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The pressure-jump relaxation method has been used to determine the rate constants for the formation and dissociation 
of maganese(II), cobalt(II), and nickel(II) with some dicarboxylates in aqueous solution at zero ionic strength. The 
carboxylate ligands used are 3-nitrophthalate, 4-nitrophthalate, and phenylmalonate. The activation parameters have 
alse been obtained from the temperature dependence of the rate constants. A dissociative interchange mechanism 
with a chelate ring closure step as rate determining is employed to interpret the kinetic data of manganese(II) and 
cobalt(II) complexes. The rates of formation of nickel(II) complexes are controlled by both the solvent exchange 
step and the chelate ring closure step.

Introduction

The complex formation reactions of the metal ions with 
the carboxylate ligands are usually very fast so that the kine
tic parameters of the complexation can be determined only 
by the relaxation methods1. The high rate of the complexa
tion reaction has been known to be the consequence of the 
very fast water exchange step taking place between the metal 
ion옹 and the bulky solvent molecules1,2.

The study on the mechanism of formation of the labile 
metal complexes has attracted a great deal of attention3'20. 
The majority of mechanisms of the reactions are well under
stood by the Eigen mechanism in which the loss of water 
molecule from the inner coordination sphere of the metal 
ion is usually considered as the rate determining step. How
ever, the mechanism would be little more complicated by 
a ring closure process for the chelate ligand systems5,6.

The complexations of the metal ions with various carboxyl
ate ligands in aqueous solution have been interested since 
the complexes are used to be a model system for the environ
mental and biological phenomena2122. Recently, we have car
ried out a systematic study of the kinetics of formation of 
various dicarboylate complexes for the bivalent transition 
metal ions15-17, which would be the model for the metal com
plexation of humic substances. We intend to investigate the 
effect of ligand topology such as the basicity, stereochemical 
rigidity, and the substituents of the ligands on the kinetic 
properties of the complexation. In this paper, we report the 
results of the kinetic investigation on the complexation reac
tions of manganese(II), cobalt(II), and nick이(II), with 3-nitro- 
phthalate, 4-nitrophthalate, and phenylmalonate.

Experimental

All of chemicals used were of a reagent grade and were 
used without further purification. Stock solutions of the com
plexes were prepared and standardized in the same way 
as that described in the previous paper15-17. Each working
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solution was prepared by diluting the stock solution to de
sired concentrations. The pH's of the solutions were adjusted 
to above 5.5 in which most of the ligand acids are existed 
in the dibasic form.

The kinetic measurements for the complexation reactions 
were made by means of a pressure-jump technique which 
was described in some detail previously18,20. All relaxation 
times measured in this study were corrected for the time 
constant of escaping gas23. The measurements were made 
at 20, 25 and 30t. An iteration method assuming an initial 
value of the stability constants of the complex was employed 
to calculate simultaneously the rate constant and the ther
modynamic stability constant of the system from the relaxa
tion times measured at different concentrations.

Results and Discussion

The relaxation processes observed are interpreted in 
terms of the following complexation reaction of the type,

kf
ZB 十+L" M二=ML (1)

kr

where M2+ is the bivalent metal ion, L2-, is the dicarboxylate 
anion, and ML is the complex. The relaxation time (r) of 
the process is related to the forward and reverse rate con
stants (kf and 厲‘)by Eq. (2),

?=U/(Cm2+ + Cl2)냐^ (2)

where C is the equilibrium concentrations of the species 
and f± is the mean activity coefficient of the free ions at 
a given ionic strength. The activity coefficients of the ions 
were estimated from the Davies equation24 which is given 
by Eq. (3);

log fi- -0.5ZF( -0.2 m) ⑶

where Z, is the charge of the :th ion and 卩 is the ionic 
strength of the solution. _ _

Eq. (2) shows the plot of 1/r against /+2(Cm2+ + Cl2~)
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Table 1. Relaxation Data for Complexation Reactions of 3-nitro- 
phthalate System at 25笔

Metal 
ions

Co* XI어 
(M)

CmlXIO3 
(M)

(Cm2+ =Cl2-) 
X103(M)

gXlO4 f± lrXW3
(s'1)

