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various conditions.

studies using the coordination chain reaction.

In previous works,-® the ligand-substitution reactions
between two multidentate ligand complexes were studied
in the presence of free ligands:

ML 4 ZX —» MX + ZL,
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The ligand-substitution reactions between two multidentate ligand complexes in the presence of free ligands
proceed by means of a coordination chain-reaction mechanism. The reaction was simulated on a computer under
The character of the steady state of the free ligands in the coordination chain reaction was
discussed. The conditions under which the coordination chain reaction proceeds with the steady state of the free
ligands were determined. The diagrams of the time development of the free ligands were found to be useful for
d[ZL
L _ hzxw) - kLX), (4)
d[x
®R1) S —  AMLIX] + hLMXIL]
+ K[ZX][L] — k[ZL][X], ()

where ML, ZX, MX, and ZL are multidentate ligand
complexes; the charges will be omitted hereafter for
the sake of simplicity.

The reactions were shown to proceed by means of a
coordination chain-reaction mechanism:

k

ML 4+ X — MX + L, (R2)
kg
k.

ZX + L — ZL + X, (R3)

k-3
where X and L denote free ligands.

In the course of our studies, the rate law was derived
from a steady-state treatment on the assumption that
the concentrations of the free ligands (X and L) remain
constant throughout the substitution. This assumption,
however, was not examined.

Coordination chain reactions can be applied to the
determination of trace metal ions.4-% In the analytical
applications, the above assumption is taken to hold.
However, in general, a coordination chain-reaction
system can not necessarily be expected to satisfy the
above assumption.

If the time development of the free-ligand concentra-
tion in the system can be known, it is useful for the studies
using a coordination chain reaction. In this paper,
coordination chain reactions were simulated on a
computer under various conditions, and the concentra-
tion-time profiles for all the components were calculated.
The purpose of this paper is to ascertain the conditions
under which the reaction proceeds with the steady state
of the free ligands.

Computational Method

The six-variable, four-rate constant isothermal model
represented by Reactions R2 and R3 can be described
by the following differential equations:

ML MU+ MK, ()
AR _  pzX)IL) + kZLIX, @)
AMX) ML) — MXIL, ®

"q?glti = K[ML][X] — k_y[MX][L]
— k[ZX][L] + k_4[ZL][X]. (6)

Using the known starting conditions and rate con-
stants, the six above simultaneous differential equations
were integrated by the numerical integration method of
Runge-Kutta-Gill.” The starting conditions in the
integration were as follows:

[ML], = a M(1 M=1 mol dm-3), (7)
[ZX]o = bM, (8)
[MX], = [ZL], = 0 M, (9)
[X]lo=cM [X]o=0M

(10)

Ll =0M ” [Llj=cM’

where [ ], indicates the initial concentration of the
species and where 4, b, and ¢ are not zero. In these
calculations, it has been premised that k;=k, and
[ZX]o=[ML]o.®
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Fig. 1. An example of computer simulation of coordina-

tion chain reaction.!?

Conditions: [ML],=[ZX],=1M, [MX]y=[ZL]y=
0M, [X],=0.1M, [L]y=0M; k,=1M-1s"1 k=
4M- s k,=k s=0M-1sl. 1:ML, 2: ZX, 3:
MX, 4: ZL, 5: X, 6: L.



2542

The concentration-time profiles for all the components
were obtained from the integration. The relative
concentrations, expressed in terms of [ML], as a unit,
were then plotted against k,[ML]¢ (Fig. 1); this
representation is convenient for the general treatment of
the concentration-time profiles, since the ordinate and
abscissa have no dimensions.?

In the studies using the coordination chain reaction,
the reaction is usually run in the presence of the free
ligand, and the relative concentration of the free ligand
presented initially is ordinarily smaller than 0.1.
Therefore, in this study, the simulations were carried
[free ligand], <0.1.

[ML],

Calculations were carried out with an ACOS 900
computer of the Tohoku University Computation
Center.

out under the condition that

Results and Discussion

In order to clarify the nature of the coordination
chain reaction, the reaction system was classified into
the several cases shown in Table 1; e.g., in the case
of the I, system, the rate constants, k_, and k_,, can be
regarded as zero, while the initial concentrations of ML
and ZX are equal to one another.

The total free ligand concentration ([X]4[L]) is
equal to the initial ligand concentration, ¢, throughout
the substitution reaction. Therefore, if the X ligand
reaches a steady state, the L ligand also reaches a steady
state; the steady state of the free ligands can, then, be
studied by examining the concentration-time profile
for one of the two free ligands. In this study, the
concentration-time profile for the X ligand was noted.

