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The experimental polarographic current vs. time relationship cannot be explained by the simple hypothesis, common to 
all previous theoretical developments, of constant initial concentration a t the time when each drop begins to form, even 
when the degree of rigor of the mathematical development of the hypothesis is very high, and when account is taken of the 
inaccuracy of many of the other physical assumptions entering the formulation of the mathematical theory. The postula-
tory basis of the theory was therefore revised to contain the alternate hypothesis that at the beginning of drop formation the 
region of solution around the electrode tip is depleted of electroactive material because of its removal by electrolysis at the 
preceding drop. Mathematical development of the revised diffusion problem for the dropping mercury electrode leads to a 
prediction for the current-time relationship which is substantially in agreement with the experimental data even during the 
early stages of drop growth. I t can be inferred that the existence of a depleted region is an essential part of the physical 
situation. The mathematical development is capable of an indefinite amount of improvement through the fitting of certain 
parameters to the experimental data. Full account has been taken of all inexact procedures and assumptions in evaluating 
the reliability of the results; none of the former are considered to affect seriously the validity of the conclusions stated here. 

The theory of the diffusion-controlled current 
at the dropping mercury electrode (DME) has 
passed through a series of developments each more 
sophisticated than the last1 culminating in the 
work of Matsuda lf who has carried the mathemati
cal part of the theory to a point of great rigor, and 
whose method is capable of extension (at the cost 
of computational labor) to any degree of accuracy. 
While the prevailing evidence indicates that the 
equations so developed can account satisfactorily 
for most of the factors that influence the magni
tude of the diffusion current,2 there exist discrep
ancies between theory and experiment in what is 
perhaps the most critical phenomenon of the 
process: the time-dependence of the current. 

The discrepancies have been of two sorts: in 
many cases the experimentally observed average 
currents are lower than those predicted by theory 
and careful studies of the growth of current as a 
function of time have shown that the Ve power-
time relation predicted by theory is not obeyed 
at all during the first portion of drop-life and only 
obeyed approximately thereafter.3'4 A recent 
study6 has shown that these discrepancies cannot 
be explained by mathematical shortcomings in the 
existing theory and that the time-dependence of the 
rate of flow of mercury from the capillary, sug
gested313 as the cause of the discrepancies, can only 
partially account for them. It seems necessary, 
therefore, to make a postulatory revision in the 
theory. 
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The Boundary Value Problem for Diffusion in a 
Depleted Region 

Airey and Smales3a have suggested that the 
freshly forming drop at the DME begins its growth 
in a region of the solution partially depleted by the 
electrolysis at the preceding drop. The purpose 
of the analysis which follows is to determine 
whether the experimental current-time relation
ship can be accounted for on the basis of this hy
pothesis. Three complicated and interdependent 
phenomena then would be occurring simultane
ously: (1) the growth of the drop and consequent 
movement of the solution; (2) diffusion of material 
from the undepleted region of the solution into the 
depleted region; and (3) diffusion within the de
pleted region to the electrode surface. 

To obtain the concentration or the flux for this 
situation, a boundary value problem consisting of 
the differential equation 
dC = Zd2C 2 d C \ _ 
Z>t \ dr2 r dr J 

a n d b o u n d a r y c o n d i t i o n s 

C(Y1O) = C0F(T) (0 <r < co) (2) 

C(r0,t) = 0 (t > 0) (3) 

lim C(r,t) = C0 (t > 0) (4) 
r—*•<» 

would have to be solved. In order to incorporate 
the new postulate into the theory, it is necessary 
to discard the usual boundary condition of con
stant initial concentration and to replace it by a new 
one, equation 2, where F(r) is an arbitrary initial 
distribution function having values between 0 and 
1, chosen so as to best represent the physical situa
tion. C represents concentration; Co, the bulk 
solution concentration; C(r,t), the time-dependent 
concentration distribution; t, time; D, the dif
fusion coefficient; r, the radial distance; r0, the 
time-dependent drop radius; and y denotes the 
constant quantity 3m/47rd (cf. subsequent equation 
5). 