Mn 0.92 0.28 0.64 2.57 0.80 5.65

3.69 1.98 1.71 6.84 0.70 7.75

5.54 3.33 2.21 8.86 0.67 8.55

9.23 6.21 3.03 12.10 0.63 9.62

Co 1.01 0.32 0.68 2.14 0.79 3.95

4.03 2.24 1.80 7.19 0.70 5.46

6.06 3.74 2.32 930 0.67 6.02

10.08 6.92 3.16 12.64 0.63 6.76

Ni 1.07 0.40 0.67 2.67 0.80 2.99

2.13 1.05 1.08 4.33 0.75 3.53

4.26 2.57 1.69 6.77 0.70 4.24

6.50 4.30 2.19 8.77 0.67 4.69

*Co refers to the total stoichiometric concentrations of the comp
lexes.

T
s
"

으

Figure 1. Plot of 1/r against /±2(Cm2+ + Cl2-) for Ni(II)-3-nitro- 
phthalate system at 20 (O), 25 (a), and 30(□).

gives a linear line of which the slope and the intercept are 
kf and kr respectively. Howevei, we should know the thermo
dynamic stability constant g =갸决, of the complex in order 
to calculate the mean activity coefficients and equilibrium 
concentrations of the ions. Since the accurate values of the 
thermodynamic stability constants of the complexes studied 
are needed, we have rather used the iteration method19 by 
which the thermodynamic constant and the forward and re
verse rate constants are calculated simultaneously from the 
observed relaxation times and the overall concentrations of 
the metal and ligand ions.

The typical sets of the final values of the equilibrium con
centrations and the mean activity coefficients along with the 
reciprocals of relaxation times for the 3-nitrophthalate sys
tem are given in Ta비e 1. Figure 1 shows the plots of 1/r 
against //(Cm2+ + Cl2—) at various temperature for the Ni

Table 2. Rate Constants and Stability Constants for Complexa- 
tion Reactions of 3-nitrophthalate System at 卩—0

Temperature Metal 
ions

砂 10 一 5 
血fT)

❼〉＜10一3 
(s~l)

KQl厂 2 
(M-1)

20 Mn 16.66± 0.19 3.37± 0.04 4.95
Co 12.03± 0.06 2.23± 0.01 5.40
Ni 10.37± 0.06 1.67+0.01 6.20

25 Mn 24.58土 0.41 3.63±0.07 6.78
Co 17.15± 0.12 2.48± 0.02 6.92
Ni 15.14± 0.30 1.69± 0.04 8.96

30 Mn 36.19± 0.19 3.89士 0.02 9.31
Co 25.00±0.42 2.67± 0.07 9.35
Ni 21.08± 0.10 1.99± 0.01 10.62

(II)-3-nitrophthalate system. The rates and thermodynamic 
stability constants for various dicarboxylate complexes of 
some bivalent transition metal ions determined through 
above procedure are summarized in Table 2. The activation 
parameters obtained from the Arrhenius plot and Eyring's 
equation are given in Table 3.

The complex formation reaction is generally understood 
in terms of the Eigen mechanism3. This multistep complexa- 
tion mechanism has been modified for bidentate ligand sys
tems, considering the chelation step of the complexation5,6. 
The mechanism could be described for the metal complexa
tion reaction with a bidentate ligand in following manner:

庇2 &23 为34
M2+(aq)+L2-(aq)二 W2MW1L 二 W2M-L ^2 M = L (4) 

左21 为32 在43
(I) (ID (HD

where Wi and W2 are water molecules coordinated in the 
inner solvation sphere of the metal ion. The step(I) is the 
diffusion controlled ion pair complex formation. The step(ID 
involves the loss of a water m이ecule from the inner solva
tion sphere of the metal ion and the formation of the mono
substituted metal complex The step(IID is the formation of 
the fully chelated complex. The equilibrium con옹tants for 
the step(I), (II), and (III) are represented by 瓦=知刃偽21, K? 
=k〈시临 and 県=｝引*、respectively.

