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A pressure-shock apparatus applicable for the kinetic studies of rapid reactions in solution was constructed
and used to study Co(II)-carboxylate complex-formation reactions. The chelate complex-formation reaction
was interpreted in terms of a step-by-step mechanism, and the rate constants were obtained. The chelate-ring
closing-and-opening process was revealed to be the rate-determining step.

For the model of the complex formation of bidentate
ligands, a step-by-step mechanism has been proposed.
When the complex is stable as a chelate complex,
the rate-determining step has been assigned to either
the first-bond formation-and-dissociation process!—® or
the chelate-ring closing-and-opening process.”~® The
purpose of the present work is to examine these as-
signments for the Co(II)-bidentate carboxylate com-
plex-formation reactions. Although the equilibrium
properties of the cobalt(II) carboxylates have been
well studied,!® few kinetic studies have been carried
out.) The reason may be that the reaction of cobalt-
(IT) ion with ligand is too fast to be studied by con-
ventional techniques.

Another purpose is to test the applicabilities of our
newly constructed pressure-shock apparatus. Even
though the pressure-jump method!? is one of the
most useful techniques for the kinetic studies of very
rapid reactions in solution, applications of this method
have been limited to reactions with relaxation times
greater than 100 us. This disadvantageous time con-
stant has been improved by at least one order of mag-
nitude by the pressure-shock method.13-1%)

Experimental

Apparatus. The pressure-shock apparatus constructed
was a modification of that described by Platz and Hoffmann.!®)
A schematic diagram is shown in Fig. 1. The experimental
procedure is as follows. Nitrogen gas of 20 atm is introduced
into the low pressure chamber (G). Next, the high-pressure
N, gas is introduced into chamber (D). The increase of
the pressure in chamber (D) bursts or shears out the metal
diaphragm (E) at a definite pressure. The pressure-change
takes at least 50 us. While the pressure wave propagates
in the low-pressure gas in (G) and in the transmitting liquid
(ethanol) (H), the wave front is sharpened and becomes
a shock wave.’® The shock wave is reflected at the bottom
of the sample cell (K) and propagates back through the
liquid, and an expansion wave is generated at the surface
of the liquid; the latter wave cancels the exerted pressure.
As a result, the pressure in the sample cell continues to be
high until the shock-front returns to the sample cell. The
duration of the high-pressure pulse can be varied by changing
the liquid level. The relaxation effect was detected con-
ductometrically by a high-frequency bridge of 1.2 MHz.
From the pressure-shock trace obtained for a MnSO, solu-
tion, which exhibits a relaxation effect faster than 1 us (Fig.
2a), the time constant of the present apparatus was deter-
mined to be less than 4 ps. The features of the pressure
pulses for the MnSO, solution and the Co(II)-malonate

system are shown in Figs. 2b and 2c respectively. The
temperature of the cell was controlled at 25.0+0.3 °C by
circulating thermostated water through a copper tube spiraled
around the shock tube and the cell.

Higher-pressure shock waves can be obtained by increasing
the burst pressure by using a thicker metal diaphragm or
by the use of lower-molecular-weight gas in the high-pres-
sure chamber and higher-molecular-weight gas in the low-
pressure chamber.’® Following the latter idea, we tried
H, gas in the high-pressure chamber and obtained a pressure
pulse several times larger than that obtained when N, gas
was used. In the present experiments, however, N, gas
was used throughout the measurements since H, gas is
explosive and the advantage was not so remarkable.

Materials. Wako reagent-grade chemicals were used.
Stock solutions of cobalt(II) carboxylates were prepared in
the same way as those of nickel(II) carboxylates.*~® By
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Fig. 1. The schematic diagram of the pressure-shock
apparatus.
(A): High-pressure gas inlet, (B): low-pressure gas
inlet, (C): electric solenoid valve, (D): high-pressure
gas chamber, (E): metal diaphragm, (F): cutter,
(G): low-pressure gas chamber, (H): transmitting
liquid (ethanol), (I): thermostat tube, (J): polyethylene
membrane, (K): sample cell, (L): insulator, (M):
electrode, (N): thermistor.
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Fig. 2a. Pressure-shock trace obtained for 5x10-2
M MnSO, solution.

