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TABLE I 

THERMODYNAMIC FUNCTIONS AT 298 0K. 

H + 

H2O 
F -
C i -
ClO3-
B r " 
I -
io 3 -
Se2" 
Te2" 
Te4" 
NO 3 -
NH 3 

NH 1
 + 

N H 2 " 
NH2OH 
Guanidinium ion 

AHf, 
kcal./mole 

O 
- 7 1 . 6 

- 6 5 . 7 
- 4 7 . 7 
- 5 9 . 0 
- 4 5 . 3 

- 1 9 . 0 
- 2 7 . 8 
- 2 9 . 7 
- 7 7 . 6 
- 1 6 . 1 
- 1 6 . 1 

10.1 
- 2 4 . 6 
- 2 0 . 0 

AFf, 
kcal./mole 

0 

- 8 0 . 8 
- 4 4 . 1 
- 1 7 . 7 
- 3 9 . 9 
- 2 9 
- 4 2 . 4 

- 4 2 . 8 
- 2 . 7 

- 2 .7 
34 

5°, 
e.u. 

0 

- 3 0 . 3 
15 

- 3 0 . 3 
- 2 5 

- 5 
24 .7 
24.7 

- 1 0 

S C N -
P b + + 
Pb9 

Tl + 

Zn + + 
Hg + + 
Ag + 

Mn + + -
B H 4 -
Ca + + 

Li + + 
Na + 

K + 

Rb + 

Cs + 

1Ae2
- (am) 

e" (am) 

AHf, 
kcal./mole 

- 1 1 . 8 
21.0 
64 

45.2 
26 

- 1 5 . 7 
- 1 0 0 . 0 

- 4 9 
- 3 8 . 1 
- 4 0 . 5 
- 3 9 
- 4 0 . 5 

40.5 
43.5 

Ai?f, 
kcal./mole 

13 

5.7 
- 2 5 

31 
17.5 

- 2 6 

- 1 0 0 
- 5 4 
- 4 3 . 6 
- 4 7 . 0 
- 4 7 . 5 
- 4 8 

44.4 

S", 
e.u. 

11 

35 
23 

- 2 1 
8 

15.1 
21.4 
29 
29 

2 

both the positive and negative ions fall upon a line 
if the absolute entropy of H + in ammonia is taken 
as — 25 e.u. This plot is shown in Fig. 1. Since 
the slope of the line (as drawn) is unity, the co­
efficient of the Z/r<? term in the Powell-Latimer 
equation must be approximately the same for both 
ammonia and water. At least for monatomic ions, 
it would appear that absolute entropies in water 
are simply 23 units higher than in ammonia. 

Values for N O 3
- and ClOs - are included in Fig. 1, 

but since the Powell-Latimer equation applies 
only to the monatomic ions, it is not surprising that 
they fall off the curve. The experimental data for 

dipositive ions in ammonia are so incomplete that 
it is not possible to ascertain the dependence of the 
entropies on the charge on the ion with any ac­
curacy and the tentative values for Ca++, Pb++ 
and Hg++ have not been plotted in Fig. 1. 

A recalculation has been made of many of the 
thermodynamic functions for ions in ammonia.7 

A number of these new values differ from those pre­
viously tabulated by Jolly,2 and a new summary is 
therefore given in Table I. 

(7) For the detailed calculations see W. L. Jolly, University of 
California Radiation Laboratory Report No. UCRL-2201, May, 1953. 
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Two independent schools have recently derived equations of totally irreversible waves; the equations are identical. The 
equation predicts that a t the foot of the wave, the current obeys relationships that are typical of kinetic control; a t the 
head of the wave, however, diffusion controlled relationships apply. Several expressions have been derived from the basic 
equation. Experimental verification of these expressions furnishes a convincing proof of the validity of the theory of ir­
reversible waves. 

