
Aquation of ci5-diacetatobis(ethylenediamine)cobalt(III) ion 
in mixed aqueous-organic solvents 

O. GRANČIČOVÁ and V. HOLBA 

Department of Physical Chemistry, Faculty of Natural Sciences, 
Comenius University, CS-842 15 Bratislava 

Received 13 June 1989 

Dedicated to Professor Ľ. Treindl, DrSc., in honour of his 60th birthday 

Kinetics of aquation of the ds-diacetatobis(ethylenediamine)cobalt(III) 
ion was investigated in the medium of NaCl, NaBr, and NaC104 as support
ing electrolytes and in binary aqueous-organic solvents containing metha
nol, isopropyl alcohol, /er/-butyl alcohol, acetonitrile, acetone, and dioxane 
as nonaqueous cosolvents. It has been found that the complex cation is 
associated with the СГ, Br", and СЮ4" anions and the kinetic measure
ments were used for calculating the association constants. The dependence 
of thermodynamic transfer functions on mole fraction of the nonaqueous 
cosolvent was used for drawing conclusions related to the solvation of the 
initial and transition state of the investigated reaction. 

Исследовалась кинетика акватации иона 1/модиацетатобис(этилен-
диамин)кобальта(Ш) в среде NaCl, NaBr и NaC104 как электролитов-
-носителей, а также в бинарных водно-органических растворителях 
с метиловым, изопропиловым, трет-бутиповым спиртами, ацетони-
трилом, ацетоном и диоксаном как неводными компонентами. Было 
обнаружено, что происходит ассоциирование комплексного катиона 
с анионами СГ, Вг~ и СЮ4" и на основании кинетических измерений 
были рассчитаны константы ассоциации. Исходя из зависимости тер
модинамических функций переноса от мольной доли неводного ком
понента смесного растворителя сделан вывод о сольватации исход
ного и переходного состояния изучаемой реакции. 

The ionic reactions in solution are often significantly influenced by solvent. 
The starting substances as well as the activated complex are solvated in the 
manner characteristic of reactants and used solvent of a given composition. The 
solvation affects the Gibbs activation energy and thus the reaction rate. The 
solvation, preferential solvation and some other effects in mixed solvents are in 
close relation with thermodynamic transfer functions, i.e. the Gibbs energy of 
transfer AG° the transfer enthalpy A # ° the transfer entropy AS° the transfer 
heat capacity AC?, and the transfer molar volume A Vt° [1—3]. The change in the 
Gibbs activation energy due to the transfer from water to a given mixture of 
solvents 5mAG* may be related with the corresponding standard chemical 
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potentials of the activated complex, 5m/i# and those of starting substances, Sm/i° 
[4]. The dependence of these quantities on composition of the solvent enables us 
to come to a conclusion concerning the influence of the solvation of starting 
substances and activated complex on the course of an investigated reaction. This 
method was formerly used for examining the substitution and redox reactions 
of some coordination compounds [5]. 

The aquation of dicarboxylato complexes of the type [Co(OCOR) 2(en) 2]+ 

(R = H, C H 3 , (CH 3 ) 3 CCH 2 , CC13, C 6 H 5 ) was previously studied with the aim 
to evaluate quantitatively the influence of polarity and steric effects of car-
boxylate ligands on thermodynamic and kinetic properties of complexes [6]. It 
has been found that the substitution of carboxylate ligands proceeds in two 
consecutive reactions and is catalyzed by the hydroxonium ions. 

The aim of this study was to obtain experimental data relating to aquation 
of the rá-diacetatobis(ethylenediamine)cobalt(III) ion in the medium compris
ing some supporting electrolytes and in mixed aqueous-organic solvents and on 
the basis of these data and thermodynamic transfer functions to analyze the 
influence of reaction medium on initial and transition state of the reaction. 