Sweep: 5 ps/div.

Fig. 2b. Whole features of the pressure-shock pulse.
Sample: 5x 102 M MnSO,, sweep: 200 us/div.

Fig. 2c. The relaxation spectra of Co(II)-malonate
system.

Concentration; 1x 103 M, sweep: 50 ps/div at 25 °C.

considering the hydrolysis of the cobalt(II) ion and the
acid dissociation of the ligand, the proper value of the pH
was determined; the pH was adjusted by the drop-by-drop
addition of dilute nitric acid solution.

Results

The experimental conditions and the reciprocal
relaxation times observed are shown in Table 1. The
concentration dependence of the relaxation time is
best explained by the following equilibria.

K
k
Co?+ 4 Ln— —= (oL -n 1)

ky
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Fig. 3. 7 lus. yCOyL<
system at 25 °C.

+ [L]) plot of Co(IT)-malate

HI1l-» = H+ + L»— (2)

(n=2 for malonate and malate systems and 1 for gly-
colate system)

where L~ is a dissociated ligand, HL!~™ is a mono-
protonated ligand, CoL2™ is a 1:1 complex, &, and
k, are the rate constants, and K(=#/k,) is the stability
constant. In the present pH ranges, the contributions
of the complex formation with the monoprotonated
ligand (Eq. 3):

Co* + HL1-» —= CoL#-n 4 H* 3)

to the present relaxation phenomenon was neglected.
Since the protonation of the carboxyl group (Eq. 2)
is much faster than the complex formation reaction
(Eq. 1), the relaxation time, 7, of Eq. 1 is expressed
by the equation:

Yco* YL [Co] > YcoL
1 . YOI L] )4y ST 4
’ f YooL™ (1+°¢ I ) YcoL™ @
with
. [H]
*= Kot ©)

where y,; is the activity coeflicient of the i-th species,
the brackets indicate the concentration, the super-
script % means the activated complex, K, is the acid
dissociation constant of the (second) carboxyl group,
and charges are omitted for the sake of convenience.
On the assumptions that the activity coefficient of a
noncharged complex is unity, Yo, =7Vgons> and ygo =
yu- Eq. 4 is rewritten in the form:

1 = F(C) k¢ + ky 6)
where F(C) is the concentration term including the
activity coefficient term. Calculations of the activity
cofficients were performed using the Davies equation.!?)

Evaluation of the rate parameters was carried out
as follows. First, the concentrations of the species
in solution were calucalted from the stability constant,
K, which is available in the literature. Then, the 1
values were plotted against F(C) to give &; and &, from
the slope and the intercept of the straight line respec-
tively. The ratio of k; and £, gives a so-called kinetical-
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TaBLE 1. EXPERIMENTAL CONDITIONS AND t—! VALUES OF THE COBALT(II) cARBOXYLATES AT 25.0 °C
Malonate Malate Glycolate
C» -1 b) o) 7-1b) o) z-1b)
(120"—4 M) PH (1045 -1) (doanmy PH (10%s -1) (o«nm PH (1045 -3)