Formulation of a Soluble Problem.—The intro
duction of condition (2) into the rigorous boundary 
value problem for the dropping mercury electrode1 

converted an already difficult problem into one 
which proved completely intractable. Since no 



July 20, 1959 T I M E - D E P E N D E N C E OF DIFFUSION-CONTROLLED POLAROGRAPHIC C U R R E N T 3519 

rigorous solution to the problem stated in equa
tions 1 to 4 could be achieved, it was necessary to 
revert to a simpler model, retaining the one es
sentially new feature, the existence of a depleted 
region. Faced with a choice of models, none of 
which seemed preferable to any other on grounds 
of rigor,6 it seemed most suitable to choose the 
simplest. The model chosen was t ha t of Lingane 
and Loveridge, l d who, to account for the factor of 
drop growth, introduced the factor 3/7 into rigorous 
solutions for stat ionary plane and spherical elec
trodes. T h e following procedure was adopted: 
solutions were sought to the relatively simple 
problems of diffusion to a plane electrode with 
inhomogeneous initial concentration distribution 
(referred to hereafter as the plane approximation) 
and the corresponding problem for a spherical 
electrode (the spherical approximation). The 
surface concentration gradients derived from these 
solutions contain the quant i ty Dt; wherever this 
combination occurred, the Lingane and Loveridge 
factor, Z/T, was associated with it to account for the 
effect of drop growth. The surface area terms in 
the expression for the flux were replaced by the 
time-dependent area of the growing drop, for which 
the radius is denned by 

3mt 
4«Z = yt (5) 

where d is the density of mercury (13.6 g. c m . - 3 ) , m 
the ra te of flow of mercury and t is the t ime. In 
detail, the following boundary value problems were 
solved. 

The plane approximation 

^ = T) — 
bt dx2 

C(x,0) = C0F(x) 
C(O,*) = 0 

lim C(x,t) = Co 

(0 < x < Co, t> 0) (6) 

(0 < * < co) (7) 
(t > 0) (8) 
( O 0) (9) 

The spherical approximation 

dC n /d*C , 2 dC\ , . . , . m 

57 = zH^+;^-j ( r o < f < ro,'>0) 

C(r,0) = C0F(r) 

C(CU) = 0 

lim C{r,t) = C0 

(n> < r < co) 

(t> 0) 

(t>0) 

(10) 

(H) 
(12) 
(13) 

The foremost criterion for the success of the ap
proach outlined above is tha t the solutions of the 
problems of diffusion to stat ionary plane and 
spherical electrodes with inhomogeneous initial 
concentration distributions, as modified by the 
Lingane and Loveridge factor, 3/T, should con
verge to, respectively, the Ilkovic equation and the 
Lingane-Loveridge equation when the depleted 
region thickness, p, is allowed to vanish. (/* will 
necessarily be a function of the time, since the drop 
is expanding. As ju goes to zero, the situation 
becomes identical with t ha t in the classical Ilkovic 
problem.) I t will be found t h a t this criterion is 
satisfied in all cases. 

Solution of the Equations.—Both problems are 
more or less elementary. A solution to the first 
is available6 bu t the solution found here by the 

(6) (a) R. V. Churchill, "Modern Operational Mathematics in Engi
neering." McGraw-Hill Book Co., New York. N. Y., 1944; (b) 

operational method using the Laplace transform 
calculus is more useful and was derived inde
pendently. Likewise, the solution of the second 
problem given here is independent; no similar 
problem was found in the literature. Details of 
the solutions are given elsewhere (pp. 242-250 of 
reference 5a). 