During recent years, two independent approaches 
have been made to the problem of the interpreta­
tion of completely irreversible polarographic waves. 
The treatment employed by Delahay and Strass-
ner1 - 3 differs only in minor respects from that due 
to Evans, Hush and Oldham.4-6 The basic equa­
tion of the polarographic wave, as derived by Dela­
hay,1'2 is identical in all but mathematical termi­
nology from that obtained by Hush and Oldham.6 

The symbolism and method of the latter workers 
has been retained in the present paper because it 

(1) P. Delahay, T H I S JOURNAL, 73, 4944 (1951). 
(2) P. Delahay and J. E. Strassner, ibid., 73, 5219 (1951). 
(3) P. Delahay, ONR report No. 7, Project NR-051-258 (1952). 
(4) M. G. Evans and N. S. Hush, / . Mm. phys., 49, C159 (1952). 
(5) N. S. Hush and K. B. Oldham, Nature, in press. 
(6) N. S. Hush and K. B. Oldham. Trans. Faraday Soc, in press. 

is more amenable to mathematical treatment than 
the graphical procedure of Delahay. 

The purpose of the theoretical Section of the 
present paper is to present some of the implications 
of the theory and, in particular, to derive relation­
ships that may be readily tested experimentally. 
The experimental section is devoted to the verifi­
cation of these relationships. Such verifications of 
the theory as have hitherto been reported,2'6 have 
been of a somewhat scanty nature. 

Implications of the Equation of the Irreversible 
Wave.—The basic equation derived by Hush and 
Oldham6 to express the instantaneous current, it 
(in microamperes), passed by a dropping mercury 
electrode in consequence of the totally irreversible 
reduction 
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Ox + ne~ —>• Rd (1) 

occurring a t its surface, is 

it = -Jl ( ^ r ) V ' NFCDVm1ZH1Zi Vz exp. Z erfc VI 

(2) 

where d is the density of mercury (13534 mg. c m . - 3 

a t 25°) ; iV is the total number of electrons trans­
ferred per molecule of Ox; F is the faraday (96500 
coulombs m o l e - 1 ) ; C is the bulk concentration of 
Ox (millimoles l i t e r - 1 ) ; D is the diffusion coefficient 
of Ox (cm.2 s e c . - 1 ) ; m is the ra te of flow of mercury 
(mg. sec . - 1 ) , and t is the drop age (sec) . The com­
plement of the error function is denoted by "erfc"; 
it is defined by 

erfc y = 1 
2 I" exp (— y2)dy 

The dimensionless parameter Z is given by 

-naFE (s )*_,_» o exp • RT 

(3) 

(4) 

where n is the number of electrons involved in the 
rate determining step of reaction (1) (a whole 
number, less than or equal to N); a is the corre­
sponding transfer coefficient; E is the potential 
applied to the electrode (corrected for ohmic drop, 
in volts versus any reference, electrode and meas­
ured in accordance with the European convention, 
as is usual polarographic practice); R is the gas 
constant (8.314 volt coulomb m o l e - 1 0 C . - 1 ) ; 
T is the absolute tempera ture ; k is the unimolecular 
velocity constant of reaction (1) (in the hetero­
genous units, cm. sec . - 1 ) a t potential E, and ko 
is the value acquired by this ra te constant a t the 
zero of the potential scale upon which E is meas­
ured. 

I t is convenient a t this juncture to define certain 
other symbols t ha t will be employed later. The 
symbol id will be 'used to denote the instantaneous 
value of the diffusion-limited current. The func­
tion 7 will be defined as the ratio of * (at a given 
value of E and /) to id (at the same value of t). 
The symbol I will be used to denote the mean 
current over the drop life. The subscript "m" 
will be applied to denote the conditions pertaining 
a t the instant before the drop becomes disconnected. 
The function /3 will be denned as the ratio l/im. 
The symbol h will be employed to denote the 
effective mercury head (the reservoir height, in 
cm., less a small back-pressure correction7). The 
term P will be used as an abbreviation for the first 
five terms on the right-hand side of equation (2). 

