. I t  is known5.1"21 that the quasi-reversible 
single-step mechanism procluces a linear dependence of cot $ on 01 1. If currents due to 
individual charge transfer steps in the two-step mechanism follow this pattern, a 
system with comparable kh.1 and / z ~ , ~ - v ~ ~ u c s  should yield a simple, nearly linear 
cot $-(,I& dependence. This is to  be expected because with such a system, the magni- 
tudes of the alternating currents associated with each step are comparable and the 
relative magnitudes are nearly independent of frequency. However, a system with 
very different kh-values is expected to  exhibit a markedly different sort of behavior 
because the relative magnitudes of the alternating currents associated with the in- 
dividual charge transfer steps will depend significantly on frequency. At low fre- 
quencies, the slow step will contribute a much larger fraction of the total alternating 
current, than a t  higher frequencies. Thus, d cot $/dro 1 may be large a t  low frequencies, 
manifesting the significant contribution of the slow step, but small a t  high frequencies 
where alternating current due to  the fast step predominates. 

(L))  Influence of a quasi-reversible d.c. process 
Figures 11-17 depict predictions of ecln. (35) for values of ktl which are suffi- 
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ciently small that tlie d.c. polarograpliic processisinfluencedby charge transfer kinetics, 
i.e., the d.c. components of tlie surface concentrations do not obey the Nernst 
equation. I'erhaps the most obvious manifestation of this effect is the appearance of 
time-dependent alternating current amplitude and phase angle. This is a result of 
time-dependence of d.c. surface concentrations induced by non-Nernstian con- 
ditions3.13,"32"2'4. Significant time-dependence is not predicted by eqn. (35) for 
larger values of 131, (Figs. 1-8) where d.c. surface concentrations obey the Nernst 
equation. (c.f., eqns. (48)-(51)) The appearance of time-dependent currents is pre- 
dicted for other electrode reaction mechanisms when non-equilibrium conditions 
exist with respect to either the electrode reaction or coupled chemical reactions in the 
d.c. process. However, the time-depe~idence shown in Figs. 11-17 is somewhat unique 
in that it appears in both current amplitude and phase angle and its magnitude and 
dependence on d.c. potential are functions of frequency. With a majority of electrode 
reaction mechanisms, including the closely related single-step charge transfer, 
theory predicts a time-dependence which is independent of frequency and which 
appears only in current amplitude3.4.13.~0~"4. However, these unique features of the 
time-dependence associated with the two-step quasi-reversible charge transfer are not 
surprising if one considers the result of vectorial addition of two individual alternating 
current components with charge transfer steps exhibiting time-dependent charac- 
teristics associated with the simple, single-step, quasi-reversible process (frequency 
independent time-dependence of current amplitude; phase angle independent of 
time). I t  is apparent that the resultant current (vectorial sum) can readily exhibit a 
time-dependence wliich is influenced by frequency and which appears in both phase 
angle and amplitude. The effect of frequency will appear provided frequency charac- 
teristics of the a.c, components due to the individual steps differ, while a phase angle 
time-dependence requires different phase relations to be associated with the individual 
a.c. components. In general, these requirements imply that kh-, a- and/or E lT-values 
associated with the two-steps must differ. Thus, for example, phase angle time- 
dependence would be enhanced by large differences in kh.1 and k n , z ,  and vice versa. 
This is readily seen by comparing Figs. 13 and 16. In Fig. 16, kh-values are very small, 
but equal. This leads to a very large dependence of current amplitude on time, but 
phase angle is nearly independent of time. The slight time-dependence of phase angle 
and the effect of frequency on this phenomenon presumably arises, despite the fact 
that kk,,~ = k1,,2 a n d a ~  =(Yz, because the E :T-values differ. In Fig. 13, etc., where kinetic 
parameters are more divergent, time-dependence of phase angle is much larger. 

A number of other effects which are attributable to influence of non-Nernstian 
d.c. behavior are worth noting. In general, the waves are broadened considerably by 
this influence (in particular, note Fig. ~ l i ) ,  a result which is expected because it also 
occurs with a single-step mechanism5,ll. Similarly, when all other factors would 
suggest the appearance of a symmetrical read-out as a function of d.c. potential, the 
non-Nernstian d.c. process tends to destroy this symmetry (cf., e.g., Figs. 16 and 17), 
an effect wliich also occurs with a single-step mechanism. Finally, the form of the 
phase angle read-out as a function of d.c. potential is rendered unusually complex, 
particularly when 121,-values differ substantially. Much of this would appear to arise 
because alternating currents due to the slow step occur over a wide range of d.c. 
potential, while the fast step is expected to contribute over a narrower range. Thus, 
it appears plausible that in such circumstances, alternating currents near the peak of 
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Ed ,, ( volts I-- Ed c, ( volts ) - 
Fig. 18. 

