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In the previous papers*®, the substitution
reaction of copper(II) ions and lead-ethylene-
diaminetetraacetate (EDTA) complexes was
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reported. The rate of the reaction was followed
by measuring the change of the polarographic
diffusion current of copper(II) ions with the
time. The reaction was found to proceed simul-
taneously through three different reaction paths

1) N. Tanaka, K. Kato and R. Tamamushi, This Bulle-
tin, 31, 283 (1958).
2) N. Tanaka and K. Kato, ibid., 32, 1376 (1959).
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under the experimental conditions, and the rate
constants of the elementary reactions of those
reaction paths were determined. The effect of
acetate ions on the rate of the substitution
reaction was explained quantitatively on the
basis of the formation of acetato complexes of
copper(II) and lead(II) and on the assumption
that the substitution reaction proceeds only
through the hydrated metal ions.

Since it seemed worth while to extend the
study to the substitution reactions involving
EDTA-complexes of other metal ions, the sub-
stitution reaction of copper(II) ions and zinc-
EDTA complexes

Cu?* + ZnY?~ Z CuY?~ + Zn?*

was dealt with. The results are presented in
this paper.

Experimental

The preparation of solutions of copper(II) nitrate
and disodium ethylenediaminetetraacetate was de-
scribed in the previous paper®. A solution of zinc
nitrate was prepared by dissolving a known amount
of pure zinc metal in reagent-grade nitric acid.

The rate of the reaction between copper(II) ions
and zinc-EDTA complexes was followed by measur-
ing the change with the time in the polarographic
diffusion current of copper(II) ions in acetate buffer
solutions. Current-time curves were obtained with
a Shimadzu RP-2 pen-recording polarograph. The
dropping mercury electrode described in the previous
paper’> was used. This had an m value of 1.27
mg./sec. and a drop time of 3.69 sec. in an air-free
solution of 0.1 M potassium chloride at 25°C with
open-circuit.

Measurements were made at 15 and 0°C in acetate
buffers of pH 4.4 to 5.0 which contained 0.1M of
sodium acetate unless otherwise stated. The ionic
strength was adjusted to be 0.2 with potassium
nitrate. Gelatin was added as a maximum sup-
pressor by 0.019, in concentration.

Results and Discussion

In the solution containing acetate ions less
than 0.2M in concentration, copper(II) forms
mono- and diacetato complexes, whereas zinc (II)
forms only a monoacetato complex®’. There-
fore, the overall substitution reaction of copper-
(ITI) ions and zinc-EDTA complexes in acetate
buffer solution is represented by the equations

Cu?* + 20Ac-  CuOAc* + OAc-

= Cu(OAc): €))
Cu?* 4 ZnY?~ * CuY?" + Zn?* )
Zn** + OAc~ T ZnOAc* 3)

where Y*~ means a completely dissociated EDTA
anion. Under the condition that both zinc ions

3) N. Tanaka and K. Kato, ibid., 33,417 (1960).
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and zinc-EDTA complexes are present in a
large excess over copper(Il) ions, the substitu-
tion reaction 2 can be simplified to

kf
Cu?* g CuY?- C))

The rate equation for reaction 4 is expressed as??

_ 4G ey
st 3

=k* [Cu?*] gpp—k~ [CuY?")
(5)

where [Cu®*],,, is the concentration of copper-
(II) that can be determined polarographically,
and given by the equation

[Cu?*] gpp= [Cu?*] + [CuOAc*] + [Cu(0Ac).]

©)

Integrating Eq. 5,

In{ [Cu?*] app — [CU?* ) e,appy=— (B + k)¢

+ ln{ [Cu2+] 0,8pp [Cu2+l u,app}

is obtained, where subscripts 0 and e denote
the initial and the equilibrium conditions, re-

spectively. At the equilibrium of the reaction,
the relation

k*_[CuY* ).

_ [ZnY?"]o
k- [Cu?*] e,app

=K%

" (202 o,0pp
may be satisfied, where KSZ ., represents the
apparent equilibrium constant expressed as

Cu — [Zn2+] e,app [CuYz_] ]
PR T [CU ] 6,090 [ZNYP ]

The values of K53 ., Were determined polaro-

graphically to be 76 at 15°C and 92 at 0°C in
acetate buffer solutions which contained 0.1 M
of sodium acetate. .

The apparent rate constant, k*/[ZnY?],,
was obtained at varied pH’s at two different
concentrations of zinc ions but at constant con-
centration of other species present. In Fig. 1
the values obtained at 15°C are plotted against
the hydrogen ion concentration. This clearly
indicates that a linear relation exists between
k*/[ZnY?*"], and [H*]. A similar relation
was also found at 0°C.

