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The kinetics and mechanism of the decomposition of the tetracyanocuprate(II) ion (Cu'(CN)4?-) have been
investigated by ESR measurements. Aqueous solutions of potassium cyanide with a small amount of copper(I)
cyanide were electrolyzed in a cell the platinum anode of which was set in the resonant cavity of an ESR spec-
trometer. Since Cu!(CN).2~, which is formed as an intermediate, gives a definite ESR spectrum, its concen-
tration in the anode compartment is estimated from the intensity of the first-derivative spectrum at a fixed mag-
netic field. From the decay curves of the ESR intensity after the steady-state electrolysis currents have been
switched off, a rate equation for the decomposition of Cu™(CN),*~ is derived ; v="Fk,[Cu!’(CN),2-]?/[CN~]2, where
ko is calculated to be 74 mol-dm=3.s1 at 25 °C. This rate equation is also confirmed by ESR measurements
during steady-state electrolysis, where the value of £,=60 mol-dm~3-s-! is obtained. On the basis of the kinetics,
two possible mechanisms are proposed: the formation of Cul!(CN);~, followed by the rate-determining bimo-
lecular reaction of Cu!!(CN),~ to give 2Cu!(CN),~4-(CN), (Mechanism A), and the formation of a binuclear
complex, Cull,(CN)g2—, followed by the rate-determining decomposition of Cull,(CN)¢?~ to give 2Cu!(CN),~+
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(CN); (Mechanism B).
tween the copper(II) ion and the cyanide ion.

In our previous investigations of the anodic oxida-
tion of the cyanide ion in the presence of the copper
ion, we have proposed the following catalytic mecha-
nism:2:3)

Cul(CN) -
T

Cu"(CN)*- + CN- — Cul(lCN)f‘ + —;—(CN)z )

— Cu'(CN),%~ + e~ (1)

We have detected the intermediate tetracyanocuprate
(II) ion (Cu™(CN),?") by ESR measurement.)) How-
ever, the rate of the chemical reaction, Eq. 2, was
too high to be measured by chronopotentiometry or
by the rotating-electrode technique under the condi-
tions adopted.? In the present work, the kinetic be-
havior of the intermediate Cu!(CN),*~ have been
investigated by ESR measurement, and the mechanism
of the reaction, Eq. 2, discussed.

Experimental

ESR measurement was made by use of a JEOL JES-ME-
3X spectrometer with X-band microwave and with a field-
modulation frequency of 100 kHz. A cylindrical resonant
cavity of the TEg,; mode was used.

Figure 1 shows the electrolysis cell used. The cell was
made from a quartz-glass tube (0.72 mm¢ in inner diameter)
and was equipped coaxially with the platinum-wire anode
(0.4 mmg¢). A platinum plate was used as the cathode.
The effective surface area of the anode was controlled by
means of a polyethylene sheath, as is shown in the right-
hand part of Fig. 1. The cell was fixed in the spectrometer
so that the working anode was positioned at the center of
the resonant cavity. All experiments were made at a con-
stant temperature of 25 °C.

The electrolytic solutions were prepared from reagent-
grade potassium cyanide and copper(I) cyanide. No sup-

The kinetics and the mechanism are compared with those of the chemical reaction be-
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Fig. 1. [Electrolysis cell for measurement of the ESR
absorption intensity.
a: Quartz-glass tube, b: platinum-wire anode, c:
platinum-plate cathode, d: polyethylene sheath, e.
resonant cavity, f: electromagnet.

porting electrolyte was used, because the concentration of
cyanide was sufficiently high. The concentrations are ex-
pressed in the unit of 1 M=1mol-dm— throughout this
paper. Copper(l) must have been present almost entirely
as Cul(CN)*~ under the experimental conditions in this
work, as can be calculated from the formation constants
of the cyano copper(I) complexes.) Therefore, the con-
centration of the free cyanide ion, [CN-], was simply cal-
culated from the concentrations of the total cyanide, Cgy-,
and the total copper(I), Cgyu(r), according to this equation:
[CN-]=Ccx-—4Cou -
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Results and Discussion

Relationship between the ESR Absorption Intensity and
the Quantity of Cu'(CN)2-. When a potassium
cyanide solution containing a small amount of copper(I)
cyanide was electrolyzed in the cell shown in Fig. I,
an ESR absorption spectrum was observed, as shown
in Fig. 2, which can be ascribed to the intermediate
Cu™(CN),*= ion.) Though copper(II) species other
than Cu"(CN),*~ might possibly be formed during
electrolysis, the ESR spectra did not show any evidence
of such species at all under the experimental conditions
in this work. In the following analysis, therefore,
copper(II) is considered to be present almost totally
as Cu'(CN),?-.