The concentration function for the plane ap
proximation is 

C(x,t) = —~ LJ ^ f_ F(x + 2s/~Dt X)e~x! dX -
V71 -X/2VDI 

F(-x f _ F(-x + 2VDt \)e-V dX (I4) 

Use of the operational method permitted the 
derivation of a general equation for the flux at the 
origin, independent of equation 14 

\ Zix Z>x/x = 0 

2 C, • J - f °° \F(2VDt X>-x* dX (15) 

The corresponding solutions for the spherical ap
proximation are 

-T=Lf ,-<' + 
f V l LV (ro - r)/2\/Dt 

2\/T>t X) F(r + 2-Vm X)e-X2 dX -
(-r + 2r0 + 2VDi \)F(n + 

C(r,t) = 

/
' CO 

(r — r\ i)/2Vffl 

n \ irt Jo 

2VDt X)e~x2 dxl (16) 

X(ro + 

2VDt X) F(n + 2VDt X)e"X! dX (17) 

In these equations X is a variable of integration, 
and the functional notation, F( ) , represents a 
transformation of coordinates from those of F(x) 
or F(r) to those enclosed in the parentheses. 

To make use of equations 15 or 17, a concentra
tion distribution function of some specific form must 
be introduced for F. Introduction of the function 
F=I, i.e., ^ = O, leads, as has been suggested 
earlier, to expressions for the flux a t stat ionary 
electrode 

-^k-= 
V^Dt 

for the plane case, and to 

00 = C0 ( 1 -f /—-I 
\r0 ^ VrDtJ 

(18) 

(19) 

for the spherical case.2 

The nature of the functions F(x) or F(r) to be 
used in order to reproduce the experimental data is 
a mat ter of trial. Some functions which were 
obviously unsuitable because of the physical 
situation were tried because of the simplicity of 
the integrations required; others, more suitable, 
such as the error function and the sine integral 
function,7 were not tried for the opposite reason.6* 
The most successful has been one of parabolic 

R. Courant, "Differential and Integral Calculus," 2nd Ed., lnterscience 
Publishers, Inc., New York, N. Y., 1937. 

(7) E1 Jahnke and F. Emde, "Funtiontafeln mit Formeln und Kur-
ven," Dover Publications, New York, N. Y., 1945. 



3520 J O S E P H M. MARKOWTTZ AND P H I L I P J . ELVING Vol. 81 

form 

* * ) - & » ^ * - * 0 - h e n 0 < * < M ( 2 Q ) 

( 1 when x > ii 

or, its spherical counterpart 

[2/J — (r — fo)] when 0 < (r — r0) < M 

when (r — m) > M (21) 
F(r) = j Ms 

These equations describe quadrants of parabolas 
symmetrical about the line x (or r) = n and open
ing downward, n is therefore the limit of the 
region of concentration inhomogeneity; it is the 
depleted region thickness. These functions satisfy 
continuity requirements a t x = n, and are there
fore a priori physically reasonable. 

Expression of Depleted Region Thickness.— 
Having selected a trial initial concentration 
distribution, it is then necessary to choose a value 
for ju, the depleted region thickness. This must be 
a function of t ime and must be related to the 
amount of electrolysis a t the preceding drop. The 
number of moles of material electrolyzed at a 
given drop could not be very different from what 
would be predicted by the Ilkovic equation 

Nr -r. <j>oA dt = Co Io W V§ ZlTl 

N^I4 ,ViCoD'/V/. 

dt (22) 

(23) 

where NT represents the number of moles electro
lyzed during the drop life-time, T, and 0o is the 
flux calculated in the classical Ilkovic derivation.1 

The approximations involved in the use of equa
tion 23 involve not only the use of the Ilkovic equa
tion, bu t also the lack of precise knowledge of how 
much of the depleted solution is dragged from the 
region of the capillary tip by the fall of the previous 
drop. These questions will be discussed again. 
To account for the latter factor, a multiplicative 
constant, q, which varies from zero to 1, will be 
introduced on the right of equation 23. 

The solution volume required to contain NT 
moles will depend part ly on the kind of distribution 
function, F(x) or Fir), used. Usually, it will be 
necessary to integrate over the distribution func
tion from 0 to n and divide by ju in order to find 
the average concentration. Then the volume will 
be given by Nr/pCo, where p is a fraction between 
zero and 1 representing the average value of 
F, the initial concentration distribution function. 

