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The reduction of hexamminechromium (IIT)
jons at the dropping mercury electrode has
been studied by several investigators under a
fairly wide range of conditions.}~® Its charac-
teristics in aqueous solutions, both neutral and
acid, have been extensively discussed in two
recent papers from this Laboratory.?®> The
first paper demonstrated the role of hydrogen
ions on the polarographic reduction of hex-
amminechromium(III), while the second was
concerned with the study of the nature of the
one-electron reduction wave of the complex
in neutral and acid aqueous solutions.

The present chronopotentiometric investiga-
tion was undertaken to support the validity
of some of the conclusions reported previous-
ly,*> and to obtain a further insight into the
mechanism of the electroreduction of hexam-
minechromium (III) ions.

Experimental

Hexamminechromium (IITI) chloride was prepared
according to the method of Mori;? the chromium
and nitrogen contents were determined by the
usual methods.

Found: Cr, 19.79; N, 31.6. Calcd. for [Cr-
(NH3)glCls: Cr, 19.96; N, 32.29.

As the complex is sensitive to light and not very
stable in an aqueous solution,® precautions were
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taken when it was used. All other chemicals were
of analytical reagent grade. Redistilled water
was used to prepare the solutions of desired con-
centrations. The contamination of the solutions
with surface-active substances was carefully avoided.

A modified apparatus of the constant current
supply described in the literature®® was used for
all measurements. A dropping mercury electrode of
a long drop time (about 60sec.) was used for a
cathode. A mercury pool electrode with a large
surface area served as an anode, which was
connected to the cathode compartment of the
cell through a salt bridge of low resistance. The
characteristics of the dropping mercury electrode
used in this study are given in Table I. A poten-

TABLE I. CHARACTERISTICS OF THE DROPPING
MERCURY ELECTRODE
Mercury height Rate of flow of Drop time
h mercury, m 14
cm. mg. sec,”! sec.
25 0.1164 61
70 0.341, 22

Measured in a deaerated solution containing
0.1 M acetate buffer and 0.9 m NH,CI at open
circuit.

tial-time curve was obtained in a small fraction of
a drop life, so that the surface area of the mercury
drop did not change appreciably during the measure-
ment.10.1  Potentials of the dropping mercury
electrode (working electrode) were measured against
a saturated calomel electrode (SCE). The poten-
tial difference between the reference and the work-
ing electrode was fed through a direct-current
preamplifier to a Toshiba oscilloscope, Model ST-
1747A. The alternating voltage of audiofrequency
from an oscillator, Yokogawa OV-21A, was supplied
for the beam modulation. The transition time was
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determined by the method of Kuwana.!?> Dissolved
oxygen in the electrolytic solution was removed by
bubbling purified nitrogen gas through the solution.
All measurements were made at 25+0.1°C.

Results

When a hanging mercury drop electrode
was used for a working electrode, no repro-
ducible chronopotentiogram was observed. At
a dropping mercury electrode, however, repro-
ducible chronopotentiograms were obtained.
Figure 1 shows a typical example of a cathodic
chronopotentiogram of hexamminechromium-
(III) ions obtained in an acetate buffer solu-
tion.
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Fig. 1. Chronopotentiogram of 5mmMm [Cr-

(NH;3)elCls in 0.1 M acetate buffer + 0.9m
NH,Cl (pH 4.6) at 25°C. Current density,
1.44; mamp. cm~—2; surface area of the elec-
trode, 2.93 mm?. The measurement was
started at 55 sec. after the beginning of the
growth of a mercury drop.

The effect of the aging of the electrode has
been reported by several authors.? ¥ There-

fore, some preliminary measurements were
made with hexamminechromium(III) ions at
the slowly dropping mercury electrode. The

results given in Table II clearly indicate that
no appreciable effect of the aging was observed
under the present experimental conditions.