The signal intensity of the first-derivative spectrum
can be regarded as proportional to the quantity of
Cu(CN),?~ formed,? because the spectrum exhibited
the Lorentzian line-shape, because the peak positions
did not vary with the intensity, and because the local
difference in sensitivity due to the inequality of micro-
wave field was negligible in the small anode com-
partment. On the basis of the above considerations,
the signal intensity, I, was measured under different
conditions at a fixed magnetic field, H,, where the
peak was the highest, as is shown in Fig. 2. In these
experiments the conditions of the ESR spectrometer
were kept strictly constant, and the unit scale (1 div)
on the recorder chart was used as the unit of the signal
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Fig. 2. ESR absorption spectrum Cul(CN),2-.
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Figure 3 shows a typical change in the ESR signal
intensity after the switching-on and switching-off of
the constant electrolysis current for a solution with
a small Cy,(y/Con- ratio. The signal intensity was zero
before starting electrolysis, since Cu(CN),?*~ was not
present. When a constant anodic current was switched
on, the intensity increased linearly with the time at
first, and then reached a steady value. After the
current was switched off, the intensity decreased, quick-
ly at first and then slowly, to zero. Figure 4 shows
the initial rate of increase in the signal intensity at
the beginning of electrolysis, against the applied cur-
rent. A proportionality is seen between them. It
has been confirmed by other experiments that the
initial rate of increase in the signal intensity is inde-
pendent of the other conditions, i.e., the concentrations
of the free cyanide and the total copper(I), and the
electrode length.
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Fig. 3. Intensity of ESR absorption signal of Cu!l-
(CN),% after switching-on and switching-off of the
constant electrolysis current. (The unit intensity
(1 div) corresponds to 1.55x 10~? mol of Gul’(CN)?-,
¢f. the text).
[CN-]: 3M, Coum: 0.1 M, current: 60 pA, electrode
length: 6 mm.
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Fig. 4. Relationship between the initial increase rate
of ESR signal intensity and the current.
[CN-]: 3M, Coum: 0.1 M, electrode length: 6 mm.

As a method for determining the quantity of a
paramagnetic species from the ESR absorption in-
tensity, Faraday’s law has been applied by some work-
ers. Hirasawa ¢t al.®) have applied this method to
the formation of the anion radical of nitrobenzene,
and Dohrmann and Gallussen,” to the formation of
the copper(II) ion. A similar method is used in
this work. The results shown in Figs. 3 and 4 indicate
that at the beginning of electrolysis, the rate of the
decomposition of Cu(CN),*~ is negligible in com-
parison with the rate of the formation of Cu™(CN),2-,
and that the current efficiency of the formation (Eq.
1) of Cu(CN),2~ is almost 100%,. Therefore, the
quantity of Cu®(CN),?~, m, corresponding to the unit
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intensity of the ESR signal is calculated from the slope
of the line in Fig. 4, on the basis of Faraday’s law,
as follows:

m = 1.55 X 10-* mol/div. 3)

It may reasonably be assumed that the concentration
of the intermediate Cu®(CN),2- is substantially uniform
in the anode compartment along the length, L (Fig.
1), because the gap between the electrode surface
and the glass wall is relatively small (0.16 mm), and
because the current-density distribution may be nearly
uniform due to the small current and the large elec-
trolytic conductivity of the solution. For example,
the concentration of Cu™(CN),2~ during the steady-
state electrolysis shown in Fig. 3 is calculated to be
7.8x 103 M by using the value, m, of Eq. 3 and the
volume, V=1.69x10-%cm?, of the anode compart-
ment. Kinetic analyses will be made on the above
assumption in the following two sections. The validity
of the assumption will be discussed in more detail
in a later section.