The time-dependence of n can be introduced by 
the use of the obvious fact t ha t Nr/pCo is conserved 
in time, i.e., because of the incompressibility of 
liquids, the original depleted volume must be con
served regardless of its distortion by the drop 
growth. I t must be true, therefore, tha t , assum
ing a spherical disposition of the depleted solution 

3 * (r. + ^ = - ^ + 3 « v 

from which 
/ 3 Nr , ,V. 

(24) 

(25) 

Actually, it is unlikely tha t the disposition of the 
depleted region is exactly spherical. I t will be 

expedient, however, to assume tha t it is spherical 
and to take account of the possible lack of sphericity 
in considering the result. 

If the value of NT from equation 23 is introduced 
into equation 25, and evaluated in terms of m 
and t, and the constants are lumped 

M = ("0.015W2AD1ATV8I + Q.nQmiX'' _ 

0.259m'A(Vi (26) 

The Time-Current Relation.—The flux for the 
plane approximation and the concentration dis
tribution of equation 20 can be shown6* to be 

_ ID f2V^Dt 
0O = - C ° \ ^ L - erf 2 VDl + 

4Dt , '-/4Dl ')] (27) 

The quant i ty '/7 is now associated with the prod
uct Dt wherever the latter occurs in conformity 
with the procedure of Lingane and Loveridge. l d 

The equivalent spherical area, 4TITO2, is introduced, 
and, if the usual Ilkovic equation terms are lumped 
into a constant k, the result is 

i = kt'/e 
~2V3TDt/7 

erf 
2V3DI/7 

YiDt 
+ 

~ (e-7«V12D< - 1) ] 
/M2 J (28) 

By appropriate series expansion of the error func
tion and the exponential, it can be shown tha t the 
bracketed factor, which might be called the 
depletion factor, reduces to 1 when p. approaches 
zero, corresponding to the classical derivations of 
the Ilkovic equation with constant initial concentra
tion. Thus, in the limit of vanishing depleted 
region, equation 28 approaches the Ilkovic equa
tion. 

The depletion factor for the spherical case, 
corresponding to equation 17, in which the spheri
cal approximation is used from the beginning is 

r'W'i^DtJi . M 
L M 2~V3D~t/7 

V'iVDl/l / V + 18/7 Dt\ 

12Dt, 

' M 2 D + 

- C M^o 

CDt, 
•„-—(e~ 
1 Vo 

Dt/7 erf WZDt 17 ' 

4)] (29) 

Comparing expression 29 with equation 28, 
it can be seen tha t the depletion factor of the 
former is much more complicated, containing three 
additional terms. 

Comparison with Experimental Behavior 
Of the data available on the current- t ime re

lationship, those of Taylor, Smith and Cooter4 

are the most detailed, particularly at small values 
of the t ime. Consequently, the current- t ime 
behavior predicted by equation 28 was compared 
with these data . For this purpose, the reported 
experimental constants4 were introduced into 
equation 28: concentration, Co, 3.018 mM; dif
fusion coefficient of Cd(I I ) , D, 7.2 X 10-« cm.2 / 
s e c ; mass rate of mercury flow, m, 2.305 m g . / s e c ; 
drop life-time, r, 3.392 sec. 

For the distribution described by equation 20, the 
average value of the concentration is easily shown 
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to be 2C0/3. Consequently, the value of p to be 
assigned in equation 26 is 2/3. When all these con
stants are introduced and adjustment made so 
that the ordinary experimental quantities give 
current in microamperes, the behavior of the 
current as a function with time is given by 

i/t1/' 21.1 V * erf ^ + 
.9.80» Vt 

t__ 
96.OJ* 2 

(«" 6.0«!/( »] 
where 

v = (1.07s + ty/' - tl!> 

(30) 

(31) 

The constant, q, representing the fraction of the 
depleted volume not carried away by the preceding 
drop, must be assigned by trial. 