Ed,c (volts)- 

Fig. 19. 
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the a x .  polarogram are due primarily to the fast step (small cot $) while a t  one or 
both extremities of the wave the current due to the slow step (large cot $) might 
become more significant. One can qualitatively explain complicated phase angle 
predictions such as shown in Fig. II with such considerations. 

( E )  Distinctions betweelz si?zgle-step and two-step mechanisms 
An important question the answer to which was one of the original main 

objectives of  this study, is whether conditions can exist where the quasi-reversible 
two-step mechanism is indistinguishable from the quasi-reversible single-step mechan- 
ism on the basis of a.c. polarographic data. I t  is apparent from Figs. 1-21 and the 
foregoing discussion that profound differences in a.c. polarographic behavior are 

Figs. 18-ro. Comparison of calculated a.c. polarographic current and phase angle for two-step 
and single-step rctloction. 7' = r9XoI<, !,If< = 5.00 m V ,  Co* = 5.00 . lo-", A = 3.50 . 10-2  

cm" DO = DY = I)R = 1.00 . ~ o - b c m s  scc-1, ?xi = nz = I (two-step), n = 2 (single-step), 
n~ = ns = 0.500 (two-step), n = 0.500 (single-step). Notation tiefinition and other parameters 
are given in the follo\ving table: 

Fig. 
- -- . 

Notation 

o and 

- - . - - - - 

k13.1 k1t.a 
( t w o - ~ t ~ t ) )  
(cnz sec-I) 

-~ 

goo 10.0 10.0 

-- 

E l , ~ "  E 2 , ~ '  H 1 r  
(two-step) ( V )  (single- 
( step) 

- 
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predicted for a wide range of conditions, so that ambiguity is highly unlikely. For 
example, when observable, unique features of the time-dependence such as time- 
dependent phase angle would be strongly suggestive of the two-step mechanism. The 
only other mechanisms in which such behavior is likely are those involving adsorption 
or second- (or higher)-order coupled chemical reactions". Because the latter processes 
will yield normally an admittance dependent on depolarizer concentration, whereas 
multi-step charge transfer does not, distinction between these mechanisms is readily 
achieved. I t  should be recognized that more complicated mechanisms involving 
multi-step charge transfer, such as those involving coupled chemical reactions, can 
also produce a time-dependent phase angle, etc. However, the observation of a time- 
dependent phase angle will often, at  least, permit the classification of the process 
under investigation as one involving multi-step charge transfer. Criteria for distinc- 
tion between the simple process of interest in. the present work and more complicated 
processes involving multi-step charge transfer awaits further theoretical investigation. 
Of course, time-dependence is only one of many observables which might be employed 
to effect distinction between the two-step and single-step processes. Width of wave, 
frequency dependence, etc., all may be informative. For most conditions, careful 
experimental measurements involving examination of both phase angle and amplitude 
data as a function of frequency and d.c. potential will clearly indicate the presence of 
the two-step mechanism. Typical of the quantitative distinctions which might be 
observed between single-step and two-step mechanisms in a situation where qualitative 
aspects of the read-out suggest nothing unusual, is shown in Fig. 18 where theoretical 
polarograms for single-step and two-step processes are compared. Values of kh, n and 
E tr for the single-step process were selected so that the position and magnitude of the 