TABLE II. EFFECTS OF THE AGING OF THE SLOWLY
DROPPING MFRCURY ELECTRODE ON THE CHRO-
NOPOTENTIOGRAM OF 1 mm [Cr(NH;)]Cl;
OBTAINED IN 0.9M NH,Cl+ 0.1mM
ACETATE BUFFER

* ; R
ee. V.veSCE  see. " amnP mamp..
15 —1.03; 0.140  0.693 0.259
30 —1.03,4 0.139 0.696 0.259
55 —1.03, 0.140 0.693 0.259

* Time elapsed since the beginning of the
growth of a mercury drop.
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The values of ir!/?, where i is the current
density at the polarizable electrode and ¢ the
transition time, were determined at various
current densities for the reduction of hexam-
minechromium (ITT) ions at a dropping mercury
electrode, with the results given in Table III,
which shows that the product iz'/? is independ-
ent of the current density. This clearly
indicates that hexamminechromium(III) ions
are directly reduced at the electrode without
any preceding chemical reactions prior to the
electron-transfer process, being in a satisfactory
agreement with the previous conclusion ob-
tained in the polarographic study of the same
complex.5>

Measurements were also made at various
concentrations of the complex. The results
are presented in Table IV. The average value
of i1/ ¢ /Co° obtained from some hundred runs,
where Co° represents the bulk concentration
of the complex, was 0.256 mamp. sec/? cm~2-
mmMm~'. It may be assumed that a theoretical
equation derived for a linear diffusion process
is applied to the present system without
introducing any significant error. According

TaABLE IIl. TRANSITION TIMES FOR THE REDUC-
TION OF 2mM [Cr(NH;)s]Cl; AT VARIOUS
CURRENT DENSITIES

i T itl/2,
mamp.cm -2 sec. mamp.sect/2cm 2
In 0.1 M acetate buffer + 0.9 m NH,CI
0.443 1.37, 0.518
0.574 0.801 0.514
0.745 0.475 0.513
0.972 0.282 0.515
1.25, 0.169 0.518
1.634 0.100; 0.519
2.28, 0.0515 0.518
2.96; 0.0302 0.515
4.164 0.0153 0.516
In 0.1 M acetate buffer + 0.9 M KCl
0.476; 1.15; 0.512
1.39, 0.133; 0.507
TaBLE IV. itY2/Co° FOR THE REDUCTION OF
[Cr(NH3)6]Cls
Co° i T it1/2/Co° mamp.-

mm mamp. cm ™2 sec. sect/Zem~*mm !
In 0.1 M acetate buffer + 0.9 NH,Cl (pH 4.6)

5.00 1.44; 0.736 0.249
2.85 1.08; 0.441 0.252
2.15 1.44, 0.146; 0.257
2.00 2.28, 0.0515 0.259
1.60 0.892 0.211; 0.256
1.00 0.696 0.139 0.259
0.89 0.499 0.215¢ 0.260
Ing.1 M acetate buffer + 0.9 M KCl (pH 4.6)
2.00 0.476; 1.15; 0.256
2.00 1.39, 0.133; 0.254
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to Sand!*? the value of iVt /Co° for a linear
diffusion is given by: '

W _VZ ok pe=8551myDy (1)
Co 2

where F is the Faraday; Co°, the bulk con-
centration expressed in mM; Do, the diffusion
coefficient expressed in cm?sec™! and n the
number of electrons involved in the electro-
reduction. Introducing one for » and 0.85X
10-*cm?sec~! for Do, which was determined
polarographically, the theoretical value of
iVt /Co° is calculated to be 0.250 mamp.-
sec'/?cm~?mm~!, This value is in a good
agreement with the experimental one.

The potential at t=7/4(E.;s) and the poten-
tial at =0 (E;-,) were dependent on the
current density and the concentration of the
complex ; these potentials change linearly with
log i and log Co° as are shown in Figs. 2 and
3.
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Fig. 2. Relations of (1) E.; with log i and

(2) Ei=¢ with log i of 2mm [Cr(NHs)elCls
obtained in 0.1 M acetate buffer + 0.9 M NH,CI

(pH 4.6). Ohmic drop is corrected.
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Fig. 3. Relations of (1) E./ with log Co° and

(2) Ei.o with log Co° obtained at various
concentrations of [Cr(NH;)elCls in 0.1mM
acetate buffer + 0.9m NH,Cl (pH4.6) at
current density of 1.08; mamp. cm~2, -

14) H. J. S. Sand, Phil. Mag., 1, 45 (1901).
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Figure 4 shows the plots of the logarithmic
functions of time against the electrode poten-
tial’® A plot of log {(Wt—VvV1)/Vt}
versus E yields no straight line, but that of
log (Vv —1t) versus E yields a straight
line with a reciprocal slope of 76 mV.