Figure 1 presents a comparison of the experi
mental data of Taylor, et al., with the current-
time relation calculated by the present method us
ing both the plane and the spherical approximation. 
In both calculations the value 0.2 was assigned to 
q. The calculated results show excellent agree
ment with the experimental curve, the agreement 
being somewhat better in the case of the spherical 
approximation. Note that at large t the plane 
approximation approaches the horizontal Ilkovic 
equation line while the spherical approximation 
approaches the sloped line characteristic of two-
term solutions, such as that of Lingane and Love
ridge. 

Evaluation of the Proposed Solution 
In the present study the consequences of the 

hypothesis that at a dropping mercury electrode the 
drop grows in a region of solution initially partially 
depleted in electroactive molecules by electrolysis 
at the preceding drop have been quantitatively 
developed. The behavior predicted in terms of 
the current-time relationship is substantially that 
encountered experimentally even during the ini
tial stages of drop growth. However, before 
any conclusions about the success of the hypothesis 
can be drawn, it is necessary to evaluate a number 
of assumptions, which were made in the course of 
the analysis principally because of the lack of 
detailed experimental information about certain 
areas of physical behavior, and to attempt to esti
mate their effect on the result. 

Convection Effect.—Most of the assumptions 
made are substantive in the sense that they are 
estimates of the magnitude or behavior of physical 
quantities. However, the mathematical procedure 
used includes an assumption of a different kind; 
for reasons that have been made clear, the Lingane 
and Loveridge method1"3 was used to account for 
the effect of convection due to drop growth on 
the magnitude of the current. The effect of this 
assumption, unlike that of the substantive ones, is 
difficult to assess. If one compares the Lingane 
and Loveridge approach with that of Matsuda1' in 
which this assumption was not required, one finds 
little difference in the formulas for the current 
derived by the respective methods. By analogy, 
it seems probable that the effect of the Lingane 
and Loveridge assumption on the present result 
is of the same small order. 

20.0 

16.0 

12.0 

Fig. 1.—Theoretical and experimental current-time de
pendence at the dropping mercury electrode: (1) experi
mental data of Taylor, Smith and Cooter4; (2) theoretical 
curve based on simple Ilkovic equation; (3) theoretical 
curve based on Matsuda equation1 ' (very little difference 
exists in the slopes of the curves obtained from any of the 
two-constant solutions, e.g., Lingane and Loveridge, ld Streh-
low and von Stackelberg, lh etc.); (4) theoretical curve based 
on the proposed solution: plane approximation, parabolic 
initial gradient; (5) theoretical curve based on the proposed 
solution: spherical approximation, parabolic initial gradient. 

Constancy of Mercury Flow.—It was assumed in 
the analysis that m, the mass rate of flow of 
mercury from the capillary, is constant throughout 
the drop life-time. This assumption is certainly 
incorrect.2'3b'6b However, very little is known, 
either theoretically or experimentally, about the 
nature of the time-dependence of m. Poiseuille's 
law frequently is combined with expressions 
relating to the back-pressure generated by the 
surface tension of a pendant mercury drop to obtain 
an expression for the flow rate of mercury as a 
function of time.2 The difficulty with this pro
cedure is that Poiseuille's law is valid only for 
conditions of steady flow and for liquids which wet 
the capillary, while expressions for the back
pressure are derived from a consideration of surface 
tension equilibrium, i.e., for a static pendant drop. 
Thus the validity of the resulting equations, which 
express m as a function of the time, is open to 
question. 

Lingane3b used such equations in discussing his 
data on the time-dependence of the current; from 
his discussion and by independent calculation, it 
appears that the instantaneous value of m is from 
20 to 40% smaller at the beginning of drop forma
tion than at the end. Granting the approximate 
validity of the equations, this variation is not 
nearly enough to explain the time-dependence of 
the current, unless, as Lingane points out, the in
troduction of a time-dependent m into the boundary 
value problem at the outset should considerably 
alter the form of the solution. 