w ' l Z  ( seconds1/' ) + w"' ( seconds"' ) - 
Fig. 21. Calculated frequency tlcpcntlcncc of a.c. polarographic current ant1 phase angle for two- 
stcp reduction. (-) I?,t.c.. = 0.350 V; (- - - - -). I:,I.,.. = -0.300 V ;  (. . . . .), = - 0 . ~ 0 0  
V. nl = = I ,  T = zg8'1<, A E  = 5.00 nlV, Co* = 5.00 x I O - : ~  M, A = 3.50 x 1o-"n12, 
Do = Dy = DR = 1.00 X 10-5 ~111' S L ' C - ~ ,  k h , ~  = 1.00 X IO-%IU SCC-', kl,,s = 1.00 x ~o-%cm 
scc-1, at = aa = 0.500, E : , I ~  = -0.200 V, JZ:,2' = -0.300 V. 
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maximum in the cot $-E,,.,. plot are identical for both mechanisms (measurement of 
position and magnitude of peak cot $ has been suggested for the evaluation of kh 
and M with the single-step mechanism"). Perusal of Fig. 18 makes obvious the fact 
that distinction between the single-step and two-step mechanisms could be effected 
without difficulty in this situation. A more stringent set of conditions will occur when 
Ei.2r+E !,IT. Under the latter conditions, the reversible two-step mechanism is 
predicted to be indistinguishable from the single-step process'. Thus, one would ex- 
pect distinctions between the two mechanisms under quasi-reversible conditions to be 
smallest when E i . ~ r $ E i . ~ r ,  if any distinctions exist a t  all. Figures 19 and zo show 
results of some calculations for such conditions. Values of kh,  M and E ir for the single- 
step mechanism again were selected so that peaks on the phase angle plots agree for 
both mechanisms. One finds that this choice of rate parameters yields a current 
amplitude wave for the single-step process that is indistinguishable from the wave 
predicted for the two-step process. However, the phase angle waves differ somewhat, 
with the single-step mechanism yielding a slightly narrower wave. Thus, a small, but 
definite distinction is found between the a.c. polarographic read-out predicted for the 
single-step and two-step mechanisms when Et,zr&Et,lr .  As a result, we can state that, 
at  least in principle, no example of ambiguity between theory for the quasi-reversible 
single-step and two-step mechanisms has been found. In some cases distinction will 
rely on careful, detailed study of the d.c. potential dependence of the faradaic im- 
pedance. The question remains unanswered as to whether the average worker, on 
obtaining phase angle data following the solid curves in Figs. 19 or zo, would con- 
sider significant the observed deviations from the theory for the single-stepmechanism 
(dashed curves). I t  should be stated tLat the differences predicted in Figs. 19 and 20 

exceed experimental uncertainty obtainable with precision instrumentation. Perhaps 
the knowledge that such small differences can be mechanistically significant would 
lead one to take such observations more seriously than would otherwise be the case. 

( I ; )  Evaluation of rate parameters from experimental data 
The cumbersome nature of the theoretical expressions for the a.c. wave with 

the two-step charge transfer mechanism renders difficult the evaluation of rate 
parameters from experimental data when the existence of this mechanism is estab- 
lished. Difficulties associated with calculation of rate parameters will vary consider- 
ably, depending on whether the d.c. process is diffusion-controlled or not and on how 
much information is available from sources other than ax .  polarography. A complete 
evaluation of this problem has not been accomplished, but preliminary considerations 
indicate that the rate and thermodynamic parameters will be calculable readily from 
a.c. polarographic data in many situations. One example will be discussed here. 

If one has a system exhibiting the two-step charge transfer mechanism in 
which charge transfer rates are sufficiently rapid that the d.c. process is Nernstian, 
andif the Eir-values for the system are known (e.g., from d.c. polarographic measure- 
ments or from a.c. measurements a t  low frequencies), the following procedure may be 
employed. By substituting the known Elr-values in eqn. (35)) etc., two unknowns, 
11 and Az,  remain in the a.c. wave equation. I t  is apparent for any given value of E d . c .  

and o, that two independent experimental observables exist (e.g., current amplitude 
and phase angle) that will enable evaluation of 11 and 22. That is, two independent 
equations are available for assessment of the two unknowns. The complexities of the 
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algebraic expressions relating 11 and 1 2  to current amplitude and phase angle may 
precludesolvingforA1 and12withstandardalgebraic methods. If thisis thecase, graphical 
methods, use of appropriate working curves, or trial-and-error methods with the 
aid of high-speed digital computers can be used to effect solution. The evaluation of 
11 and 1 2  is repeated over a range of d.c. potentials along the a.c. polarographic wave 
(frequency constant). These values of ill and A2 are then plotted as a function of E,i.,.. 
Such plots should exhibit a minimum defined by 

where Amin. is the magnitude of A a t  the minima and (Ea.,.),i,. is the d.c. potential 
corresponding to the minima. Equations (86) and (87) are then used to calculate n 
and kh for each charge transfer step. Thus, one concludes that it is possible to evaluate 
the four kinetic parameters kh ,~ ,  kh,2, n1 and or2 from a.c. polarographic data a t  a 
single frequency, provided that the system in question definitely involves a rate 
process which obeys the simple two-step mechanism, that the effects of charge 
transfer are significant a t  the frequency employed and that the foregoing assumptions 
regarding the status of the d.c. process and the availability of E $r-values are applic- 
able. Because the frequency dependence of the a.c. polarographic data was not re- 
quired for calculation of rate parameters in this example, we believe that rate param- 
eters may still be calculable in less ideal situations (e.g., when Ed+'sare unknown or 
when the d.c. process is quasi-reversible) by making use of the frequency dependence 
of the a.c. data. 

APPENDIX I 

Notation definitions 
A = electrode area. 

fi = activity coefficient of species i. 
Ci = concentration of species i. 
Ci* = initial concentration of species i. 