Kinetics and Mechanism of the Decomposition of Cu'-
(CN) 2. In order to investigate the kinetics of
the decomposition of Cu'(CN),?, the decay of the
ESR signal was followed after the electrolysis current
has been switched off at certain steady state. The
lower the CN- concentration, the faster the signal
decayed. Figure 5 shows the reciprocal of the signal
intensity against the time for three different concen-
trations of CN-. A linear relationship is found, in-
dicating that the kinetics is second-order with respect
to Cu(CN),%~. Thus, the rate of the reaction, which
is defined as the rate of the disappearance of Cul-
(CN),%, may be formulated as follows:

i 2—
v= OO _ 4 rowam) e )
The rate constant, k,, is calculated from the slope of
each line in Fig. 5 by using the “m” and“ V'’ values,
while log £, is plotted against log [CN-] in Fig. 6.
Since k, is found to be inversely proportional to the
square of [CN-], the rate equation, Eq. 4, can be
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Fig. 5. Relationship between the reciprocal of ESR
absorption signal intensity and time at different CN—
concentrations.
[CN-]; a: 1M, b: 2M, c: 3M, Coun: 0.1 M,
electrode length: 6 mm.
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Fig. 6. Dependence of the second-order rate constant,
ky(M~15-1) upon the CN- concentration (M).

rewritten as Eq. 5, where &, is calculated to be 74
M-s1:
_ ;. [Cu(CN)* ]2
= b o)
Two types of reaction mechanisms can be considered,
both of which are consistent with the rate equation,
Eq. 5:
Mechanism A:

Cull(CN),- == Cull(CN),- + CON- (62)

2Cu’(CN) 4~ L 2Cul(CN),~ + (CN), (7a)
Mechanism B:

2CuI(CN) - == Cully(CN)g- + 2CN- (6b)

Cul,(CN)g2~ -—kb—> 2Cu!(CN),~ + (CN), (7b)

If the reaction, Eq. 6a or 6b, is in quasi-equilibrium
when [Cu(CN),2-]>[Cu™(CN);~] or [Cu(CN)2-1>
[Cu™y(CN)g2-], and if the reaction, Eq. 7a or 7b, is
rate-determining, the rate equation may be described
as follows:

[Cu(CN),*]?

—_ 2
v=k,K, [CN-]2

) (8a)

or:
[Cu(CN),*]*
[CN-]?

Here, K, and K, are the equilibrium constants of the
reactions, Egs. 6a and 6b, and £, and £, are the rate
constants of the reactions, Eqs. 7a and 7b, respectively.
Both Eqgs. 8a and 8b agree with the experimental
rate equation, Eq. 5. At present, it is not possible
to decide which of the two mechanisms is correct.
Another experiment has been made on this point,
however, and a further discussion will be presented
in a succeeding paper.

Since cyano copper(I) complexes are labile,® the
following equilibrium may always exist:

U= kab (Bb)
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Cu!(CN),~ + 2CN- — Cul(CN)-. 9)
During a steady-state electrolysis, the over-all reaction
may proceed through the reaction cycle of Egs. 1,
6a, 7a, and 9, or Egs. 1, 6b, 7b, and 9.

Kinetics during Steady-state Electrolysis.’ In order
to confirm the rate equation, Eq. 5, the steady-state
intensity of the ESR signal was measured under dif-
ferent conditions. Figures 7, 8, and 9.show the de-
pendencies of the signal intensity, I, upon the anodic
current, j; the electrode length, L, and the concentra-
tion of the free cyanide ion, [CN-]. It can be noticed
from these figures that the signal intensity is propor-
tional to j¥2, LV2, and [CN-]. '

It has been assumed that the intermediate Cu®-
(CN),2~ exists uniformly in the anode compartment
whose volume is V=n(R2—r?)L, where R is the inner
radius of the quartz-glass tube and where r is the
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Fig. 7. Relationship between the logarithm of steady-
state ESR intensity (div) and the logarithm of current
(uA)-

[CN-1: 3M, Coum: 0.1 M, electrode length; a: 3
mm, b: 6 mm, c: 12.mm.
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Fig. 8. Relationship between the logarithm of steady-
state ESR intensity (div) and the logarithm of electrode
length (mm).