An example of the potential-time curves
obtained by the electrolysis at a constant
cathodic current followed by the anodic
oxidation at the constant anodic current of

log (W7 —-vO)/VT)
log (W7—Vv'1)

05

= -11
E, V. vs. SCE

Fig. 4. Relations of (1) log {(vVz —Vv' 1)/
vt} vs. Eand (2) log (Wt —v'f) vs. E
obtained with Smm [Cr(NH;)e]Cl; in 0.1 M
acetate buffer + 0.9 M NH,CI (pH 4.6).
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Fig. 5. Chronopotentiogram for the reduction

and subsequent reoxidation of 2mm [Cr-
(NHj3)6lCl; in 0.1mM acetate buffer +0.9M
NH,CI (pH 4.6) at current density of 0.470;
mamp. cm~2,

TABLE V. TRANSITION TIMES FOR THE REOXIDA-
TION PROCESS OF 2 mM [Cr(NHj)s]Cl; RECORDED
IN 0.1 M ACETATE BUFFER + 0.9M KCIl AT
CURRENT DENSITY OF 0.461, mamp. cm~2

Te Ta r,/r, Eéi 0¥ Egy ¥
sec. sec. V.vs.SCE V.vs.SCE
1.10 0.36; 3.0 —0.98 —0.63
0.99, 0.33; 2.9
0.86¢ 0.28; 3.0

* Potential of the cathodic wave at time zero.
**  Potential of the anodic wave at time zero.

15) ‘W. H. Reinmuth, Anal, Chem., 32, 1514 (1960).
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the same magnitude with the opposite sign is
given in Fig. 5. The cathodic and the anodic
potential-time curves are separated by approx-
imately 0.35V. The ratio r./t. determined
with 2 mM hexamminechromium(III) jons in
an acetate buffer solution is presented in
Table V, where z. is the transition time for
the cathodic process and ., that for the
following anodic process. The ratio of 7./ra
fluctuates around 3, the theoretical value that
is expected when the reduced species is
soluble and the current densities at the for-
ward and the reverse process are equal in
magnitude.!®?

Discussion

The mechanism of electroreduction of the
heamminechromium(III). ions in acid buffer
solutions has been reported as follows ;>

[Cr(NH;)] % +e = [Cr(NHa)e]** 2
[Cr(NH3)¢] 2+ +n H;0t —
[Cr(H:0) n (NH3)6-5]2* +n NH,* (3

It may be concluded from the d.c. polaro-
graphic and the chronopotentiometric investi-
gations that hexamminechromium(III) ions are
directly reduced at the dropping mercury elec-
trode without any preceding chemical reaction
prior to the electron-transfer process. The
Kalousek polarograms® and the current-reversal
chronopotentiograms indicate that the overall
process of the reduction of hexamminechro-
mium (III) to chromium(II) proceeds irrevers-
ibly at the dropping mercury electrode :

[Cr(NHs)6) ** +e+nH;0* —
[Cr(H:0)n (NH3)6-5) ** +n NH,* (4

Two mechanisms may be considered. One is
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that, although the electron-transfer process
given by Eq. 2 proceeds reversibly, the net
electrode process appears to be irreversible on
account of the extreme rapidity of the follow-

ing chemical reactions, while the other is that

the electron-transfer process itself proceeds
irreversibly.

The characteristics of the chronopotentiogram
for the first!”~'® and the second?®?"> mechanism
have already been analyzed theoretically, which
are given in Table VL!®

In the reduction of hexamminechromium-
(III), the plot of log (V' —v/ t) vs. E yields
a straight line, whose slope is somewhat greater
than 59 mV., a theoretical value expected for a
reversible one-electron reduction at 25°C. This
suggests the possibility of the electron-transfer
process itself being irreversible. According to
the results of theoretical analysis given in
Table VI, the slope of the plot should be
equal to the constant RT/anF independently
of the concentration of the hexamminechro-
mium(III) and the current density i. However,
as is seen in Table VII, the slopes of the plots
obtained experimentally vary with the transi-
tion time, and increase with increasing current
density at the same concentration of the com-
plex. This fact can not be explained satisfac-
torily by the mechanism which assumes the
totally irreversible electron-transfer process.