Ci,=, = surface concentration of species i. 
Di = diffusion coefficient of species i. 
+I = total faradaic current (cathodic current positive). 
i ~ ( t ) ,  &(t) = faradaic current due to first and second charge transfer steps, respec- 

tively. 
I(wt) = faradaic fundamental harmonic alternating current. 
id&($)  = d.c. faradaic current. 
%I, n2 = number of electrons transferred in first and second charge transfer 

steps, respectively. 
kh,l, kh,2 = standard heterogeneous rate constants for the first and second charge 

transfer steps, respectively (at El0 and E#). 
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LYI, (xz = charge transfer coefficients for first and second charge transfer steps, 
respectively. 

E10, EsO = standard redox potentials in the European convention for the first 
and second charge transfer steps, respectively. 

Eb,l' ,  E & , z r  = reversible polarographic half-wave potentials (planar diffusion model) 
for first and second charge transfer steps, respectively. 

E(t) = applied potential. 
Ed.c. = d.c. component of applied potential. 
A E  = amplitude of applied alternating potential. 
F = Faraday's constant. 
R = ideal gas constant. 
T = absolute temperature. 
Q = angular frequency. 
t = time. 
u = auxiliary variable of integration. 
x = distance from electrode surface. 

# = phase angle of fundamental harmonic alternating current relative to 
applied alternating potential. 

s = Laplace transform variable. 

APPENDIX 2 

Derivation of d.c. flolarographic current expression 
The integral equations defining the d.c. polarographic current are given by 

(eqns. (21) and (22) for p = 0 ) .  

Taking the Laplace Transform of eqns. (AI) and (Az), solving the resulting system of 
two algebraic equations for y l , ~ ( t )  and ys,o(t) and algebraic rearrangement, yields 

where 
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Expansion of eqns. (A3) and (A4) by partial fractions and inverse transformation 
yields eqns. (42) and (43). The d.c. polarographic current is obtained from eclns. (42) 
and (43) with the aid of the relation 

which follows from eqns. (3 ) ,  (9) and (10). 
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A theory is presented for the a.c. polarograpllic wave arising from a two-step 
charge transfer process in which rate control is exerted by diffusion and charge 
transfer. Predictions of the theory are examined in detail. It is found that:  (a) con- 
ditions for pure diffusion control depend markedly on the relative values of the stan- 
dard potentials associated with the two charge transfer steps; (b) many features 
potentially useful in mechanistic diagnosis are predicted for the a.c. polarographic 
read-out and ambiguity between single-step and two-step mechanisms is llighly 
unlikely; (c) as one would expect, relative and absolute values of the rate and ther- 
modynamic parameters associated wit11 the charge transfer steps have a profound 
influence on the predicted a.c. polarographic behavior; (d) despite the complexities 
and variety of behavior predicted, simple rationalization of many of the prcdictions 
is possible; (e) the problem of evaluating rate parameters from experimental data 
appears amenable to solution. 
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INTRODUCTION 

Electrochemical reductions of organic compounds frequently involve consecu- 
tive electrode processes with the possibility of chemical reactions intervening a t  one or 
more stages. Extensive treatments of the theoretical current-time and coulomb-time 
characteristics of controlled potential electrolyses have been developed for many 
reaction mechanisms by  BARD^,^.^ and M E I T E S ~ ~ " ~  for reductions performed in the 
mass transport limiting current region. From these treatments it is generally possible 
to make trivial manipulation and obtain the product distribution as a function of 
time. MEITES~ has considered the nature of both reversible and irreversible reductions 
as a function of potential a t  potentials below the mass transport region. Our interest 
in utilizing controlled potential electrolysis to produce isolatable intermediates has 
led to  a re-examination of the general reaction scheme of two consecutive irreversible 
electrochemical reactions without intervening chemical reactions. This scheme has 
been discussed in some detail previously by GELBE and MEITES. They conclude that 
for the scheme for electrolysis performed in the limiting current region, 

deviations of log i vs. t plots from linearity are attributable to differences in the mass 
transport coefficients of A and B. The discussion here leads to conclusions contrary to 
those of GELB and MEITES. 

RESULTS 

Mathematical develo$ments 
The primary assumptions involved in the development are that steady-state 

conditions will always be maintained a t  the electrode surface, that the Nernst 
diffusion layer treatment is applicable, and that the electrode reactions are totally 
irreversible. Since the effect of stirring is not being studied as such, it is felt that the 
simple Nernst treatment will not lead to incorrect qualitative conclusions. 

The following symbols will be used: 
C~O=initial concentration of species A in the bulk of the solution. C A ~ ,  C R ~  

and C C ~  represent the concentrations of species A, B, and C in the bulk, respectively. 
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CAS, CUS and C ~ S  represent the concentrations of species A, B and C a t  the 
electrode surface. PA, and represent the mass transport coefficients of species 
A, B and C with the units sec-1. 

pl* and BQ* represent the potential-dependent rate constants for the two 
consecutive electrochemical reactions with the units sec-1. 