Experimental 

rá-Diacetatobis(ethylenediamine)cobalt(III) Perchlorate was prepared by the method 
described in literature [7]. The absorption spectrum of aqueous solution of the complex 
salt was consistent with the published data [8]. The redistilled water was used for 
preparing the aqueous-organic mixtures. Anal, grade chemicals, i.e. methyl alcohol, 
isopropyl alcohol. tert-buty\ alcohol, acetone, acetonitrile, and dioxane were redistilled 
before use. The course of aquation was followed by measuring the change in absorbance 
at Я = 510 nm by using a colorimeter Spekol 10 which was connected with a recorder 
К 201 through an A D converter TEC-1 (all instruments from Zeiss, Jena). The reaction 
mixture was put in a cell thermostated with precision ±0.1 K. The rate constants were 
obtained by the Guggenheim method. The given values of rate constants are always the 
mean of four independent measurements. 

The solubility of т-[Со(СНзСОО)2(еп)2]С104 at 298.1 К was determined by shaking 
the complex salt with solvent until the equilibrium was reached (3—4 h). Then a part of 
the solution was taken, centrifuged for 5 min at the number of revolutions 2000 min"1, 
and diluted appropriately. The concentration was determined spectrophotometrically at 
Я = 510 nm, the molar absorption coefficient of the complex being 12.48 m2 mol - 1. It 
was found that its value was constant for the used mixtures of solvents. The standard 
error of the determination of solubility was ± 1 %. 

Results and discussion 

The course of the first stage of aquation of the c/j-diacetatobis(ethylenedi-
amine)cobalt(III) ion in neutral medium may be described by the following 
scheme 
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[Co(CH3COO)2(en)2]
 + + H20 -^2-> [Co(CH3COO)H,0(en)2]2+ + 

+ CH3COO- (A) 

At first a rapid preequilibrium is established in acid medium 

[Co(CH3COO)2(en)2]
+ + H 30+ £ [Co(CH3COO)(CH3COOH)(en)2]

2+ + 

+ H20 (B) 

Thus we may write for the reaction of the protonated form of the complex 

[Co(CH3COO)(CH3COOH)(en)2]
2+ + H20 - ^ 

- ^ [Co(CH3COO)H20(en)2]
2+ + CH3COOH (Q 

owing to which the following expression is valid for the experimental rate 
constant of aquation of the cis-diacetatobis(ethylenediamine)cobalt(III) ion 

£е*р = Ч о + * н ^ [ Н 3 0 + ] (7) 

The values of kHn0 are 100-times smaller than the values of ки+ not only for 
water but also for the mixed media [9]. It is known that the ligands — anions 
of weak acids — of the Co(III) complexes are protonated in acid medium. On 
the basis of available data [10] we can come to the conclusion that the concentra
tion of the non-protonated form of rá-[Co(CH3COO)2(en)2]

+ was smaller than 
1 % under our experimental conditions. 

At the same time we have found that the experimental rate constant depends 
on concentration of the supporting electrolyte. The values of rate constant in the 
medium of sodium chloride, bromide, and Perchlorate are given in Table 1. The 
rate constant increases with concentration of the supporting electrolyte, which 
indicates the formation of ionic pairs in the reaction system. The electrostatic 
reasons particularly suggest the association of the protonated form 

[Co(CH3COO)(CH3COOH)(en)2]
2+ + X" á^ 

^ [Co(CH3COO)(CH3COOH)(en)2]
2+ X" (D) 

x- = cr, Br-, cio4-
Because of this fact, the investigated aquation involves two parallel reactions, 
i.e. reaction (C) and reaction of the ionic pair 

[Co(CH3COO)(CH3COOH)(en)2]
2+ X" + H20 - ^ 

- ^ [Co(CH3COO)H20(en)2]
2+ X" + CH3COOH (£) 
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Table 1 