On the other hand, the physical drop, however 
small, is larger than the "mathematical ' drop at the 
outset of drop life, since the former is always finite 
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while the latter vanishes at t ime zero. Therefore, 
regardless of variations in the actual ra te of flow 
of mercury, the current a t the physical drop should 
exceed tha t a t a mathematical drop immediately 
after the inception of drop formation because of the 
difference in their areas, if the concentration is 
initially uniform. Since the reverse is true when 
the mathematical drop is tha t considered in the 
"classical" derivations of the current- t ime relation
ship, it can be concluded that no argument based 
on the time-variation of m can explain completely 
the disparity between "classical" theory and ex
periment. I t follows also tha t in the present 
derivation, in which the concentration is not ini
tially uniform, the difference cited between mathe
matical and physical drop becomes unimportant . 

Complete rigor in the inclusion of the time-de
pendence of m appears to be impossible a t present 
because of mathematical difficulties. The results 
of the present analysis clearly indicate, however, 
t ha t such inclusion should complement rather 
than replace the hypothesis introduced here. 
Very likely, the theoretical curves of Fig. 1 would 
be displaced upwards by a few per cent, a t larger 
values of t and downwards by a somewhat larger 
percentage a t low values of /, if a complete descrip
tion of the variation of m were incorporated. 

Sphericity of Depleted Region.—The depleted 
region was assumed to be spherical, which is cer
tainly not t rue ; the assumption can only represent 
an averaging of the asymmetry of the t rue shape 
of the depleted region. Some portions of the de
pleted shell are thin, leading to a steep concentra
tion gradient and a localized high discharge rate 
of electroactive species a t the electrode surface; 
elsewhere, the shell is thicker and the local current 
lower. I t is not unreasonable to suppose t ha t the 
total current, over the whole drop surface, might 
closely correspond to a uniform shell of depletion 
of a fictitious average thickness. If a less sym
metrical shape were chosen for the depleted region, 
it would be necessary at some point in the mathe
matical development to perform an integration 
of the flux over this region; a kind of averaging 
would thus be necessary in any case. In addition, 
there is no experimental information available which 
could lead to a preference for any one possible 
shape over any other. The assumption of spheric
i ty therefore seems both reasonable and expedient. 
Once this choice is made, a natural corollary is tha t 
the initial distribution of concentration in the de
pleted region is a function only of the radial dis
tance. 

The actual choices of a particular distribution 
function and of the fraction, q, representing the 
amount of depleted solution remaining after the 
fall of the previous drop, are not assumptions, 
per se, because these choices are made by trial 
only after the general mathematical development 
is complete. Moreover, the behavior of the 
current as a function of time is quite sensitive to 
such choice; the function selected controls the 
general appearance of the current- t ime function, 
and a its lateral position. Thus, the present 
solution, somewhat like tha t of Matsuda,1 ' is 
capable of indefinite improvement by a process 
akin to curve fitting. 
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Stirring Effect.—Heretofore i t has been tacitly 
assumed t ha t the fall of each successive drop causes 
no stirring of the solution left behind. Intuitively, 
this assumption seems improbable; in fact, many 
experimental oddities of polarography have been 
ascribed to anomalous "st irr ing" effects, without, 
however, careful definition of what was meant by 
"st irr ing" or precise experimental verification. 
However, two particularly appropriate studies8 

of the motion of spherical particles undergoing 
acceleration reveal tha t laminar flow about the 
particle prevails for an unexpectedly long period as 
the velocity increases. Smooth laminae of flow-
streams continue to exist about the particle up to 
relatively high velocities, and the onset of the usual 
separation at the trailing end of the drop, as well 
as the general appearance of turbulence, seem to 
be considerably delayed by the mere fact of ac
celeration. I t is reasonable to suppose, then, t ha t 
in the first few millimeters of free fall, laminar 
flow of solution would persist about the just-
separated mercury drop. Under these circum
stances, a stirring motion of the solution, consisting 
of the intertangling of the flow laminae, would be 
extremely doubtful.9 