The reaction scheme being considered is 

The overall reaction process involves transport of A from the bulk of solution 
to the electrode surface, reduction to B, reduction of B to C a t  the electrode, and com- 
petitive transport of B to the bulk of the solution: 

Ah As (mass transport) 

As 4: Rs (clectrochemiral) 
nle 

Bs & B b  (mass transport) 

Pz* BS -+ CS (electrochemical) 
n3e 

Bc CS e C "  (mass transport) 

Rate of change in bulk co?zcentrations 

Steady-state eqztatio~zs at the electrode surface 

(124 
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Evaluation of chartges of the bulk concentrations of A ,  B and C 
Substitution of eqn. (12a) into eqn. (8) yields 

Substitution of eqns. ( ~ z a ) ,  (13a), and (14a) into ecln. (10) yields, 

Substitution of eqns. (15) and (16) into eqn. (11) yields 

which reduces to 

For simplicity, let 

B~*BA 8 ~ P 2 *  = p2p; BB - p i  
= Dl'; -- 

(PI* +PA) (BR + b * )  P ~ + p z *  Bz* ' 

Since C A ~  = CAO exp - p ~ ' t  

Integrating and setting Clsb= o a t  t = o results in 

In the mass transport region (i.e., the region where PI* +PA and Pz* >>PI$), eqn. (21) 

reduces to 
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The comparable result to eqn. (22) derived by GELB AND MEITES (their eqn. 
(10)) is 

The only difference between the two results is the multiplier, PB/~~z* ,  which measures 
the extent to which R will be reduced a t  the electrode surface before transport away 
from the electrode occurs. I t  seems in order to comment upon the validity of the 
steady-state treatment to this particular problem. The key equation in this respect 
is eqn. (14a). 

The conditions for the steady-state approximation to apply, are two-fold, 
d C ~ ~ / d t = o  and CBS (the steady-state concentration) must be small relative to C B ~ ,  
C A ~  and C C ~ .  In order that Cns be small, Dl* and /?z* must be much larger than @A and 
pit. Under these conditions eqn. (14a) becomes 

These are precisely the conditions necessary for mass transport control. For 
values of PI* and Bz* approximately equal to PA and PR, CBS would not be small and 
the steady-state assumptions would perhaps be invalid and the distinction between 
surface and bulk concentrations of B, specious. 

Equation (22) shows the dependence of C B ~  on the ratio PR//~Z*, which means 
that in the true mass transport region, the concentration, Crib, is vanishingly small 
and never reaches concentrations suitable for isolation. For the isolation of B, it is 
evident that pz* must be small in order that B can accumulate in the solution bulk. 

For electrolyses performed a t  potentials on the rising portion of the current- 
potential curve, it is evident that in order to isolate B in reasonable concentration, 
,82* must be smaller than PI* (see eqn. (21)). If Pz* is much smaller than PI*, the 
current-voltage curve would show separation into two steps: the first corresponding 
to the reduction of A to B, the second, B to C. For this situation, the isolation of B is 
obviously easy. However, significant amounts of B can be obtained under less ob- 
viously favorable conditions. From the results of BERZINS AND DELAHAY~, wave 
separation becomes obvious for ratios of pl*/Pz* > 10. Therefore, isolation of B in 
consecutive reactions, is feasible only under two conditions when no obvious wave 
separation occurs : 

t PA and PB in the original equation are, respectively, PI and Pz. 
t tThe number 5 was arbitrarily chosen as a limit for isolation of B. Crude calculations indicate 
that  the maximum concentration of I3 a t  potentials corresponding to 0.1 of the total wave height 
would be in the range of 50% of total, possible and suitable for isolation. 
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and the electrolyses are conducted a t  potentials toward the foot of the current- 
voltage curve. The ratio, PI*/&*, will be independent of potential provided the an- 
values for the two stages are approximately the same. Deviations from linearity of 
log i vs. t plots of the type reported by GELR ANI) MEITES should show a potential- 
dependence which disappears in the mass transport region. 

One danger in the use of polarographic data for defining the conditions for the 
controlled potential electrolysis of irreversible reactions, has been indicated by DELA- 
 HAY^^, who pointed out that the voltammetric half-wave potential for an irreversible 
reaction is a function of the thickness of the Nernst layer. The significance of this 
result to controlled potential electrolysis involving irreversible reductions is simply 
that it is necessary to use a potential significantly more negative than the rising 
portion of the polarographic wave to ensure mass transport control, since stirring 
causes a significant decrease in 6.t If this is experimentally not possible, then if 
the ,!11*/,!12* ratio is in the appropriate range, segmented log i vs. t plots will be ob- 
served of the type reported by GELB AND MEITES. For observable curvature of the 
log i vs. t plots, /3z* does not have to be smaller than PI*, such a condition is necessary 
only if B is to be isolated in reasonable yield. 