I t is instructive to consider the two limiting 
forms acquired by equation (2). As the potential 
becomes very negative, k assumes large values and 
consequently Z approaches infinity. Under these 
conditions it is legitimate to employ power expan­
sions of exp Z and e r f c v Z , which give the limiting 
form of (2) to be 

( « 7 * 0 . 9 = 
fO'/im'/<i'/< 

V x ( ' - « ) (5) 

(7) I. M. Kolthoff and J. J. Lingane, "Polarography," Vol. I, 
Second Edition, Interscience Publishers, Inc., New York, N. Y., 1952, 
pp. 78-86. 

Similarly, the limiting form of (2) for the most 
positive potentials is 

(n) rso.l - PD1ZmW* Vz=Pm2Z*t'Z>k (6) 

Equat ions (5) and (6) are approximations of (2) 
valid to bet ter than 5 % in the ranges of y indicated. 
Equat ion (5) is of the same form as the Ilkovic 
Equation, to which it reduces when Z becomes 
infinite. On the other hand, (6) is an equation 
typical of kinetically controlled currents. I t is 
apparent t ha t i is proportional to electrode area 
and independent of D. 

The maximum limiting current will be given by 

(*d)m = 
PDVm1ZHm1Z* 

VTT 
(7) 

and since it has been shown7 t h a t m is directly 
proportional to h and tm is inversely proportional 
to h, it follows t ha t the maximum current a t the 
head of an irreversible polarographic wave is 
directly proportional to the square root of the 
effective reservoir height. However, since m and 
t occur to the same power in (6), im will be indepen­
dent of h a t the foot of the wave. 

The Shape of Irreversible Waves .—By using an 
undamped high-speed recorder it is possible to 
determine the variation of im as a function of a 
gradually increasing negative potential . The shape 
of the wave is most apt ly described in terms of the 
variation of the ratio ym with increasing negative 
potential. 

From equations (2) and (7), it is readily shown 
t h a t 

Tm erfc \/Zm (8) 

Since Zm and E are related by equation (4) thus 

k0Hm 2naFE 
In Zm = In 

D RT 
(9) 

A log tm 

A -JEl/, 

equation (8) defines the shape of irreversible polaro­
graphic waves. 

Equation (8) shows t ha t 7 m is a function of Zmonly. 
Therefore a t any constant value of 7 m (e.g., 0.5, 
corresponding to the half-wave potential, Et/,), 
Zm mus t be constant . Under these conditions, 
equation (9) predicts tha t -Ei/, will vary linearly 
with log tm and tha t 

2 ^ o g e = 3 3 8 w a v o l t _ 1 ( 1 Q ) 

a t 25°. 
If values are ascribed to the constants ko and 

not, equations (8) and (9) enable the wave shape t o 
be calculated uniquely since tm and D are readily 
determined. A comparison of experimental and 
theoretical wave shapes is reported in the experi­
mental section of this paper. 

The physical significance of Z m is clear. Z m 

takes values between 0 and infinity as 7 m varies 
from zero to unity. A t low values of Zm, the limit­
ing form of (8) shows t h a t the current is kinetically 
controlled, whereas diffusion control becomes 
increasingly operative as Zm approaches infinity. 
The changeover can be said to occur a t the point 
of inflection a t which Zm = 1/4. The inflection 
point occurs a t 7 m = 0.545 and not a t Ei/, as in 
the case with reversible waves. 
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A convenient method of representing polaro-
graphic waves is by the "log plot," i.e., a plot of the 
function log [(ij)m — im/im] versus —E. If tm is 
assumed to be constant over the range of a polaro-
graphic wave, from equations (8) and (9) 

(t'd)m — im _ ncxF_k>g ef 1_ d . , 
d £ l 0 g - RT 

2Zm 

Tm . 
( H ) 

The term inside the square brackets in (11) is 
variable with potential; however, it rapidly ap­
proaches unity as Zm becomes small and acquires 
the value 2 as Zm tends to infinity. Hence it is to 
be expected that the log plot for an irreversible 
reduction will be of an hyperbolic form, such that 
the gradient of the log plot in the region corre­
sponding to the head of the wave will be twice that 
of the lower section. Such a doubling of log plot 
slope has been previously reported5,6 for results 
based upon average currents. According to equa­
tion (11) 