On the basis of the dependencies of the ob-
served apparent rate constants on the concen-
tration of uncomplexed zinc ions, which are
identical to those of the substitution reaction of
copper(II) ions and lead-EDTA complexes!+2,
the following mechanisms were set down for
reaction 2:

kBt
(i) Cu’* + ZnY?~ = CuY?~ + Zn** (7)

(ii) ZnY?~ + H* Z ZnHY"™ (8a)
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Fig. 1. k+/[ZnY?" ], as a function of the

hydrogen ion concentration in acetate
buffer-potassium nitrate solutions of ionic
strength 0.2 at 15°C. Initial concentrations
are: [Cu?*lp,app=1.20x10"¢M;
[ZnY?~]o=4.03x10"2M;
[Zn2*Jo,app=1.12x10"2 M (curve A)

and 2.64x10-2M (curve B). Concentra-
tions of free acetate are: 0.096M (A)
and 0.091 M (B).
kinr*

Cu** + ZnHY- & CuHY~ + Zn**

(8b)

CuHY- 7 CuY?- + H* (8c)

(iii) ZnY?- + H* 2 Zn®** + HY?~ (9a)

krrr*
Cu?* + HY?- > CuY? + H* (9b)

As has been mentioned previously?’, the con-
centration which was actually measured polaro-
graphically was not the concentration of hydrated
copper (II) ions but the sum of the concentrations
of hydrated ions and acetato complexes. If it
is assumed that the substitution reaction proceeds
through only the hydrated metal ions which are
in equilibrium with the acetato complexes, the
apparent rate of the forward reaction (v*=
k*[Cu®*]app) determined polarographically is
expressed as

=

kit + k.t [HY) + k3 [HY] 1 +KZnA£c [OAc~]
- — [Zn**Japp

_ ——
1 +§K0u(0Ac)n [OAc—]*
X [Cu?*] gpp [ZnY?2"]

(10)
where
kbt =kutK%ny, ks*=km*/(KzavKny)

(¢3))]
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KY.uy represents the equilibrium constant of
reaction 8a, Kzny, the formation constant of
ZnY?- and Kyv, the fourth dissociation constant
of ethylenediaminetetraacetic acid. Kcu(0Ac),
and Kznoac represent the overall formation
constants of acetatocopper(II) and acetatozinc-
(I1) complexes, respectively.
From Egs. 5 and 10, the relation

k+
[ZnY?"]o

1+ Kznoac[OAc]
(Zn?*] ¢,app

S
1 +21KCu(0Ac),. [OAc—]*

it +kY[HY) + kst [HY]

(12)

is obtained, where the initial concentrations,
[Zn®*]oand [ZnY?" ], are substituted for [Zn?*]
and [ZnY?-], respectively. Since both Zn?** and
ZnY?- are present in the reaction mixture in
a large excess over the concentration of copper-
(II), the changes of their concentrations can be
neglected.

The rate constants in Eq. 10 were calculated
from the plots of 2*/[ZnY?~], against hydrogen
ion concentration, which are tabulated in Table
I. The values of Kcuoae, Kcu(0Ac), and Kznoac
used in this calculation were 41, 190 and 5.7,
respectively. These were all determined polaro-
graphically at ionic strength 0.2 at 15°C®. The
concentration of uncomplexed acetate in the
solution was calculated by successive approxi-
mation.

TaBLE I. RATE coNsTANTS IN Eq. 10 oB-
TAINED EXPERIMENTALLY AT IONIC
STRENGTH 0.2 AT VARIOUS TEMPERATURES

Rate constant, 1. mol-! sec—!
Temp., °C

piieittiioni Nt
ket ka* ka*

0 5.2 3Ix 104 7.1x102

15 19 5x 104 2.1x10%

The rate constants of both elementary reac-
tions 8b and 9b were calculated from the rela-
tions given in Eq. 11, using the values of
K% .y, Kzny and Kny in Table II. The value
of K%,y which was determined by Schwarzen-
bach et al.®> at 20°C at ionic strength 0.1 was
used after correction for ionic strength with
the Debye-Hiickel equation. The values of Kzny
at 15 and 0°C were obtained by dividing the
value of Kcuy by those of K§2. As for Kcuy,
the values obtained by Schwarzenbach et al.*’

4) G. Schwarzenbach, R. Gut and G. Anderegg, Helv,
Chim. Acta, 37, 937 (1954).
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were used after correction for temperature and
ionic strength?. The equilibrium constants of
reaction 2 at zero acetate concentration, K52,
used in this calculation were 320 at 15°C® and
310 at .0°C, the latter of which was estimated
by extrapolation. The rate constants of three
elementary reactions 7, 8b and 9b thus calculated
are summarized in Table III.