Rate constants of aquation of ns-[Co(CH 3 COO) 2 (en) 2 ] + in the presence of different electrolytes 
c(complex) = 4.16 x 10" 3 mol d m " 3 , c(HCl"o4) = 9.9 x 10" 3 mol d m " 3 , T = 298.2 К 

ccl lCr-Är/s-' 

mol dm" 3 NaCl NaBr NaC104 

0.1 1.61+0.06 1.64 + 0.01 1.57 + 0.04 
0.2 1.90 + 0.03 1.92 + 0.07 1.72 + 0.01 
0.4 2.26 + 0.05 2.10 + 0.05 2.08 + 0.07 
0.6 2.39 + 0.10 2.34 + 0.01 2 .51+0.11 
0.8 2.76 + 0.07 2.69 + 0.03 2.79 + 0.04 

The association constant KlP is given by the following expression 

к [[Со(СН3СОО)(СН3СООН)(еп)2]
2+Х-] 1 _ ^ I P 1 

,P [[Co(CH3COO)(CH3COOH)(en)2]
2+][X-]r1r2

 c y2 

where /, is activity coefficient of the complex and associate and y2 stands for 
activity coefficient of the anion of supporting electrolyte. 

Thus it holds for the experimental rate constant 

k = ки+ + klPKlPy2[X~] 

1 + KlPy2[X~] 

Eqn (3) enabled us to calculate the association constant KlP and the rate 
constant klP of reaction (£). In all experiments the concentration of the complex 
was much lower than the concentration of the supporting electrolyte so that the 
difference between their analytical and equilibrium concentration was negligi
ble. The value of the activity coefficient y2 was calculated from the extended 
Debye—Hückel relationship 

where / and г are the ionic strength and charge number of ion, respectively, A 
and В are the Debye—Hückel constants [11] and a is the contact distance for 
which the value of 0.4 nm [12] was used. The values of association constants are 
listed in Table 2 where the theoretical value of KlP calculated according to the 
Bjerrum theory is also given [13]. In this calculation the best agreement of the 
theoretical value with the experimental one was achieved if the value of 0.4 nm 
was used as the distance of the closest approach of ions. It results from the table 
that the ionic pair containing the Perchlorate ion is the most reactive. At the 
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Table 2 

Association constants of the c/>diacetatobis(ethylenediamine)cobalt(III) ion and anions K]P and 

rate constants of ionic pairs klP in water at 298.2 К 

10 3 -* ,p/s- AjP(theor.) 

c r 

cio4-

4.11 

3.32 

7.38 

3.99 

6.72 

1.29 

4.82 

Table 3 

Rate constants of aquation of c/s-[Co(CH3COO)2(en)2]
+ in mixed aqueous-organic solvents 

c(complex) = 4.16 x 10~3 mol d m " 3 , с(НСЮ 4 ) = 9.9 x 10" 3 mol d m " 3 , T= 298.2 К 

Solvent 

— 

MeOH 

Acetonitrile 

Dioxane 

Mole fraction 

x2 (solvent) 

0.046 

0.100 

0.160 

0.229 

0.037 

0.079 

0.128 

0.187 

0.023 

0.049 

0.082 

0.124 

0.174 

103 • A: 

s" 1 

0.97 + 0.01 

1.16 + 0.01 

1.27 + 0.04 

1.29 + 0.06 

1.32 + 0.02 

1.08 + 0.00 

1.23 + 0.04 

1.21 + 0 . 0 5 

1.33 + 0.05 

0.85 ± 0 . 0 1 

0.86 ± 0.03 

1.02 ± 0 . 0 1 

0.89 ± 0 . 0 1 

0.63 ± 0 . 0 1 

Solvent 

i-PrOH 

tert-BuOH 

Acetone 

Mole fraction 

x2 (solvent) 