( I 

and 

(A 
XdE 

log («'d)m 

log (t 'd)m — Ji 

1 

1 

2naF log e 
Yf 

_ naF log e 
»0 ~ RT 

= 33.8 na vol t~ l 

(12) 

= 16.9 na vo l t - 1 

(13) 

at 25°. 
The /3-Function.—From the definition of 13, 

a few transformations yield 

J "1Z2A exp Z erfc VZAZ 

erfc y/Z 

w h i c h s h o w s t h a t (3 is a func t ion of Zn, on ly . T h e 
fo rm of t h i s f u n c t i o n , a n d i t s d e r i v a t i o n , a r e dis­
cussed e l sewhere . 6 T h e func t ion (3 a t t a i n s t h e 
v a l u e 3 / 5 w h e n Z1n is smal l (base of w a v e ) a n d t h e 
I l k o v i c v a l u e 6 / 7 a t t h e h e a d of t h e w a v e a n d on 
t h e diffusion p l a t e a u . 

Exper imenta l 
In the experiments two recording polarographs were used: 

for the current-voltage curves the Sargent Model X X I was 
employed with 0.75 v. span and damping setting 0; for the 
/3-curves a Leeds and Northrup Type E Electro-chemograph 
was used with constant potential, applying damping 0 and 2. 
Because the damping is capacitative only in the latter in­
strument, no additional ohmic drop is caused provided the 
potential is kept constant. The potentials were checked 
with a Rubicon potentiometer. The current-time curves 
were recorded manually using a Du Mont Type 304 H cath­
ode-ray oscillograph, a Sargent Model I I I manual polaro-
graph and a stop watch. At its highest sensitivity setting 
the oscillograph had a Y-axis deflection of 32.4 inches per 
volt. The ohmic drop across a 9420 ohm resistor was fed 
in the Y-input of the oscillograph and the X-axis sweep was 
synchronized with the drop using a 32 juf external condenser. 

An H-cell having a 20-mm. fine sintered glass plug sepa­
rating the two compartments was used. The solution for 
analysis was placed in both compartments so that the 
liquid level was about 1 cm. higher in the cathode compart­
ment than in the anode compartment. The reference elec­
trode was a saturated calomel electrode (S.C.E.) connected 
to the anode compartment by means of a salt bridge con­
taining saturated potassium chloride solution and ending 
with an agar plug. The a.c. resistance of this cell was 580 
ohms (minimal value at instant of drop fall) using 0.2 JV 
potassium nitrate solution and 60.0 cm. mercury head. 
The ohmic drop corrections were the products of this value 
and the maximum current. The experiments were per­
formed at 25 ± 0.1°. Oxygen was removed from the solu­

tions with oxygen-free nitrogen. The dropping electrode 
(A) used had an jw-value of 1.935 mg./sec. and t = 4.50 sec. 
(open circuit and mercury head 60.0 cm. in 0.2 JV KNO3). 
For the £1/2 vs. log tm experiment another dropping electrode 
(B) was used with t = 2 . 0 9 sec. (open circuit and mercury 
head 64.0 cm.) and an »«-value of 3.195 mg./sec. In the 
experiments with varying mercury head a correction was 
made for the back-pressure which was calculated to be 1.5 
cm.7 The supporting electrolyte throughout the experi­
ments consisted of 0.2 N potassium nitrate and 0.005% 
gelatin. 