TaABLE II. EQUILIBRIUM CONSTANTS AT IONIC
STRENGTH 0.2 AT VARIOUS TEMPERATURES
Temp., °C log Kzny pKny log K}y
0 16.51 10.41 —

15 16.17 10.20 —

20 —_ — 2.9
TABLE III. RATE CONSTANTS FOR REACTIONS

7, 8b AND 9b AT IONIC STRENGTH 0.2 AT
VARIOUS TEMPERATURES

Rate constant, 1. mol-! sec—!

Temp., °C 4
Byt ku* kit
0 5.2 40 8.9x 108
15 19 60 2.0x10°
10.0

+a-l
&
=i}
5]
9.0
| 1 1 L 1 L A ]
31 i3 35 37
1/Tx108
Fig. 2. The relation between the logarithm

of rate constant and the reciprocal of
absolute temperature for the reaction

k *
Cut* + HY%- — CuY?- + H*. O in-
dicates the value obtained in the reaction
of copper(II) ions and lead-EDTA com-
plexes and 4, in the reaction of copper-
(II) ions and zinc-EDTA complexes.
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From these results, the rate constants expressed
in the form of the Arrhenius equation were
derived and the heats of activation and the
entropies of activation were calculated for three
elementary reactions 7, 8b and 9b. The results
are given in Table IV.

The rate constants of reaction 9b were obtained
at 15 and 0°C in this study as given in Table
III. The logarithmic values of kini* are plotted
against the reciprocal of absolute temperature as
shown in Fig. 2. The rate constants of the
same reaction were previously obtained at 15, 25
and 35° in the study of the substitution reac-
tion of copper(II) ions and lead-EDTA com-
plexes®. They are also shown in Fig. 2, which
are in good agreement with the present ones.
This fact supports the validity of the method
for the determination of the rate constants pro-
posed in this series of papers.

From Eq. 10, it is predicted that the reaction
rate decreases with the increase of acetate concen-
tration. Using Eq. 12, the values of 2% /[ZnY?2"],
were calculated at various acetate concentrations
with the rate constants given in Table I and
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[OAc~], M

Fig. 3. k*/[ZnY?-], as a function of the
acetate concentration in acetate buffer-
potassium nitrate solutions of pH 4.70
and ionic strength 0.2 at 15°C. Initial
concentrations are :

fcu2+]0,app= 1.20x 104 M ;
[ZnY2-]y=4.03x10"%M ;
[Zn2*])g,app=1.12X10"2 M
—— indicates the theoretical curve and
O, the experimental value.

TABLE IV. RATE CONSTANTS, HEATS OF ACTIVATION AND ENTROPIES OF ACTIVATION FOR
REACTIONS 7, 8b AND 9b

. Rate constant, expressed in AH*, AS+*,

Reaction 1. mol-! sec—! kcal. mol-1 €. Uu.

Cu?* + ZnY?~ -—» CuY?" + Zn2* kit =1.5x10texp(—13,000/RT) 12 - 9.3
Cu?* + ZnHY- — CuHY~ + Zn2+ knt =6.3x10%exp(—5,300/RT) 4.7 —34

Cu?* + HY?3~ -» CuY?- + H*

kit =3.4x 101 exp(—8,200/RT) 7.6 11
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the formation constants of the acetato complexes.
In Fig. 3, they are plotted against acetate con-
centration and compared with the values which
were experimentally measured at various acetate
concentrations, the other conditions being kept
constant. The deviation of the experimental
values from the calculated ones is considered as
probably due to a contribution of the reactions
in which acetatocopper (IT) complexes participate.

Summary

The kinetic study of the substitution reaction
of copper(I) and zinc-EDTA complexes in
acetate buffer solutions was carried out with
the same procedure as reported previously!':?,
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The reaction was found to proceed simultane-
ously through three different reaction paths
under the experimental conditions. The rate
constants for three elementary reactions of
those reaction paths were determined at 15 and
0°C, and the heats of activation and the entro-
pies of activation for the reactions were cal-
culated.

The author wishes to express her hearty thanks
to Professor Nobuyuki Tanaka for his guidance
and encouragement in the course of this work.
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