Reaction System 1. System I, (k_y=k_,=0, [ZX],=
[ML],): Figure 2 shows the time development of the
concentration of X with the following specifications:
[X]e/[ML],=0.1 for Fig. 2.A and [L],/[ML],=0.1 for
Fig. 2.B.

It may be seen that the greater the £,/k, ratio, the
closer the concentration of X comes to the steady state,
and that the steady-state approximation in Fig. 2.A is
superior to that in Fig. 2.B.

The concentration of the X ligand in the steady state
can be estimated as follows. From d[X]/d¢=0, the
following relationship is obtained:

—ko[ML][X] + k;[2X][L] = 0. (11)

Since the [X]>»[L] inequality and the [ML],=[Z2X],
equation hold, the following relation can be derived:
[ML] ~ [ZX]. (12)

On the other hand, the following relationship also holds:
X]+ [L]=- (13)

Thus, from Egs. 11, 12, and 13, the concentration of the

Tetsuo Katsuvama and Toshihiko Kumal

[Vol. 55, No. 8

- ©r 2
_____——————0———0
__________,_._-o-—-—‘
= i
Ea FL_‘__’/
E -
S 04f -
i | A
0.2f .
00510 0 10 20 30 40
k,[ML]ot
100 1 |
2 ﬂ\
3
08 4 'ﬁ
- S \
3 \
S 06 - \\
o) N Ve
S 04 -
B
0.2 -
00510 0 10 20 30 40
ky[ML]yt

Fig. 2. The time development of the concentration of X
for the system I, (k_,=Fk_4=0, [ZX],=[ML],).
kslke; (1): 100, (2): 20, (3): 10, (4): 4, (5): 1. A
shows the case in which [X],/[ML],=0.1, and B the
case in which [L]o/[ML],=0.1. Circles indicate the

points of 3% (@), 90% (O), and 95% () of the
reaction proceeding, here and in the following figures.

X ligand in the steady state is obtained as

L
Ttkyfky

The concentration of X as estimated by means of
Eq. 14 agrees very well with the concentration of X
in the leveling-off range of Fig. 2.

Figure 3 shows the effect of variations in the initial
concentration of the free ligand on the time development
of the concentration of X.

It appears that the smaller the initial concentration
of the free ligand, the more precise the steady-state

[X] ~ c. (14)

TABLE 1. CLASSIFICATION OF COORDINATION CHAIN-REACTION SYSTEM
I 11 I
" —_— —
I, L II, II, 11, III,
kog=k_y=0  k_y—k_4=0 k_,=0 k_y=0 ky= k_,=0
[ZX]o=[ML], [ZX],=2[ML], [ZX],=[ML], [ZX],=2[ML], [ZX],=[ML], [ZX],=2[ML],
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Fig. 3. The effect of the initial concentration of the free
ligand on the development of the concentration of X
for the system I, (k_,=k_,=0, [ZX],=[ML],).
ks/ks, ([ligand]e/[ML],); a: 100 (0.1), b: 10 (0.1), c: 5
(0.1),2a: 100 (0.075),2b: 10 (0.075),2c: 5 (0.075), 3a:
100 (0.050), 3b:10 (0.050), 3c:5 (0.050), 4a: 100
(0.025), 4b: 10 (0.025), 4c:5 (0.025). A shows the
case in which the ligand present initially is X, and B the
case in which the ligand present initially is L.

approximation of X becomes, and that when the
initial concentration of L is large, a good steady-state
approximation of X can not be obtained (Fig. 3.B);
moreover, the smaller the initial concentration of the
free ligand, the longer the reaction time.

System I, (k.,=k_3=0, [ZX],=2[ML],): Figure 4
shows the time dependence of the concentration of X
for the I, system.

Where the X ligand is present initially (Case A), the
concentration of X decreases at first, but very soon the
concentration begins to increase. On the other hand,
where L is present initially, the concentration of X
increases rapidly at first, and later comes close to that
in Case A. These modes differ from those of the I,
system. Figure 5 shows the effect of the initial concen-
tration of the free ligand on the time development of the
concentration of X.