Recently, Gellings*® studied the characteris-
tics of the current-potential curves for the
electrode process of kinetic nature, where he
proposed a method by which the potential can
be expressed as a function of the current by
the application of Lagrange’s theorem. This
method was applied in this study to a general
treatment for the chronopotentiometric poten-
tial-time curve for the process represented by
the following scheme :

TABLE VI. DIAGNOSTIC CRITERIA FOR KINETIC SCHEMES
. . . aEr)’( __QE:_M _Ta_
No. Kinetic schem Linear In-plot Slope of In-plot ni 91n Co® -
1 O0=R->Y V-Vt RT/nF —RT/nF RT/nF 0or 1/3
2 0O—-R V-1 RT/anF —RT/anF RT/anF 1/3 0or 0
Potential relations for kinetic schemes
RT : RT . o5*
= o — —_— —_—
1 E=E,°+ nF]nu/r 1/!)+2r:Fln:rr
RT - - RT | 2k**
= @ —_ —In—
2 E E,+anFln(l/r ‘/’Hanﬁ"“yw

*

16) A. C. Testa and W. H. Reinmuth, Anal. Chem., 32,
1512 (1960).

17) P. Delahay, C. C. Mattax and T. Berzins, J. Am.
Chem. Soc., 76, 5319 (1954).

18) W. K. Snead and A. E. Remick, ibid., 79, 6121 (1957).
19) W. H. Reinmuth and A. C. Testa, Anal. Chem., 32,

a7 Rate constant for a following chemical reaction.
Rate constant for electron-transfer at E=E,°.

1518 (1960).

20) P. Delahay and T. Berzins, J. Am. Chem. Soc., T5,
2486 (1953).

21) P. Delahay and G. Mamantov, Anal. Chem., 27, 478
(1955).

22) P. J. Gellings, Z. Elektrochem., 66, 477, 481 (1962).
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TapLE VII. KINETIC PARAMETERS OF HEXAM-
MINECHROMIUM (III) OBTAINED FROM THE
CHRONOPOTENTIOMETRIC MEASUREMENTS

Co® i, mamp.- T E;o* log-plot
mM cm~—2 sec. V.vs.SCE slope, mV.
2.00 1.63, 0.100, —1.01; 85
2.85 1.08; 0.439 -0.99, 80
5.00 1.44, 0.736 —0.98, 76
2.00 0.44; 1.36 —0.98, 73

* Corrected for ohmic drop across the
electrolytic cell.

O+ne = R (5)
R2Y (a;/005 1) (6)
ab

where O is a reducible substance, R its reduc-
tion product, Y a substance which is neither
teduced nor oxidized at the potentials where
the reduction of O occurs and ¢y and o are
the rate constants of the following chemical
reaction.

When [i/iy] is less than 2, where i, means
the exchange current density for the electro-
«chemical reaction given by Eq. 5, i.e., in the
<ase of a reversible electron-transfer, Eq. 7
holds:

=¥+ S8l 7
with gl'- - (E E.°), f=i/is, g=Co/Co°,

for which the condition for convergence is:
| fa=B?/(gPh")| <1
In the case of a large current density (|i/ip] >

2), i.e., in the case of an irreversible electron-
transfer, Eq. 8 is satisfied :
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f hn npfa
—a(ﬁ*’ln;-i—EAnm (8)

for which the condition for convergence is:
|h=gl/(a"B?f)| < 1

In Egs. 7 and 8, a and 8 represent the transfer
coefficients for the cathodic and the anodic
process respectively (a+8=1), Co and Cr
the concentrations of O and R at the electrode
surface respectively, Co° represents the con-
centration of O in the bulk of the solution,
E the potential of cathode at time ¢, E. the
formal standard potential of the electroactive
couple, 4, and B, are the coefficients in power
series®® and /" is the gamma function. Accord-
ing to Delahay et al.'”> the concentrations of
O and R at the electrode surface are given as:

Co(0, 1) =Co Ff/”/—]‘/ 5 ©)
i 2Vt eLf_l/_Qi)
Cr(0, 1) = nFl./D(l/ KT Ve,

where K is the equilibrium constant for the
reaction given by Eq. 6 (K> 1), D the com-
mon value of Dg and Dy which are assumed
to be the same, and erf means the error
function. -Introducing Eq. 9 into Egs. 7 and
8, Egs. 10 and 11 are obtained for a reversible
and an irreversible electron-transfer process
respectively. In Egs. 10 and 11, k, represents
the rate constant for the electron-transfer
process at E=E,°.