A phenomenon which very well might occur, 
however, and which would superficially resemble 
stirring, is a circulation of the solution caused by 
the pumping action of the falling drops.8 This 
circulation would extend throughout the whole 
solution and would consist of a downward motion 
of solution with the drop and resulting upward mo
tion a t the boundaries of the containing vessel. 
The downward circulation would lag the fall of the 
drop slightly and would be directed along the capil
lary axis with consequent distortion of the shape 
of the depleted region left by a given drop into a 
more or less cylindrical shape. If the diameter to 
length ratio of such a cylindrical region became 
small enough, no mathematical "averaging" pro
cedure, by which an equivalent spherical volume 
replaced the cylindrical volume, could be ade
quate. The experimental result of such a phenom
enon would be a very steep concentration gradi
ent a t the sides of the growing drop with a conse
quent high current. This current would be a t its 
highest when the circulation velocity caused by 
the preceding drop was a t its maximum in the 
neighborhood of the capillary tip. 

For a slowly forming drop any disturbance re
sulting from such a circulation phenomenon would 
occur early in the drop life, a t which time any exal
tation of the current would be hard to distinguish 
from the normal growth of current (see Fig. 1). 
However, because of the pumping time lag men
tioned, the same exaltation could occur for very 
rapidly growing drops, whose life-time is very 
short, when the drop is nearly full grown, and the 
increase would appear as a maximum on the cur
rent - t ime plot. Such a maximum is, in fact, dis
played by one of the curves in Lingane's s tudy3 b 

(curve 1) which curve represents the shortest of 
the variety of drop life-times used, in qualitative 
support of the argument developed above. 

(8) (a) M. R. Carsten, Trans. Am. Geopkys. Union, 33, 713 (1952); 
(b) R. W. Moorman, Ph.D. Thesis, State "University of I1,wa. 1955. 

(9) I. I. McN'eown, personal communication. 
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None of the other assumptions necessary for the 
mathematical analysis of the extended Ilkovic 
problem (sphericity of the drop, isolation of the 
drop, etc.) are innovations, and none should have 
any important effect on the results. They have 
all been discussed previously, e.g., reference 5b. 

The authors wish to thank Dr. H. Strehlow, who called to 
their attention while the present paper was in proof the fact 

Previous articles from these laboratories1'2 have 
discussed the polarographic reduction of the copper 
chelates of several 1,3-diketones in various solvents. 
In particular, the second paper in this series has 
considered the relation between the polarographic 
half-wave potentials observed in the various 
solvents and the structure and electrophilic charac
ter of the chelate ligand. Considerable variation in 
the diffusion current constants for the reduction of 
the various copper chelates was reported. No 
over-all trend in diffusion current constants was 
apparent, although trends of some significance 
could be noted by comparing small groups of che
lates possessing similar ligands. The present paper 
investigates the influence of the solvent upon 
the reduction of the copper chelates and demon
strates that the dielectric constant and viscosity of 
the solution play important roles in determining 
the ease of reduction and the magnitude of the re
duction current for the electrode reaction in the 
various solvents. 

Experimental 
The polarographic procedures and experimental details 

have been described in the previous papers.1,2 

The viscosities of the ethanol, 2-methoxyethanol and di
oxane solutions were measured at 25.00 ± 0.01° with an 
Ostwald viscometer. The viscometer was calibrated at 20, 
25 and 30° with water and at 25° with 20 and 30% sucrose 
solutions. Details have been described elsewhere.3 The 
viscosities of the three solutions, each 0.1 M in potassium 
nitrate, are 75 vol. % ethanol in water, 0.0214 poise; 75 vol. 
% methoxyethanol in water, 0.0388 poise; and 75 vol. % 
dioxane in water, 0.0190 poise. The absolute viscosity of 
water was taken as 0.008903 poise at 25°.4 The dielectric 
constants for the ethanol, methoxyethanol and dioxane 
solutions have been taken as those of the pure solvents, 
37.9,5 27.76 and 13.6,5 respectively. 