In system I, if the calculated curve of X is expressed
as ([X]/[ML]g)/¢ vs. cky[ML]yt, the curve is little
affected by the variations in the initial concentration
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Fig. 4. The time development of the concentration of X
for the system I, (k_,=k_,=0, [ZX],=>2[ML],).1»
kafky-[ZX],/[ML],; (1):100, (2):20, (3):10, (4):7.
[ZX]o/[ML]y, (ks/k,); a: 4 (1.0), b: 2 (1.0), c: 1.5 (1.0).
Full lines show the case in which [X],/[ML],=0.1, and
dotted lines the case in which [L],/[ML],=0.1.
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Fig. 5. The effect of the initial concentration of the free
ligand on the time development of the concentration of
X for the system I, (k_,=k_,=0, [ZX],=2[ML],).}?
ka/ke-[ZX]o/[ML]o, ([ligand]o/[ML]o); a: 100 (0.1), b:
10 (0.1), c: 5 (0.1), 2a: 100 (0.075), 2b: 10 (0.075), 2c:
5 (0.075), 3a: 100 (0.050), 3b: 10 (0.050), 3c: 5 (0.050),
4a: 100 (0.025), 4b: 10 (0.025), 4c: 5( 0.025). Full
lines show the case in which the ligand presented initial-
ly is X, and dotted lines the case in which the ligand
presented initially is L.

of the free ligand, except where c¢=[L], and [ZX],=
[ML],. .

Therefore, X was henceforth used as the ligand present
initially, and the concentration was set at [X],/[ML],=
0.1; by these settings, the treatment of the system would
be simplified.

Reaction System II. System II, (k-,=0, [ZY],=
[ML],): Figure 6 shows the time development of the
concentration of X for the II; system. In this system,
the time development of X is affected very much by the
reverse reaction of R3; only when the kz/k—; ratio
becomes more than 104, can the reverse reaction of R3
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Fig. 6. The time development of the concentration of X

for the system II, (k_,=0, [ZX],=[ML],).

k_g/k—g, (ksfky); a’: 0 (1000), a: 0.1 (1000), b: 1 (1000),
c: 2 (1000), d: 5 (1000), e: 10 (1000), 2a’: 0 (100), 2a:
0.01 (100), 2b: 0.1 (100), 2¢: 0.2 (100), 2d: 0.5 (100),
2e: 1.0 (100), 3a”: 0 (20), 3a: 0.002 (20), 3b: 0.02 (20),
3c: 0.04 (20), 3d: 0.10 (20), 3e: 0.20 (20), 4a’: 0 (10),
4a: 0.001 (10), 4b: 0.01 (10), 4c: 0.02 (10), 4d: 0.05
(10), 4e: 0.10 (10). The initial free ligand concentra-
tion ([X],/[ML],) is 0.1.
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Fig. 7. The time development of the concentration of

X for the system II, (k_,=0, [ZX],=2[ML],).12
k_y/ky, (kg/ky-[ZX]o/[ML]o); a’: 0 (1000), a: 1 (1000),
b: 10 (1000), c: 20 (1000), d: 50 (1000), 2a’: (100),
2a: 0.1 (100), 2b’: 0.5 (100), 2b: 1 (100), 2c: 2 (100),
2d: 5 (100), 3a’: 0 (50), 3a: 0.05 (50), 3b: 0.5 (50), 3c:
1.0 (50), 3d: 2.5 (50), 4a’: 0 (20), 4a: 0.02 (20), 4b: 0.2
(20), 4c: 0.4 (20), 4d": 0.5 (20), 4d: 1.0 (20), 5a’: 0 (10),
5a: 0.01 (10), 5b: 0.1 (10), 5¢c: 0.2 (10), 5d: 0.5 (10).
The initial free ligand concentration ([X],/[ML],) is
0.1. A shows the case in which [ZX],/[ML],=2, and
B the case in which [ZX],/[ML],=10.
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be neglected.

System I, (k-,=0, [ZY],=2[ML],): Figure 7 shows
the time development of the concentration of X for the
II, system. In Fig. 7.A ([ZX],=2[ML],), it may be
seen that, when the k-,4/k, ratio is equal to 0.5 (2b’,
3b, 4d’, 5d), the concentration of X is in a steady state.

The concentration of X in the steady state can be
calculated as follows. From d[X]/d¢=0, the following
equation is obtained:

—k[ML][X] + K[ZX][L] — k_,[ZL][X] = 0.  (15)

Combining Egs. 13 and 15, the following equation is
derived:
ko[ZX]

X = MO EL ZL T RZX]

If the k—4/k,=0.5 and [ZX],/[ML],=2 equations hold,
Eq. 16 can be rewritten as!®

2k, k,y e no2kslks
@IMLI+[ZL])/[ZX]+2kofky 1+ 2ksfky

On the other hand, in Fig. 7.B ([ZX],/[ML]=10) it
may be seen that, when the k-4/k, ratio is equal to unity
(a, 2b, 3¢, 4d), the concentration of X isin a steady state.