0.025 

0.040 

0.056 

0.092 

0.136 

0.191 

0.021 

0.046 

0.076 

0.113 

0.161 

0.027 

0.058 

0.095 

0.134 

103 • A: 

s" 1 

1.15 ±0.04 
1.22 ±0.00 
1.14 ±0.04 
1.04 ±0.04 
0.99 ± 0.04 
0.89 ± 0.03 

0.98 ± 0.03 
1.04 ±0.02 
1.17 ±0.04 
0.99 ± 0.03 
0.69 ± 0.03 

1.12 ±0.00 
1.36 ±0.02 
1.37 ±0.03 
1.32 ±0.02 

same time, it is worth noticing that the Perchlorate ion can produce changes in 
the hydration sphere of reactants and thus affect the rate of aquation [14]. The 
existence of nonelectrostatic factors is also evidenced by the fact that the kinetic 
method gives a greater value of the association constant for the ionic pair 
containing the Br" ion than for the ionic pair containing the CI" ion though the 
associate with a smaller ion ought to be thermodynamically more stable accord
ing to the electrostatic theory. 
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Besides in aqueous medium, the aquation of the c/.s-diacetatobis(ethylenedi-
amine)cobalt(III) ion was also investigated in mixed aqueous-organic solvents; 
methyl alcohol, isopropyl alcohol, tert-buty\ alcohol, acetone, acetonitrile, and 
dioxane being the nonaqueous components. The rate constants found in these 
media are given in Table 3. The nonmonotonous course of the plot of the 
logarithm of rate constant against mole fraction x2 of the nonaqueous cosolvent 
(Fig. 1) and in some cases the different values, of rate constant in isodielectric 
mixtures indicate that the effect of the nonaqueous cosolvent is more com
plicated and cannot be interpreted only on the basis of a change in relative per
mittivity of medium. From the viewpoint of classification of solvents in typical 
aqueous and typical nonaqueous solvents [15], it is interesting that the relation
ship log k =f(x2) exhibits practically identical course for water—methanol and 
water—acetonitrile solvents though these mixtures belong to different classes of 
solvents. 

The influence of solvent on the initial and transition state was analyzed by 
means of the thermodynamic transfer functions 5m//° and 5т//*\ The change 
in the Gibbs activation energy due to the transfer from water into a mixed 
aqueous-organic solvent is given by the expression 

ômAG* = ôm/i*-ôm//>(M2+) С*) 
where 5m/z°(M2+) is the transfer function of the protonated form of the complex 
[Co(CH3COO)(CH3COOH)(en)2]

2+ ion which prevails under given experimen
tal conditions. The values of 5m//°(M2+) in the mixtures of water with methyl 
alcohol, tert~huty\ alcohol, and acetone were obtained by combining the values 

log к 

-2.9 -

-3.0 

-3.1 -

-3.2 -

Fig. I. Variation of log к with mole 
fraction .v2 of the nonaqueous cosol
vent for aquation of the m-diacetato-
bis(ethylenediamine)cobalt(IH) ion. 

c(complex) = 4.16 x 10~3 mol dm"3, 
c(HC104) = 9.9 x 10"3 mol dm" 3, 

T = 298.2 К. 
д Methyl alcohol, • isopropyl alco
hol, О tert-buty\ alcohol, D acetone, 

A acetonitrile, • dioxane. 
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Table 4 

Solubilities 5, Gibbs energy (kJ mol"1) of transfer of complex ion 5m/i°(M2+) and of transition 
state 5m/i*, and Gibbs activation energy 5mAG* for aquation of с/.у-[Со(СНзСОО)2(еп)2]

+ in mixed 
aqueous-organic solvents at 298.2 К 

x2 (solvent) 

0 

MeOH 

0.046 
0.098 
0.160 
0.229 

ter/-BuOH 

0.021 
0.046 
0.076 
0.113 

Acetone 

0.027 
0.058 
0.095 
0.134 

S 

mol d m - 1 

1.700 

1.578 
1.506 
1.384 
1.312 

1.732 
1.575 
1.406 
1.257 

1.750 
1.785 
1.711 
1.651 

ôm/i°(M + ) 

0.42 
0.55 
0.92 
1.38 

0.27 
0.07 

- 0 . 7 1 
- 1 . 3 7 

- 0 . 5 4 
- 1 . 1 4 
- 1 . 6 3 
- 2 . 2 5 

5 т / Л Н + ) 

0.27 
0.41 
0.44 
0.35 

1.15 
0.35 

- 1 . 4 5 
- 2 . 8 5 

-1 .48 
- 3 . 2 3 
- 5 . 3 4 
- 7 . 4 5 

ôm/i°(M2+) 