(1) H. F. Holtzclaw, Jr., K. W. R. Johnson and F. W. Hengeveld, 
THIS JOURNAL, 74, 3776 (1952). 

(2) H. F. Holtzclaw, Jr., A. H. Carlson and J. P. Collman, ibid., 
78, 1838 (1956). 

(3) E. R. Nightingale, Jr., J. Phys. Chem., 63, 742 (1959). 
(4) J. R. Coe and T. B. Godfrey, J. Applied Phys.. 15, 625 (1944). 
(5) H. S. Harned and B. B. Owen, "Physical Chemistry of Elec

trolyte Solutions," 2nd Ed., Reinhold Publ. Corp., New York, N. Y., 
19.30, p. 118. 

that W. Hans and W. Henne (Naturwiss., 40, 524 (1953)) 
had demonstrated experimentally the effect of depletion on 
the rate of growth of the polarographic current. 

Acknowledgment.—The authors wish to thank 
the Atomic Energy Commission, which helped sup
port the work described. 
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Results and Discussion 
When copper (II) is complexed with the various 

1,3-diketones, stable chelates with the empirical 
formulas CuX2 are formed7'8 where X is the mono
basic chelate ligand. The primary electrode re
action for the reduction of these compounds at the 
dropping mercury electrode (DME) is given by 
equation 1 

CuX2 + J^Hg + 2 e - = Cu(Hg)1, + 2X~ (1) 
However, the chelate ions are the conjugate bases 
of very weak acids9 and hydrolyze rapidly in water. 
Hence, the over-all reaction, for which the elec
trode potential is a measure of the free energy, is 
given by 
CuX2 + yHg + 2H2O + 2e~ = 

Cu(Hg)„ + 2OH- + 2HX (2) 
This investigation has considered the effect of the 
solvent upon (a) the change in the polarographic 
half-wave potential for the reduction of the copper 
chelate according to equation 2, and (b) the 
magnitude of the diffusion current constant for a 
given copper chelate in the various solvents. 

Variation of Ey, with Solvent.—The half-wave 
potential, Ey„ for a rapid (reversible) polarographic 
reaction is a measure of the standard free energy 
of the reaction. For slow (irreversible) reactions, 
the half-wave potential is a function of both the 
heterogeneous rate constant at a standard potential 
and the transfer coefficient and is not necessarily 
related in a simple manner to the free energy for 
the reaction. An excellent discussion of irrever
sible polarographic processes has been presented 
recently by Randies.10 

(6) S. R. Phadke, N. L. Phalnikar and B. V. Bhide, / . Ind. Chem. 
Soc, 22, 239 (1945). 

(7) M. Calvin and K. W. Wilson, T H I S JOURNAL, 67, 2003 (1945). 
(8) L. G. Van Uitert, W. C. Fernelius and B. E. Douglas, ibid., 75, 

457, 2736 (1953). 
(9) L. G. Van Uitert, C. G. Haas, W. C. Fernelius and B. E. Douglas, 

ibid., 75, 455 (1953). 
(10) G. W. C. Milner, "The Principles and Applications of Polarog-

raphy and Other Electroanalytical Processes," Longmans, Green 
and Co., New York, N. Y., 1957, p. 53 ft. 
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The influence of the solvent upon the polarographic reduction of the copper chelates of some 1,3-diketones has been investi
gated. The half-wave potential is demonstrated to vary linearly with the reciprocal of the dielectric constant of the solvent, 
and this is attributed to the difference in the free energy necessary to charge the ionic products of the electrode reaction in the 
dielectric medium of the various solvents. The diffusion current constants of some chelates are observed to obey a Stokes-
Einstein relation when corrected for the differences in the viscosities of the solutions. For certain of the substituted dike-
tones, the Stokes-Einstein relationship is less satisfactory. These deviations are interpreted in terms of the size and struc
ture of the substituted chelate molecule. 