Results and Discussion 
In order to test experimentally the equations 

derived from the theory of irreversible waves, the 
hexaaquonickel(II) ion was chosen to be used in a 
nitrate supporting electrolyte where the reduction 
proceeds irreversibly.8 

The Current-Time Relationship.—The oscillo­
graphic technique has been widely used for the in­
vestigation of the current-time relationship. No 
ohmic drop correction is necessary provided the 
current has the true limiting value. The situation 
is, however, different if the rising portion of curve 
is studied. Depending upon the measuring resist­
ance and the gradient of the current-voltage 
curve at a particular potential, the current-time 
curve for a drop-life is more or less distorted. In 
order to obtain the correct im-t curve at a con­
stant potential the following graphical method was 
used. A family of im-t curves recorded at con­
stant applied potentials at 5-10 millivolt inter­
vals were plotted on the same graph, the ordinate 
being the applied potential and the abscissa time. 
The current (corrected for residual) is also plotted 
as ordinate such that increasing current is in the 
direction of decreasing negative potentials and 
such that the origin of each curve is at the corre­
sponding applied potential. The scale unit of 
current, 1 microampere, is equal to 10 millivolts 
to take into account ohmic drop caused by a total 
of 10,000 ohms resistance in the circuit. The 
correct im~t curve was obtained by sliding on a 
constant potential line from curve to curve and 
recording the corresponding current and time. 
Figure 1 shows experimental points obtained in this 
way at the beginning of the reduction wave of a 4 
millimolar nickel solution. The experimental 
points follow closely the theoretical /2/> behavior 
as is predicted by equation (6). 

The Dependence of the Current on the Mercury 
Head.—The theory predicts that at the beginning 
of the wave, the current should be independent of 
the mercury head whereasfthe limiting current is 
proportional to V « . The experiment was con­
ducted using a 4 millimolar nickel solution. The 
mercury head was varied between 35.0 and 79.0 
cm. at a set of potentials. In Fig. 2 the results 
are shown. The current corresponding to lowest 
mercury head was taken as reference and the 
relative increase was plotted against the square 
root of relative increase of the mercury head. As 
can be seen, the current at the bottom of the 
wave (Tm small) is almost independent of the mer­
cury head, whereas at the limiting current it is 
practically directly proportional to s/h. 

The Dependence of Ey2 upon Droptime.— 
The testing of equation (10) was performed using 

(8) Ucf. (7), p, 181). 
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o i 2 3 4 
t (seconds). 

Fig. 1.—The growth of current during the life of a drop, 
determined oscillographically. Lower portion of irreversible 
wave (7m = 0.1). Circles are experimental and the line is 
for i proportional to i2'3. 

two capillaries with different w-values and a 0.5 
millimolar nickel solution. Table I shows the re­
sults of these experiments. The agreement with 
the theory is fairly good as can be judged from the 
reasonable constancy of na. It might be pointed 
out that the relationship between Ey, and drop-
time is independent of the w-value. 

1.2 
y/h/ho. 

Fig. 2.—-Effect of variation of reservoir height on the 
maximum current at various points in the reduction wave of 
Ni + +. Circles are experimental. The upper curve is for 
Tm = 1.00, the others for Tm = 0.78, 0.54, 0.20 and 0.10. 

I t is of importance t ha t the increase of polariza­
tion during the drop-life be as small as possible or 

El. 

A 
A 
A 
A 
B 
B 

H, 
cm. 

35 
45 
60 
79 
48 
64 

TAB 

sec. 

7.66 
5.95 
4.47 
3.47 
2.75 
2.09 

LE I 

— £1/3 cor. 
v. vs. S.C.E. 

0.9589 
.9691 
.9798 
.9905 

1.006 
1.016 

A log (m 

33.83A - Eu 
= na 

Av. 

0.31 
.33 
.32 
.28 
.29 

. .31 

preferably zero. The experiments described above 
were obtained with an increasing polarization of 
0.93 millivolt/sec. and checked using constant 
potentials. In one series of experiments the rate 
of increase of polarization was 3.3 millivolts/sec, 
but this resulted in a distortion of the i-E curve, 
especially at large drop times. 

The Current-Voltage Curve.—One of the most 
convincing proofs of the theory is that the theoreti­
cal current-voltage curve has the same shape as the 
experimental one. In Fig. 3, the curve represents 
an experimental polarogram of a 0.5 millimolar 
nickel solution with the same slow rate of polariza­
tion as before. The points are obtained according 
to the theory from equations (8) and (9). The 
half-wave potential was used to "fit" the theoretical 
points to the curve. Additionally the following 
data were used: tm = 3.47 sec; D = 0.69 X lO"6 

cm.2 sec. -1; na = 0.40 and, as calculated from 
Ey1, h = 1.24 X 10-10cm. sec.-1. 