With the assumptions that the step(I) is very rapid com
pared with other steps and the intermediate W2M-L is in 
a steady state, the overall forward and reverse rate constants 
(kf and Z) of the reaction (1) are related to the rate consants 
of individual steps of Eq. (4) as:

*0시舌■學订j and 扇=시客给一) (5)
v «32 + «34 f \ 々32 + 々34 /

The complexation reactions of bidentate ligands may be 
catagorized into two limiting cases5 which are depending on 
the ratio of Ek" "Limiting case A" is the reaction that 
the rate determining step is the loss of a water molecule 
from the inner hydration sphere and ring closure step is 
much faster, i.e., 이叔》1. In this case, Eq. (5). are reduced 
to kf=K(jk23 and 応티由K& The value of 影3 can be estimated 
if Kq is known. The diffusion controlled ion pair formation 
constant Ko would be estimated on the theoretical base by 
the Fuoss equation25. Assuming the distance of the closest
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Table 3. Activation Parameters for Transition Metal(II) Complex Formation Reactions with Various Dicarboxylates at 257二 and 
p-*0

Ligands Metal ions Ef (kJ*mol*1) AHJ* (kJ-mol-1) AS* AG/ (kj-mol'1)

3-nitro phthalate

4-nitro phthalate

Phenyl malonate

Mn
co
Ni
Mn
co
Ni
Mn
co
Ni

57.3± 2.9 54.8土 2.9 61.5± 2.1 36.4± 3.0
54.0± 9.2 51.5± 9.2 47.7土 5.0 37.2± 9.3
52.3± 9.6 49.8± 9.6 41.0+ 4.6 37.7± 9.7
49.8± 12.1 47.7± 12.1 32.6± 4.6 37.7+ 12.1
48.1±33.9 45.6± 33.9 22.6± 9.2 38.9± 34.0
46.9土 1.7 44.8± 1.7 18.8± 0.4 38.9± 1.7
54.4± 38.5 51.9± 38.5 51.5± 21.8 36.4± 39.0
53.6± 42.7 51.5± 42.7 46.9±,22・2 37.2+ 43.2
48.1±25.1 45.6士 25.1 16.3± 5.0 40.6士 25.1

Table 4. Rate Constants of Water Exchange Step 侬23) for Tran
sition Metal(II) Complex Formation Reactions with Various Di
carboxylates at 25t and 卩T)

Met지 
ions

3-nitro- 
phthalate 

(L)

4-nitro- 
phthalate 

(s'1)

Phenyl- 
malonate 

(s-1)

Water exchange 
rate(知)沙 ~ 3。 

(D

Mn 2.6X1。 1.6 X104 2.6 X104 3.6 X107
Co 1.8 X104 1.1 X104 IBS 2.6 X106
Ni 1.6 X104 9.9 X103 4.7 X103 2.7X104

approach between two counter ions to be 5 A26,27 the value 
of 瓦 at zero ionic strength has been estimated to be 95 
M-1 at 25t for an ion pair of 24- and 2— ions. Using this 
value of Ko, the value of 姻 for the various reaction systems 
were estimated. They are given in Table 4 along with the 
literature values28-31 of the water exchange rate constant 
(知)of the metal ions. The values of 統3 suppose to be very 
close to the values of kw if the systems studied belong to 
“limiting case A”. One can see from Table 4 that each value 
of 々23 is at least two order smaller than that of kw beside 
the nickel(II) system. This would mean that the condition 
为34佝2»1 does not stand for these systems. However, the 
values of 姻 in the nickel(ID system are varied from a ligand 
to other. This fact suggests that the complexation reactions 
of manganese(II) and cobalt(II) ions are not the cases for 
“limiting case A” and the reactions of nick이(II) ion are the 
intermediate case between "limiting case A** and "limiting 
case B”.

"Limiting case B is the reaction of which the rate is con
trolled by the process of the chelate ring formation. In this 
case,左34/为32«1 and thus kf=KoK^3i and kr—k^ from Eq.
(5) . In order to evaluatee the values of and A43 which 
are the rate constants for the chelate ring formation process, 
the values of 如 and k32 must be known in Eq. (5). The 
water exchange rate constant for the corresponding metal 
ions28-31 kw could be assumed as 瞄 The values of 氏盈 were 
estimated using the following semi-empirical relationship be
tween pKa of the ligand and 瞞 for the metal complexes 
of dicarboxylate ligands derived by Hoffmann32 and Yasunaga
12.

log ^32= -0.22 pKa2-^A (6)

where 4 is a constant. Following the Yasunaga*s procedure12, 
the constant A were obtained to be 4.88, 7.28, and 8.05 for 
nickel(II), cobalt(II), and manganese(II) systems, respectively. 
The values of 临 板 and A43 calculated from Eqs. (5) and
(6) are listed with equilibrium data in Table 5.