SUMMARY 

The fundamental relations pertaining to  the controlled potential electrolysis 
of a reaction path which involves two consecutive irreversible electrochemical 
reactions have been derived. The results show that in the true mass transport limiting 
current region, the conditions are such that no intermediates appear and plots of log 
i vs. t should be linear. This result is contrary to previous findings. The conditions 
necessary for the isolation of intermediates are discussed. 
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SHORT C O M M U N I C A T I O N  

Electrometric studies on potassium aquopentacyano iron(ll) 
Part II. The reduction of the nitrosobenzene complex at the drop- 
ping mercury electrode 

T h e  substitution o f  one of the  cyanide groups in t he  hexacyano compounds o f  
iron b y  water, ammonia, amine, nitro- or nitroso-groups is a well-established fact. T h e  
di f ferent  sub.itituted groups o f  these complexes are also known t o  undergo exchange 
reactions under suitable conditions. Thus ,  nitrosobenzene m a y  be introduced into t he  
compound, potassium aquopentacyano i ron(I I ) ,  b y  replacing HzO, resulting i n  t he  
formation o f  a violet-coloured compound. Such a reaction is also observed when potas- 
sium ferrocyanide solution containing small amounts o f  mercuric chloride is mixed wi th  
nitrosobenzenel-3. T h e  nature and composition o f  the  complex was studied b y  electro- 
metric methods. T h e  present communication deals wi th  t he  polarographic reduction 
o f  the  complex at  the  dropping mercury electrode (D.M.E.). 

Exfierirnental 
Nitrosobenzene was prepared b y  the method o f  COLEMAN et al.4. Potassium 

aquopentacyano iron(I1) was obtained in t he  form o f  brownish-yellow crystals b y  t he  
method described in  Part 15. All other reagents were A.R. quality. T h e  solutions were 
prepared i n  twice-distilled water. 

A Toshniwal manual polarograph T y p e  CLO-2 (India) was employed, using a 
Pye Scalamp Galvanometer in  the  external circuit. T h e  polarographic cell and t he  
reference electrode (S.C.E.) were kept  immersed in  a water thermostat maintained at  
30 + 0.1". Purified hydrogen was used for de-aeration. A Fischer capillary wi th  a drop- 
t ime o f  3.4 scc (open circuit) was used for t he  D.M.E., the  capillary constant r n 2 / " l / 6  

being 2.877. Potassium chloride wi th  suitable buf fers  was used as the  supporting 
electrolyte. Polarograms o f  the various mixtures were taken 24 h after mixing the 
reactants. N o  maximum suppressor was required in  the  present studies. 

T o  determine the  e f fec t  o f  pH on the  polarographic reduction o f  the  violet 
complex, solutions containing 6 . 6 .  I O - ~  M nitrosobenzene, 6.6 . I O - ~  M aquopenta- 
cyano iron(I1) and 6.6 - I O - ~  M KC1 were prepared in  buffers ,  ranging from pH 1.15 t o  
12.5. Polarograms o f  nitrosobenzene alone in  potassium chloride and various buf fers  
were also taken for comparison. 

T o  demonstrate the  e f fec t  o f  the ratio o f  concentrations o f  nitrosobenzene and 
aquopentacyano i ron(I I ) ,  theconcentration o f  the  latter wasvariedbetweenj.3 . I O - ~ M  
and 2 .  I O - ~  M keeping the  concentration o f  nitrosobenzene at  2 .  10-3 M ,  and vice 
versa, in  bu f f e r  pH 4 (shown as opt imum from the  s tudy  o f  the  pH-dependence) 
containing 6.6 1 0 - 2  M KCI. 

In  order t o  s tudy  t he  relationship between i d  and concentration o f  the  com- 
plex, solutions containing equimolecular quantities o f  bo th  reactants i n  concentra- 
tions ranging between 3.3 . I O - ~  and 2 10-3 M were prepared in  a phosphate bu f f e r ,  
pH 4.0, containing 6.6 . 1 0 - 2  M KCI. 
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SHORT COMMUNICATION 

-SOL Potential. E - 
Fig. I. Polarograms of con~plex a t  different pH-values: ( I ) ,  1.15; (2). 2;  ( 3 ) ,  3 ;  (4). 4 ;  (5). 5 ;  ( h ) ,  6; 
(7), 6.6; (8),,8.3; (9), 8.85; (lo),  9.5; ( I [ ) ,  10.6; ( IZ) ,  11.0; (13), 12.4. 
0.0 is the origin for each curve. 