The concentration of X in the steady state can also
be calculated as follows. From Eq. 16, the following
equation is obtained:

[X]

(16)

[X] = (17)

(ky/ks) ([ZX]/[ML],) .
(IML]+- (k_o/k5)[ZL])/[ML]o+ (ks /k,)([ZX]/[ML],)

Since the [X]»[L] inequality holds, the form of
[ML],=[ML]+[MX]~[ML]+[ZL] is obtained;
moreover, the k 4/k,=1 equation holds under these
conditions; thus, the following relationship is derived:

[ML] + (k_s/ky)[ZL] _, 19

[MLI, ' 1)

From Egs. 18 and 19, and [ZX]/[ML],~[ZX],/[ML],,
the following equation is derived:

[X] ~ —alka) ([ZX]o/[ML],
14 (ka/ks) ([Z2X]o/[ML],)

The concentrations of X, as estimated by Egs. 17
and 20, agree very well with those of the steady state
of X in Figs. 7.A and 7.B respectively.

Reaction System III (k-3=0). Figure 8 shows the
time development of the concentration of X for the III,
system (k_g=0, [ZX],=[ML],). As is shown in Fig. 8,
the shape of the diagram for the time development of
the concentration of X is not appreciably affected by
the reverse reaction of R2. However, the reaction rate
is greatly affected by it. These tendencies also appear
in the III, system (k_3==0, [ZX],=2[ML],), as is shown
in Fig. 9.

From Figs. 8 and 9, it can be said that, in the III,
system, when the kg/k—, ratio is greater than about 103,
the III; system is approximately equal to the I, system,
and that, in the III, system, when the (,/k-,)([ZX],/
[ML],) value is greater than about 102, the III, system
is close to the I, system.

On the other hand, from Figs. 6 and 7, it can be said
that, in the II; system, when the k,/k_, ratio is greater
than about 104, the II, system is close to the I; system,

(18)

(20)
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Fig. 8. The time development of the concentration of X
for the system III, (k_3=0, [ZX],=[ML],)-
k_gfkg, (ksfks); a’: 0 (1000), a: 1 (1000), b: 10: (1000),
c: 50 (1000), 2a”: 0 (100), 2a: 0.1 (100), 2b: 1 (100),
2c: 5 (100), 3a’: 0 (20), 3a: 0.02 (20), 3b: 0.2 (20), 3c:
1.0 (20), 4a’: (10), 4a: 0.01 (10), 4b: 0.1 (10), 4c: 0.5
(10). The initial free ligand concentration ([X],/
[ML],) is 0.1.
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Fig. 9. The time development of the concentration of X
for the system III, (k_;=0, [ZX],=>2[ML],).12
k_afky, (ksfks [ZX]o/[ML],); 2”: 0 (1000), a: 10(1000), b:
100 (1000), c: 500 (1000), 2a": 0 (100), 2a: 1 (100), 2b:
10 (100), 2c: 50 (100), 3a’: 0 (20), 3a: 0.2 (20), 3b: 2
(20), 3c: 10 (20), 4a’: 0 (10), 4a: 0.1 (10), 4b: 1 (10), 4c:
5 (10). The initial concentrations of X and ZX are as
follows: [X],/[ML]y=0.1 and [ZX],/[ML]=10.

and that, in the II, system, when the (k3/k_;)([ZX],/
[ML],) value is greater than about 103, the 1I, system
is close to the I, system.

In the IT and III systems, one of the reverse reactions
of R2 and R3 was considered to be negligible. From
the above considerations, criteria for the omission of
the reverse reaction may be presented as follows:
kafk_y==103 for the II, system, (ks/k_5)([ZX],/[ML],) ==
102 for the II, system, k,/k_s=~10* for the III, system,
and (ks/k_5) ([ZX],/[ML],)~10® for the III, system;
i.e., for example, when [ML],=[ZX],, if the ky/k_,
ratio is greater than 103, the system may be taken as
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the II; system, and when [ZX],=2[ML],, if the value
(kg/k-2) ([ZX]o/[ML],) is greater than 102, the system
may be taken as the II, system.