In Fig. 3 the plot of log (id)m — im/im against the 
potential is also shown. As can be seen the slope 
of the log plot approximately doubles as expected 
from equations (12) and (13). The na values ob­
tained here were 0.32 and 0.37, respectively. 

log Z,„ 

0.75 

0.50 

0.25 

O.UO 

- 4 
: 1 

-

-

v v . . - ' / - - " 

V 

I 

0 \ 

G 

- 2 

/..'' 

i 

• \ A 

i 

0 2 

/ ^ ' 

/ 

-

\ 

i 

O.i 1.1 0.9 1.0 
-E (volts vs. S.C.E.). 

Fig. 3.—The smooth curve is an experimental plot of T™ 
versus —E; the circles are calculated from equations (20) 
and (21). The two linear plots are portions of the log plot 
of the same wave; circles are experimental and the "best 
straight lines" were used in the calculation of log plot gradi­
ents. 

Strassner and Delahay9 have recently reported 
na values for the reduction of hexaaquonickel in 

(U) J. E. Strassner and P. Delahay, I T H JOURNAL, 74, 0232 (1D52). 
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various concentrations of gelatin. They report a 
value of 0.45 for 0.005% gelatin, which is in fair 
agreement with the value obtained here considering 
that the temperature (35°) and supporting elec­
trolyte concentration (IN) were different in their 
experiments. 

Generally speaking it must be realized that na 
is not necessarily constant along the wave, as 
pointed out by Strassner and Delahay.9 It is also 
very sensitive to stirring effects10 (see Fig. 3, 
bottom of the wave, where the slightly too high 
current is probably caused by stirring at the surface 
of the mercury electrode). 

As to the actual electrode process, it is conceiv-

I 

0.857 -

r>--a O O O O 

0.800 - p 

0.700 -

0.600 -

0.8 1.0 1.2 1.4 1.6 
-E (volts vs. S.C.E.). 

Fig. 4.—Plot of the variation of /3 with potential. Circles 
are experimental points. The dashed lines represent the 
theoretical limits of /3. 

(10) E. F. Orlemann, Ph.D. Thesis, University of Minnesota, 1941, 
observed stirring at the foot of the iodate reduction wave even in the 
absence of a visible maximum. 

able that n = 1, in other words, that the addition 
of the first electron is rate determining, although no 
proof can be presented. 

The 0-Curve.—In this experiment a 4 millimolar 
nickel solution was electrolyzed. According to the 
theory, the ratio i/im = /3 should be about 0.857 
at the limiting current and then it should decrease 
along the rising portion of the wave in the direction 
of more positive potential to a limiting value of 
0.60. Figure 4 shows the results of the experi­
ment, which agree approximately with the theory. 
The same curve was also obtained with one milli­
molar concentration of nickel. 

I t should be pointed out that in the rising portion 
of the wave a small ohmic drop decreases somewhat 
both I and im, but the correction almost cancels 
out for the ratio i/im; hence it is here neglected. 

It will be seen that the upper limit of /3 is only 
0.83 and not the Ilkovic value 0.86. A similar 
discrepancy that has been observed previously11 can 
be explained in terms of the modified Ilkovic equa­
tion.12 

Conclusion 
It has been shown that the reduction of hexa-

aquonickel(II) ion is in good agreement with the 
theory of totally irreversible polarographic waves. 
Some experiments (which are being continued), 
have been performed on the irreversible reduction 
wave of hydrogen ion; the results show the same 
features as do those for nickel ion, hence it can be 
assumed that the theory has general validity. 

The change of the dependence of the current on 
the mercury head, with change of potential over the 
rising portion of the wave, serves as a simple and 
rapid test of an irreversible polarographic process. 
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(11) Ref. (7), p. 75. 
(12) Ref. (7), p. 44. 