L I I I I I I I I I , I , I I I  I 
1.6 1.2 0.80 0.40 0.0 -0.40 -0.80 -1.2 1.6 

+ve - log (.I. 1- -ve 
I d - (  

Fig. 2. Plots of log (ilia - 7,) us. I?: (a), pH z for 1st wavc; (b), pH 2 for 2nd wave; (c), pH 4. 

Fig. 

Fig. 

5.01 ' 1 . . I 
5.0 6.0 7.0 8.0 - 10 crn 
3.0 4.0 5.0 6.0 - h c m  

3. (a), Plot of id us. l h ;  (b), plot of id us. h .  

4. Plot of log i us. log 1 for the complcx a t  p1 
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Results and discussion 
The reduction of the nitrosobenzene complex of potassium aquopentacyano 

iron(I1) is dependent on the pH of the medium. Three pH-regions can be distinguished: 
(i) From pH 1.0-4.0, reduction takes place in three waves. The first, rising 

directly from the dissolution of mercury decreases, as does the third most negative 
wave, whereas the second increases. The total wave-height remains practically con- 
stant (Fig. I, curves 1-4). The half-wave potential of the second wave was shifted from 
-0.10 V at pH 1.15 to -0.30 V at pH 4, whereas that of the third wave was shifted 
from -0.56 Vat  pH 1.15 to -0.83 Vat  pH 3.0. 

(ii) At pH >5, the height of the second wave decreases (Fig. I, curves 5-10). 
Another more positive wave appears (at -0.06 V a t  pH 5.0), the height of which is 
practically pH-independent. 

(iii) At pH > 10.6, the height of the second wave increases again. The half-wave 
potential, -0.7 V, is identical with that of free nitrosobanzene (Fig. I, curves 11-13). 
The results are summarised in Table I. 

In the pH-range 1-4, the polarographic behaviour of the complex is quite 
different from that of nitrosobenzene; the complex is reduced a t  a more negative 
potential than nitrosobenzene (Table I). Logarithmic analysis0 of the second and third 
waves a t  pH 2.0 is linear (Fig. z), but since the height of the second wave diminishes 
with increase in pH, without changing the total heigllt, i t  appears that some kinetic 
factor is involved in the pH-range 1-3. 

The simplest curve is observed a t  pH 4.0 where the limiting current of the 
single wave observed is diffusion-controlled as verified by the effect of mercury pres- 
sure (Fig. 3). Also, the plot of log i against log t (Fig. 4) provides evidence for a diffu- 
sion-controlled, two-elect~on transfer process. The wave-height is also a linear function 
of the concentration of the complex. 

The waves obtained with mixtures containing a fixed amount of the aquopen- 
tacyanoiron(I1) andvarying amounts of nitrosobenzeneandthosefor mixtures prepared 
in the reverse order, have id-values that increase with increasc in the concentration of 
reactants (nitrosobenzene or aquopentacyanoiron(I1)) ; but the values become constant 
at  a combining ratio of I : I. 

The following scheme for the formation and subsequent reduction of the violet 
complex is suggested : 

2nd wave 

(FeII(CN)5CtiH5NHOH) + z H+ + z e = (Fen(CN)sC~HsNH2) 3rd wave 

This scheme is in agreement with the reported polarographic reduction of 
nitrosobenzene7 and N-phenylhydroxylamine7 in this pH-range. 

From the data obtained in the alkaline pH-range, it may be concluded that the 
complex starts decomposing beyond pH 6.0 and becomes quite unstable a t  pH 11.0. 

Chemical Laboratories, 
University of Roorlzee, 
Roorkee (India) 

J .  Elcctvoanal. Chcm. ,  I I  (1966) 467-471 
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c 8 
- --- exp [&(I-zB)] The equation on p. 51 should read: - 
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Electrons and Chemical Bond by HARRY R. G R A Y ,  W. A. Benjamin, Inc., New York 
and Amsterdam, 1964, xvi + 224 pages, $8.80 ($4.35 paper-back). 

This book, based on lectures given by the author to undergraduates a t  Colum- 
bia, is concerned mainly with the application of the molecular orbital theory to the 
description of certain families of molecules. This is done without the use of formal 
group-theoretical methods. Diatomic, linear triatomic, trigonal planar, tetrahedral, 
trigonal pyramidal and angular triatomic molecules are discussed, a chapter being 
devoted to each type. In addition, there is a chapter on organic molecules and one on 
transition-metal complexes. 

The author discusses the relative molecular orbital energies in the various 
molecules more thoroughly than has been done in most text books up to date. He has 
also related the molecular orbital description to published experimental data on bond- 
dissociation energies, bond lengths, dipole movements and bond angles, where rele- 
vant. A brief comparison with the valence bond approach is included for each type of 
molecule. 