In Eq. 10 the potential at =0 (E;=p)
becomes definite only when Vo s >2, otherwise

po, RT 1-vi/z
E=ES+  p I (21/':‘ em/a,f)
nFCo° v D\ V2K Vs
RT ?2 B @i/ig)" _ _
THF ST Gy v Darp( v i+ - S ) (10)
K 2 Viasr
(for a reveversible electron-transfer)
_po, anF 1-V't/r
E"'Ee + RT In i
nFk,Co°
_ Vz erfVast T‘
—_— nhja i
3 RT E‘,A (1 —=vt/7) "['I/DO/D( Vitjc+—— 3 Ve ) an
anF ;=1 (/i) "+ E/ad

(for an irreversible electron-transfer)
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becomes infinite, since the value of the
error function virtually is equal to unity for
an argument larger than 2. When Vas > 2,
the plot of E vs. log (V' = —1v ¢ ) should yield a
straig lhtine whose slope is equal to 2.3RT/nF.
In Eq. 11, on the other hand, E;-, is independ-
ent of ¢y, because the additional term (the
third term) of the equation becomes zero when
t equals zero. Hence, E;~y vs. log i and E;=o
vs. log Co° should yield straight lines whose
slopes equal —2.3 RT/anF and 2.3 RT/anF
respectively. Finally, in both Egs. 10 and 11,
it is expected that the logarithmic term, log
(V' —1Vt), varies with potential linearly or
curvilinearly depending on the magnitude of
the additional term of the equations. This
explains the experimental results that the
slope of the apparently linear log-plot varied
with the transition time. (See Table VII).

The value of E;-, was found to change
linearly with log i and with log Co°. If Eq.
11 can be applied, the absolute value of the
reciprocal slopes of E;-o vs. log i and E;-o vs.
log Co° should be equal to the constant 2.3RT/
ankF, because the additional term of Eq. 11
approaches zero at t=0. In the experiments,
the reciprocal slopes of E;=, vs. log i and E;-o
vs. log Co° were found to be —66mV. and
65 mV. respectively at 25°C, as are seen in
Figs. 2 and 3. Thus, every slope of log-plot
was somewhat greater than 59mV. a the-
oretical value expected for a reversible one-
electron reduction at 25°C. As for the potential
at t=0 (E;-,), definite values were obtained,
which also support the mechanism given by
Eq. 11. Consequently, the irreversibility of
the electron-transfer process itself is favorably
inferred.

In view of the above-mentioned facts a
reasonable conclusion that may be drawn from
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the available data is that hexamminechromium-
(III) ions are irreversibly reduced at the drop-
ping mercury electrode without any preced-
ing chemical reactions prior to the more or
less irreversible electron-transfer process, follow-
ed by the rapid aquation of the reduced species.

Summary

The reduction of hexamminechromium (III)
ions at the dropping mercury electrode has
been studied chronopotentiometrically in ace-
tate buffer solutions. The electrolysis at con-
stant cathodic current gives a well-defined
chronopotentiogram which corresponds to the
one-electron reduction of chromium(IIl) to
chromium(II), but the anodic chronopoten-
tiogram which is obtained by the electrolysis
at constant anodic current is clearly separated
from the cathodic one.

A general treatment for a chronopotentiomet-
ric potential-time curve for the electrode
process with the following chemical reaction
has been developed by the application of
Lagrange’s theorem. The results indicate that
hexamminechromium (III) ions are irreversibly
reduced at the dropping mercury electrode
without any preceding chemical reactions prior
to the more or less irreversible electron-trans-
fer process, followed by the rapid aquation of
the reduced species.
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