[CN-]: 3M, Couy: 0.1 M, current; a: 30 pA, b:
60 pA, c: 120 pA.

Seiji YosumMura, Akira Karaciri, Yasuo DecucHl, and Shiro YosHIzAwa

[Vol. 53, No. 9

T T T

04

0 02 0.4
log [CN-]

Fig. 9. Relationship between the logarithm of steady-
state ESR intensity (div) and the logarithm of CN-—
concentration (M).

Coum: 0.1 M, electrode length: 6 mm, current; a:

30 yA, b: 60 pA, c: 120 yA.

radius of the platinum-wire electrode. In a steady
state when the rates of the formation and decomposi-
tion of the intermediate Cu™(CN),*~ are equal, the
following expression should hold:

J o, [CuCN)2T2 o .

=k o R )L. (10)
On the other hand, the steady-state intensity of the
ESR signal is expressed by Eq. 11:

I= —,i,-[GuH(GN)f-lmRz—rz)L. (1

By combining Egs. 10 and 11, the following equation
is obtained:

1 2 __ o2 1/2
I= _{_”(%_F_’l} . jY2LY2[CN-]. (12)

Thus, the intensity should be proportional to jU/%
L1/2) and [CN-]. These relationships are satisfied ex-
perimentally, as has been mentioned above. The rate
constant, k,, is calculated to be 60 M-s—! from the
results of Figs. 7, 8, and 9 on the basis of Eq. 12. This
value is in satisfactory agreement with the value,
74 M-s~1, obtained in the previous section.

Distribution of the Concentration of Cu™(CN)>2~ in the
Anode Compartment. Kinetic analyses have been
made in the preceding sections on the assumption
that the concentration of Cu™(CN),*~ was uniform
in the anode compartment. The validity of this as-
sumption will now be discussed.

It is known that cyanogen is primarily formed in
the anodic oxidation of the cyanide ion and is then
hydrolyzed according to Eq. 13:%

(CN), + H,0 — HCN + HOCN. (13)

When the concentration of CN- is sufficiently high,
the hydrogen cyanide polymerizes, according to Eq.
14, to give a brown polymer, which is called “az-
ulmin’’ :19)
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¥HCN —— (HCN),. (14)

Such a brown polymer was often observed after long-
time electrolysis in the present work, too. The forma-
tion of the brown polymer was almost uniform along
the length of the anode, indicating that the current-
density distribution was almost uniform.

The distribution of the concentration of Cu™(CN),2~
in the radial direction, i.e., the direction normal to
the electrode surface, can be calculated for steady-
state electrolysis by using the rate equation, Eq. 4,
and an appropriate differential equation. If the x-axis
is chosen in the radical direction, with the origin at
the electrode surface, and if an approximation of the
linear diffusion is made, a differential equation with
respect to the concentration, C, of Cu(CN),%- is
established as follows:

ac 9*C

= Do — ki (15)

Here, D is the diffusion coeflicient of Cu®(CN),%,
while %, is the rate constant in Eq. 4. At a steady
state, when GC/6t=O Eq. 15 gives Eq. 16:

E R Yo (1o
Boundary conditions, Egs. 17 and 18, hold:

i_(j= _—DJT_ and C=GC, at x=0 17)

id‘j_ -0 and C=C, at x=a (18)

where [ is the current density, where « is the distance
between the electrode surface and the glass wall (a=
R—r7), and where the subscripts 0 and a indicate the
electrode surface and the glass wall respectively. By
integrating Eq. 16 under the conditions of Egs. 17
and 18, the following equations are derived:

e (19
3 ]
—C3 = —
G — G, 2 EDFE (20)
The integration of Eq. 19 gives Eq. 2I:
¢ -
1 P {arcc ’b‘:"(l/S +1) 1/?_1}
—_ 08 > —
V'3 ——C;+(1/7—1) 2Vv'2
Co
2k,C, \V? )
~ () e, @

where F(p, k) indicates the elliptic integral of the
first kind.!1) The concentration distribution can be
calculated numerically from Eqgs. 20 and 21. A typical
example is shown by Curve a in Fig. 10, in which the
values of ky=74 M-s~1 and D=10-% cm?-5~f are used.