1.5 6.43 0.940.3 2.0 6.56 1.2+0.1 5.0 5.75 5.440.2
2.0 6.49 0.9+0.1 5.0 6.55 2.0+0.1 10 5.87 5.7+0.8
5.0 6.57 2.0+0.4 10 6.49 2.7+0.2 20 5.97 7.2+0.3
7.5 6.59 2.0+0.2 20 6.39 3.3+0.2 40 6.07 8.1+0.6
10 6.60 2.5+0.2 30 6.54 3.6+0.3 60 6.14 9.0+0.7
20 6.60 3.34+0.3 40 6.50 4.2+0.4 80 6.16 10.3+0.7
40 6.51 4.44-0.9 50 6.59 4.4+0.3 100 6.17 11.54+0.9
60 6.45 4.640.2 60 6.56 5.0+0.3
80 6.39 5.2+0.6 80 6.29 5.6+0.2
100 6.37 6.0+1.6 100 6.40 6.0+0.4
a) Overall concentration of the Cobalt(II) carboxylates. b) Mean value of at least seven experiments.
TABLE 2. RATE AND EQUILIBRIUM CONSTANTS OF Co(II) COMPLEX-FORMATION REACTION (I)
ar 25°C anp pu—0
Ligand Molonate Malate Glycolate
ke, M-1s™1 2.7(%0.1) x 107 2.1(+0.1) x 107 6.0(40.3) x 108
ky, 871 6.1(+2.5) x10® 8.9(+1.5) x 108 4.6(40.3) x 104
log K 3.6(+0.3) 3.4(+0.1) 2.1(=%0.1)
log K® 3.601® 3.00'® 1.96'9

a) Literature value.

ly determined K which should coincide with the forego-
ing K value used for the calculation of F(C). If they
did not coincide, the kinetically obtained K was used
for the calculation of F(C) and the 77! vs. F(C) plot
was again drawn. The above procedures were re-
peated until a self-consistent K value was obtained.
The final plot of the Co(II)-malate system is shown
in Fig. 3 as an example. The values of £, £,, and
K are listed in Table 2, along with the literature value
of K.1%1% The values of K obtained kinetically are
in satisfactory agreement with those in the literature.

Discussion

The ligands used in the present experiment are
known to make stable chelate complexes with cobalt-

(II) ion. The chelate complex-formation reaction is
represented by the following step-by-step mechanism,
Co+L == Co0O L= CoL e CosL. (7)
ke \H K-z
(I) (II) (111) av)

where (I) represents free ions; (II), an ion-pair; (III), a
monodentate complex; and (IV), a chelate complex.

Kinetic studies of the chelate-complex formation of
bidentate carboxylates have been widely carried out
for the nickel(II) complexes. In these studies, the
rate-determining step of the complex formation has
been ascribed to either the first-bond formation-and-
dissociation process, (II)=(III),*=% or the chelate-ring
closing-and-opening process, (III)=(IV).”-9 1In the
former concept, the following problems remain un-
solved. The values of k; obtained from the assumed

equation k;=k,y-k;, have been regarded as equal to
the water-exchange rate constant of the metal ion,
kn,0.29 However, the consistency has not been neces-
sarily satisfactory, and the %;’s have occasionally been
one order of magnitude smaller than km,0. Also, even
if k;=Fkn,o could be satisfied, the assumption that k,»
k, is dubious, because the water-substitution process
is also involved in the chelate-ring-closing step, and
ko cannot exceed km,0 (=£;). The above reasons led
us to adopt the second concept in the present study.

On the assumption that the intermediate species,
(IT) and (III), are in a steady state, the rate constants
in Eq. 7 are related to the overall rate constants, £,
and k,, by the following equations:

ky
ky = k_z(-———k2+ e ) ©)

The equilibrium and kinetic parameters in these equa-
tions were evaluated as follows.

K, was estimated theoretically by the Fuoss equa-
tion:21)

4nNa®
3000

were N is Avogadro’s number, a is the distance of
the closest approach of two ions, which was assumed
to be 84,22 and U(a) is a Coulomb-energy term.
Ky, at p—0 was calculated to be 46 M-! for the
malonate and malate systems and 7.7 M-1 for the
glycolate system.

The value of k£, was assumed to be equal to that
of the km,o of the cobalt(Il) ion, i.e., ku,0=2.6 X108

Ko - e=U(a)/kT

(10)
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s71.23) This assumption may be made because, in
many monodentate complex-formation reactions, the
rate-determining step has been revealed to be a water-
dissociation process from the coordination site of the
metal ion, irrespective of the entering ligand.