Table 5 아lows that the condit on 力34龙32 stands for
the complexation reactions of manganese(II) and cobalt(II) 
ions studied. This would mean that the complexation reac
tions of manganese(II) and cobalt(II) ions belong to "Limiting 
case B". The rates of chelate ring formation (&) are at least 
two order slower than those of the loss of the solvated water 
molecule from the metal ions (知).Again, in the case of Ni(II) 
complexation systems, the values of 妇 is very close to the 
values of 蜘 This is also an evidence that the reactions 
of nickel(II) ion would be the intermediate case between 
"limiting case A” and "limiting case B”，which is a concerted

Table 5. Rate and Equilibrium Constants of Each Individual Step of the Multiple Step Complex Formation of Transition Metal(II) 
with Various Dicarboxylates at 25t p->0

Metal ions Ligands 力瓦2 KM) 初(NLD Ws-1) 如L) 为 32(S‘l) 为34($ ') ^43(S-1)

Mn 3-nitrophthalate 4.38 6.8 X102 2.5 X106 3.6 X103 3.6 X107 1.2 xio7 8.8 XIO3 3,6 XIO3
4-nitrophthalate 4.44 4.4 X102 1.5 X106 3.5 X103 3.6 X107 1.2 xio7 5.3 XIO3 3.5 X103
Phenylmalonate 5.55 1.1 X103 2.5 X106 2.4 X103 3.6 X107 6.7 X106 4.9 XIO3 2.4 X103

Co 3-nitrophthalate 4.38 6.9X102 1.7 X106 2.5 X103 2.6 X106 I^XIO6 8.4X103 2.5 XIO3
4-nitrophthalate 4.44 4.8 X102 1.0 X106 2.2 X103 2.6 X106 1.2 XIO6 5.1 XIO3 2.2 XIO3
Phenylmalonate 5.55 1.1 X103 1.7 X106 1.5 X103 2.6 X106 6.7 XIO5 4.6 XIO3 1.5 XIO3

Ni 3-nitrophthalate 4.38 8.9X102 1.5 X106 1.7 X103 2.7 X104 8.3 X103 1.2 XIO4 4.1 XIO3
4-nitrophthalate 4.44 5.6 X102 9.4 X105 1.7 X103 2.7 X104 8.1 X103 4.7 XIO3 2.6 XIO3
Phenylmalonate 5.55 1.3 X103 4.5 X105 3.6 X102 2.7 X104 4.6 X103 9.7 XIO2 4.3 XIO2



662 Bull, Korean Chem. Soc., Vol. 13, No. 6, 1992 Sock Sung Yun et al.

aS* (Jojle moT1 K허 >

Hgure 2. Isokinetic plot for 1:1 complex formation reactions 
of some metal(II)-dicarboxylates.

mechanism between 瞄 and k^. However, that values 
for nickel(II) systems are a little smaller than kw values of 
nickel(II) ion implies that the mechanism of the reaction in
clines to some extent to "limiting case B허 depending on 
the nature of the ligands.

Although the rates of ring formation and rupture are var
ied from a ligand to other, it does not reveal that there 
is a significant effect by the nitro substituent of the phthalate 
ligands. The large positive entropy of activation of the reac
tions in Table 3 indicates an Id mechanism for the reactions 
as usual. Figure 2 is the isokinetic plot of AH* against AS* 
of the complexation reactions studied. A good linearity of 
the isokinetic relationship is observed. The isokinetic tem
perature resulted from the slope of the linear line was calcu
lated to be 217°K which is lower than the reaction tempera
ture. This supports that the complexation reactions of the 
dicarboxylate ligands studied would be controlled by the ac
tivation entropy and thus an Id mechanism is designated.
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