0.69 
0.96 
1.36 
1.73 

1.42 
0.42 

- 2 . 1 6 
- 4 . 2 2 

- 2 . 0 2 
- 4 . 3 7 
- 6 . 9 7 
- 9 . 7 1 

KM* 

- 0 . 4 4 
- 0 . 6 7 
- 0 . 7 1 
- 0 . 7 6 

- 0 . 0 3 
- 0 . 1 7 
- 0 . 4 6 
- 0 . 0 5 

- 0 . 3 6 
- 0 . 8 4 
- 0 . 8 6 
- 0 . 7 6 

öm/i* 

0.25 
0.29 
0.65 
0.97 

1.39 
0.25 

- 2 . 6 2 
- 4 . 2 7 

- 2 . 3 8 
- 5 . 2 1 
- 7 . 8 3 

- 10 .47 

of the transfer functions of C1CV, H + , and CI" calculated from the published 
data [16—21] with the values of the transfer function of rá-diacetatobis(ethyle-
nediamine)cobalt(III) Perchlorate (5m//° (complex)) 

5m//°(M2+) = 5m//°(complex) - ôm/z°(C104-) + Ôm//°(H+) (6) 

The value of 5m/i°(complex) was calculated from the measured solubilities of 
[Со(СН3СОО)2(еп)2]СЮ4 (Table 4) by using the equation 

5m//°(complex) = 2RT\n -^- (7) 

where S0 and SX2 are solubilities of the complex salt in water and in a given mixed 
solvent, respectively. Eqn (7) is valid on the assumption that the ratio of activity 
coefficients of the complex salt in the used solvents is equal to one. The values 
of the transfer functions are given in Table 4. It results from this table that the 
influence of methanol on solvation of the reactant and of the activated complex 
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^ m ^ l «M 
kJ mol"1 

-2 

-4 

-6 

-8 

-10 

-12 

b 

l 1 

-

-

0.00 0.05 0.10 x2(acetone) 

ďmXt 

0.00 0.05 0.10 XjíBuOH) 

Fig. 2. Aquation of the m-diacetatobis(ethyle-
nediamine)cobalt(III) ion in mixtures: water— 
—methyl alcohol (á), water—acetone (b), water— 
—/erf-butyl alcohol (c) at 298.2 K. Dependence 
of the transfer parameters on solvent compo

sition .v-,. 
O ôm/i°(M2+),A 5 т / Л # 5mAG*. 

in the investigated concentration interval is much smaller than the influence of 
tert-butyl alcohol and acetone. In addition, the investigated cosolvents differ 
from each other in their stabilizing or destabilizing effect on the initial and 
transition state. In the mixture water—methanol the starting complex ion as 
well as the activated complex is destabilized (the corresponding transfer func
tions in Fig. 2a are positive) and the increase in rate constant accompanying the 
increase in mole fraction of methanol is a consequence of a greater destabiliza-
tion of the complex ion when compared with the activated complex. In the water 
—acetone mixture the complex ion as well as the activated complex is stabilized 
and the change in rate constant results from a greater stabilization of the 
activated complex (Fig. 26). The transfer functions 5m//°(M2+) and 6m/i* for the 
mixture water—ter/-butyl alcohol exhibit a maximum (Fig. 2c). If the content 
of the nonaqueous component is low, a destabilization of the complex ion as 
well as of the activated complex appears while both species are stable at higher 
content of that component. However, the differences are too small and do not 
allow interpreting the change in rate constant. 

The use of thermodynamic transfer functions gives a more detailed informa
tion about the influence of medium on the investigated reaction. As far as the 
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ionic reactants are concerned, the result, to a great extent, depends on extrather-
modynamic assumptions. It appears that the assumption of equal value of the 
contribution of cation and anion to the Gibbs transfer energy of tetraphenyl-
arsonium tetraphenylborate (assumption TATB) is a good basis for obtaining 
correct values of the transfer functions of individual ions. 
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