The horizontal line (Curve b) shows the average
concentration, which was obtained from the ESR
absorption intensity. The fact that Curve a lies near

t This value is estimated from the diffusion coefficients
of Cu?*+ (D=0.72x 10-% cm?-s71)1? and Cu'!(NH,)2+ (D=
0.95 % 10-% cm?-571),1® both of which have the same square-
planar configuration as Cu’(CN),*~.
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Fig. 10. Calculated concentration distribution (a) of
Cul(CN),?~ in the cell, compared with the experi-
mentally observed average-value (b).
[CN-]: 3M, Coum: 0.1 M, electrode length: 6 mm,
current: 30 pA.

Curve b shows the approximate validity of the as-
sumption that the Cu(CN),?~ concentration is uniform
in the radial direction in the cell.

Comparison with the Kinetics and Mechanisms of the
Chemical Reaction between Cu?t and CN— Ions. It is
known that the copper(II) ion reacts with the cyanide
ion in an aqueous solution to give copper(II) cyanide
as a yellowish-brown precipitate, which then decom-

poses to copper(I) cyanide and cyanogen, according
to Egs. 22 and 23:14:15)

Cu?t 4 2CN- —— Cu(CN), (22)
2Cu!(CN), — 2CulCN 4 (CN),. (23)

The cyanogen thus formed is evolved as a gas from
an acidic solution, or it is decomposed in an alkaline
solution as follows:

(CN), + 20H- — CN- + OCN- + H,0. (24)

When the concentration of the copper(II) ion is much
lower than that of the cyanide ion, not copper(II)
cyanide but a purple intermediate is formed, which
then gives cyanogen and a copper(I) species. Several
papers have reported about this purple compound.16-19)

The rate of the reaction between the copper(II)
ion and the cyanide ion is too high under ordinary
conditions to be measured by conventional methods.
Duke and Courtney??) have used the ammine copper
(II) complex to diminish the reaction rate in their
kinetic study, while Tanaka et al.?) have used the
ethylenediaminetetraacetatocopper(II) complex. Bjer-
rum et al.2223) have studied the kinetics in a methanol—-
water mixture at a low temperature. These three
groups of workers have, from their kinetic considera-
tions, expected the existence of Cu(CN),*~ as an
intermediate. From their measurements of ESR and
optical spectra, Longo and Buch?® have concluded
the purple intermediate to be Cu™(CN).~ with a
square-planar configuration.

Nord and Matthes?® have applied the stopped-flow
technique to the reaction between the copper(1I) ion
and the cyanide ion in aqueous solutions at ambient
temperatures. Thus by following the concentration of
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the intermediate Cu™(CN),2~ by using an optical spec-
trometer and a oscilloscope, they obtained a rate equa-
tion, Eq. 25, from which they have proposed a reaction
mechanism, Eqs. 26 and 27, the latter being rate-
determining:

_ , LCuT(CN) 2]

= 5
Cu¥(CN),*~ == Cull(CN),~ + CN- (26)
Cul(CN).2~ + Cul(CN);~ — Product. @7

There is an agreement between their work and ours
in that the reaction rate is proportional to the square
of [Cu"(CN),2-]. However, there is a disagreement
in the dependency upon [CN-].

Baxendale and Westcott?®) have studied the kinetics
at rather low pH values, where the concentration of
the free cyanide ion is so small that the reaction rate
is relatively small and can easily be measured. Thus,
they followed the change in the concentration of the
reaction product, Cu'(CN),~, by means of a UV
spectrometer, and obtained the result that the reaction
rate is proportional to the 6th power of [CN~] and to
the square of [Cu?*]. From this kinetic data, they
have proposed the following mechanism, in which the
Eq. 29 reaction is rate-determining:

Cu?+ + 3CN- == Cul(CN),~
9Cul(CN);~ — 2Cul(CN),~ + (CN),.

(28)
(29)

Their result is compatible with that of our present
work. Equation 29 is the same as Eq. 7a, while their
kinetic data can also be explained by the formation
of Cu',(CN)42-, followed by the rate-determining reac-
tion, Eq. 7b.

A more detailed discussion of the kinetics and the
mechanisms of the chemical reaction between the
copper(II) ion and the cyanide ion will be presented
in a succeeding paper.
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