The value of £_, was estimated from the pK, value
of the ligand. In the kinetic studies of the complex
formation reactions of nickel(II) dicarboxylates, Hoff-
mann has estimated the £_, value from the following
experimental relationship between log £_; and pK, for
each of the ligands:?—9

logk_y = —0.22 pK, + A (A=constant). (11)

Unfortunately, however, the same relationship has
not been established for the cobalt(II) complexes
because of the lack of the kinetic data. Thus, in
the present case, the k_; of the Co(II)-acetate system
was estimated first. Since acetate makes only mono-
dentate complexes, and a reliable stability constant
is given in the literature, the £_; can be estimated.
First, the stability constant, K, of the acetate complex
is related to the equilibrium and rate constants of
each step by the equation:

K=K, (14+K,) = K.,<1+_"_’_) (12)‘

ko
where K, Ky, k;, and k_; are the same as in Eq. 7.
By employing the values of K=101-2® M-119 K, =7.7
M-, and £;=2.6x10%s71, the k_; of the acetate
system (pK,=4.75) was calculated to be 1.7x108
s71. Then, applying Eq. 11 to the Co(II)-carboxylate
system, the k_; value of each system was estimated
from the value of the pK, of the ligand; i.e., by the
use of the values for the acetate system, we obtain:

log (k_1/1.7x108) = —0.22 (pK,—4.75). (13)

The calculated values of k_, and K,(=k,/k_,) are
listed in Table 3, together with the pK, values. By
the use of the values of K, &, k_,, k;, and k,, the values
of k, and k_, were calculated by Eqs. 8 and 9; these
results are also listed in Table 3.

By comparing the values of the equilibrium and
the rate parameters in Tables 2 and 3, we can deduce
the following:

(1) The complex is stable as a chelate complex
rather than as a monodentate complex or an ion-pair.
(2) The chelate-ring closing and opening reactions
are the rate-determining processes of the complex

TaBLE 3. EQUILIBRIUM AND RATE CONSTANTS OF THE
STEP-BY-STEP COMPLEX-FORMATION REACTION (7) OF
Co(II) cARBOXYLATE AT 25°C AND pu—0

Ligand Malonate Malate Glycolate
pK, of acid® 5.69 5.11 3.83
K,, M1 46 46 7.7

K, 2.4 1.8 1.0

K, 40 28 17
ky, 571 2.6x10¢ 2.6x108 2.6x108
k_y, st 1.1x108 1.4x 108 2.7x 108
kg, st 3.2x108 3.0x10° 1.2x108
k_g, s 7.9%x 108 1.1x104 6.6x10%

a) Ref. 24.
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formation and dissociation reactions respectively.

(3) The stability of the malonate complex relative
to the others is due to the fact that it has the slowest
rate of chelate-ring opening (k_,). The malonate
system has once been studied kinetically by the tem-
perature-jump method.!?) Compared with the tem-
perature-jump data, the £; value of the present work
is three times larger, while the £, value is two times
smaller. These inconsistencies may be ascribed to
the differences in either the experimental conditions,
e.g., the ionic strength, or the stability constants used
for the caluclations.

(4) The glycolate complex is one order of magnitude
less stable than the others. This is explained by the
natures of the ligands, i.e., the electrostatic charge
(reflected by K,), the acidity of the carboxyl group
(K;), and the chelating groups (K,). From the kinetic
standpoint, the fastest chelate-ring-closing rate indi-
cates that a five-membered chelate complex is pre-
ferable to the complex formation, while the very
rapid chelate-ring-opening rate is due to a weak co-
ordination of a hydroxyl group in comparison with
the carboxyl group.

In the malate system, both the equilibrium and
the kinetic parameters were close to the corresponding
values of the malonate system, even though some
differences had been expected from the structural
differences of these ligands. Further details of the
malate complex formation may be revealed by ad-
ditional experiments on analogous ligand systems, e.g.,
B-hydroxypropionate or succinate systems.
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