Reaction Rate. When the reaction rate of Rl
is defined as the rate of the decrease in ML, the reaction
rate of R1 can be written as

_ d[ML]
dt

Therefore, if £_, is negligibly small and if the concen-
tration of X is constant throughout the reaction, the
reaction can be regarded as a pseudo first-order reaction:

d[ML]
de
where [X], represents the concentration of X in the
steady state.

It should be emphasized that the concentration of X
in the steady state is not always equal to that of the ligand
present initially. As is shown in Egs. 14, 17, and 20,
the ratio [X]¢/c is little changed by the variations in
the initial concentration of the free ligand. Thus, the
following equation can be written:

= ko[X],[ML]—£_,[L][ZX]. (21)

= ky[X][ML]=k,[ML], (22)

By @<y, (23)

where a is constant. Therefore, Eq. 22 can be rewritten
as

_d[ML]
dt

Consequently,

(24)

= h[X],[ML] = ack,[ML] = &,[ML].

(25)

Therefore, if the pseudo first-order rate constant, &, is
plotted against the free-ligand concentration present
initially, the slope of the straight line represents, ak,;
only when [X],=c¢, is the value of the slope equal to £,.

In the previous works,’-3 it was a little laborious
to derive Eq. 24. However, the conditions under which
Eq. 24 is derived can be obtained from the diagrams
presented above. Thus, the diagrams are useful for
studies using a coordination chain reaction. One
important fact is that a desired coordination chain
reaction can be designed from the individual reactions
(R2 and R3) on the basis of the diagrams presented
above.

Simulation of the Practical Coordination Chain Reaction.
As an example, the ligand-substitution reaction between
the ethylenediaminetetraacetatocuprate(II) ion (Cu-
(IT)-edta) and the triethylenetetraminelead(II) ion
(Pb(II)-trien) was undertaken. The reaction was
considered to proceed by means of a coordination chain
reaction mechanism:

ko = ack,.

k

Cu(Il)-edta + trlien == Cu(II)-trien + edta,  (R4)
kg

Pb(II)-trien + edta —%» Pb(II)-edta + trien. (R5)

The known information about these reactions at pH
9.0 is as follows. The conditional equilibrium constant
(K) of R4 is 4.2 X 10, while the conditional rate constant,
kg, is 1.17x 10* M1 s~1 (this was measured at pH 9.0,
25.0 °C and I=0.2); hence, if follows that k_,=k,/K=
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2.8 102 M-t s-1, The conditional equilibrium constant
of R5 is so large (K=4.8 x 107) that the reverse reaction
of R5 can be neglected in the kinetic study. Further-
more, the reaction of R5 is very fast; this fact was
taken into account by setting k; large (e.g., k3=1x107
M-1s-1),

In accordance with the above classification, this
system can be taken as the III system. Moreover, this
system can also be treated as the I system, since the
kg/k-, ratio is larger than 103.

—
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(=3
T

=
=3

~N
o
T

100[Chemical species}o/[Cu(II)-edta],

0-1 0.2 0.3 Ojll 0.5 0-6 0.7
t/s

Fig. 10. Computer simulation of the Cu(II)-edta—Pb-
(IT)trien system.13
Conditions: [Cu(II)-edta]y=1.86x 103 M, [Pb(II)-
trien]y==3.62 x 10-3 M, [Cu(II)-trien],= [Pb(II)-edta],
=0M, [trien]y=3.5x10-*M, [edta],=0M; I=0.2
M, pH=9.0, 25.0 °C; k,=1.01 x 10* M~1s71 k_,=k,/
K=28x102M-1571, k;=1.0x10"M-1s"1, £k _4=0
M-1s-3,
1: Cu(II)-edta, 2: Pb(II)-trien, 3: Cu(II)-trien, 4: Pb-
(IT)-edta, 5: trien, 6: edta. The circles indicate the
experimental values.!4)

Figure 10 shows the results of the computer simulation

of the Cu(II)-edta—-Pb(II)-trien system (under the
above conditions).!® The experimental values (points
of circle) agree with the calculated values. The calcu-
lated concentration of free trien is constant throughout
the reaction and is nearly equal to the concentration
of added free trien; these facts can also be pre-
dicted from Fig. 4, from which it follows that
ks [ZX]), ks [Pb(1I)-trien],

_ % — 1.9%10%
k, [ML], %, [Cu(ll)-cdtal, %

Tetsuo Katsuvama and Toshihiko Kumar
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Using the diagrams stated above, the reaction of the
practical system may be predicted.
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