The first chapter contains a short historical introduction to the theory of 
atomic structure, beginning with the Bohr theory. I t  comprises seventeen sections, 
examples being one on the properties of the hydrogen atomic wave functions and 
another on the method of calculating the Russell-Saunders terms. Most chapters 
contain problems with worked-out solutions. 

The last chapter in the book contains a molecular orbital description of some 
tetrahedral, square planar and octahedral transition-metal complexes. The relation- 
ship of the molecular orbital treatment to the valence bond and crystal field theories is 
discussed. There is also a very brief but useful section on the electronic spectra of 
octahedral complexes and in this, group-theoretical symbols are introduced but 
without any detailed explanation of their origin. 

This is a very readable book, written in clear English and in a good literary 
style apart from the occasional split infinitive. There are numerous diagrams il- 
lustrating both the shapes and the symmetries of the various molecular orbitals and 
their relative energies. An attempt has been made to convey the three-dimensional 
nature of the boundary surfaces of the atomic and molecular orbitals by the use of 
small dots and there is a note of warning in the preface that the drawings are not 
intended to be charge-cloud pictures. I t  might possibly have been better either to use a 
different method of representing these three-dimensional figures or to have attempted 
to make them represent an approximate electronic charge density. The procedure that 
has been adopted can at  times be confusing, particularly since overlap appears to 
have been indicated by addition of the dot densities. 

This book would be useful as a supplementary text to an undergraduate course 
in inorganic chemistry. 

K. W. DUNNING, Department of Inorganic Chemistry, University of Bristol 
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SPOT TESTS IN ORGANIC ANALYSIS 
Seventh English Edition, completely revised and enlarged 

by FRITZ FElGL in collaboration with VINZENZ ANGER 

6 x 9". x x i i l  + 772 pages, 18 tables, over  ZOO0 lit.refs., 1966, Dfl. 85.00,#.10.0, $30.00 

This 7th edition has involved complete revision and reorganisation of the subject in order 
t o  present a still clearer picture of the multitudinous applications open t o  organic spot 
test analysis.The amount of new work which is appearing has certainly necessitated expan- 
sion, but the author has kept this t o  a minimum by omitting the chapter on spot test 
techniques (which are covered in  the companion volume Spot Tests in Inorganic Analysis) 
and by limiting the number of tables and structural formulae. 
Comparison with the 6th edition reveals the following differences: 

Number in 
6th Edn. 7th Edn. 

Preliminary tests 32 45 
Functional group tests 70 109 
Individual compound tests 133 148 
Detection of particular structures and types of compounds 0 74 
Differentiation of isomers etc. 0 54 
Applications in  the testing of materials etc. 111 131 

In total the book now gives in  561 sections information on more than 900 tests compared 
with 600 tests in  346 sections in the preceding edition. 

An important feature is the inclusion of a large number of recently developed tests and 
comments which have not hitherto been published in  any form. 

It is the author's hope that this work will help t o  correct the widespread impression that 
physical instrumentation is always superior t o  chemical methods for solving analytical 
problems. Each of the chapters presents instances of problems for which no solutions by 
physical means have yet been developed, o r  for which the rapid spot tests are equal o r  
superior t o  the expensive instrumental procedure. 

CONTENTS: 1. Development, present state and prospects of ormnic spot test analysis. 2. Preliminary (exploratory) 
tau. 3. Datection of characteristic functional groups in organic compounds. 4. Detection of structures and certain 
types of organic compounds. 5. Identification of individual organic compounds. 6. Application of spot tests in the 
differentiation of isomers and homologous compounds. Datermination of constitutions. 7. Application of spot . 
reactions in the testing of materials, examinations of purity, characterization of pharmaceutical products, etc. .. 
Appendix: Individual compounds and products examined. Author index. Subiact index. 

FROM REVIEWS OF THE SIXTH EDITION 
. . . This new book. like its author. is unquestionably a giant on the analytical scene.. . 

journal of the Royal Institute of Chemistry 

. . . Dim Tauache, dus Feigls klutisch gewordanes Werk. welchas Uberall mit Begeistarung aufgenomrnen wurde. 
bereiu in 6. Auflage anchaint, ist an rich Empfehlung genug.. . Es ist also mine m h r e  Fundgrube fUr neue Experi- 
mentaluntersuchungen . . . Chimia 

. . . Even in these days d physical instrumentation there is ample room for the techn iqu~ described in this book 
which were originated and largely developed by Prof. FeigI. They are mostly very quick and very economical on 
matmrials. They sometimes present solutions to problems so far insoluble by expansive physical methods.. . 

laboratory Practice 
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