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Kinetics of aquation of the cis-diacetatobis(ethylenediamine)cobalt(I1I)
ion was investigated in the medium of NaCl, NaBr, and NaClO, as support-
ing electrolytes and in binary aqueous-organic solvents containing metha-
nol, isopropyl alcohol, tert-butyl alcohol, acetonitrile, acetone, and dioxane
as nonaqueous cosolvents. It has been found that the complex cation is
associated with the C1~, Br~, and ClO; 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.

Uccnenosanach KHHETHKA aKBATAllMH MOHA yuc-AHaleTaTOOUC(3THIIEH-
nuamun)kobansta(Ill) B cpene NaCl, NaBr u NaClO, kak 3J1eKTPOJIMTOB-
-HOCHTEJIE, a Takke B OMHAapHBIX BOOHO-OPraHMYECKUX PaCTBOPHUTENAX
C METHJIOBBIM, H30MPOIHUIOBLIM, mpem-0yTHIOBBIM CIHPTaMHU, allETOHH-
TPHJIOM, allETOHOM M JIHOKCAaHOM KaK HEBOOHBIMH KOMIIOHeHTaMu. BeLio
OOHAPYXEHO, YTO MPOUCXOOUT ACCOLMHPOBAaHHE KOMILIEKCHOTO KaTHOHA
¢ anvonamu Cl~, Br™ u ClO; ¥ Ha OCHOBaHMM KHHETHYECKHX M3MEpPEHUH
ObLIM pacCYHTaHBI KOHCTAHTHI acconuauuy. Mcxonas U3 3aBUCHMOCTH Tep-
MOIMHAMUYECKUX (DYHKUMIA IepeHoca OT MOJIbHOH JOJIM HEBOJHOIO KOM-
[OHEHTA CMECHOr0 PAaCTBOPHTENs CHEJaH BBHIBOA O COJbBAaTallMM MCXO.-
HOTO M MEPEXOJHOI'0 COCTOSIHUS M3y4aeMOH peaKILHH.

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 AGY, the transfer enthalpy AH?, the transfer entropy AS®, the transfer
heat capacity ACY, and the transfer molar volume A¥° [1—3]. The change in the
Gibbs activation energy due to the transfer from water to a given mixture of
solvents §,AG” may be related with the corresponding standard chemical
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potentials of the activated complex, 8,4 * and those of starting substances, §,, 1°
[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),(en),]*
(R = H, CH,;, (CH,);CCH,, CCl,, C¢H,) 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 cis-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

cis-Diacetatobis(ethylenediamine)cobalt(11I) 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, rert-butyl alcohol, acetone, acetonitrile, and dioxane were redistilled
before use. The course of aquation was followed by measuring the change in absorbance
at A = 510 nm by using a colorimeter Spekol 10 which was connected with a recorder
K 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 ¢is-[Co(CH,COO),(en),]ClO, at 298.1 K 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~',
and diluted appropriately. The concentration was determined spectrophotometrically at
A = 510 nm, the molar absorption coefficient of the complex being 12.48 m” mol~'. 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 cis-diacetatobis(ethylenedi-
amine)cobalt(IIl) ion in neutral medium may be described by the following
scheme

510 Chem. Papers 44 (4) 509—517 (1990)



KINETICS OF AQUATION

k50

[Co(CH,COO),(en),]* + H,0 —2 [Co(CH,COO)H,O(en),]>* +
+ CH,COO"~ (4)

At first a rapid preequilibrium is established in acid medium

K
[Co(CH,COO0),(en),]* + H;0* = [Co(CH;COO)(CH;COOH)(en),]** +
+ H,0 (B)
Thus we may write for the reaction of the protonated form of the complex

ky+

[Co(CH,COO)(CH;COOH)(en),P* + H,0 —+
24t [Co(CH,COO)H,0(en),]** + CH,COOH (€)

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

Kexp = kuo + ky+ K[H;07] )

The values of ky o are 100-times smaller than the values of ky+ not only for
water but also for the mixed media [9]. It is known that the ligands — anions
of weak acids — of the Co(I1I) 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 cis-[Co(CH,COQO),(en),]* 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

P

[Co(CH,COO)(CH,COOH)(en),]"* + X~ ==

KIP

== [Co(CH,COO0)(CH,COOH)(en),** X~ (D)
X~ = CI-, Br-, ClO;

Because of this fact, the investigated aquation involves two parallel reactions,
i.e. reaction (C) and reaction of the ionic pair

[Co(CH,CO0)(CH;COOH)(en),]** X~ + H,O0 -~
2¥,  [Co(CH,COO)H,O(en),]* X~ + CH,COOH (E)
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Table 1

Rate constants of aquation of cis—[Co(CH;COO)Z(en)Z]* in the presence of different electrolytes
c(complex) = 4.16 x 1073 mol dm~3, ¢(HCIO,) = 9.9 x 10~* mol dm~3, T = 298.2 K

Cy 10% - k/s™!

mol dm~* NaCl NaBr NaClO,
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 Kp is given by the following expression
[[Co(CH,COO)(CH;COOH)(en),’* X~] 1 _ kP 1

c ()
[[Co(CH,COO)(CH;COOH)(en),J*1[X"] 7 n 12!

P =
where 7y, is activity coefficient of the complex and associate and ¥, stands for
activity coefficient of the anion of supporting electrolyte.

Thus it holds for the experimental rate constant

ky+ + kipKip72[X7]
1 + Kippa[X7]

Eqn (3) enabled us to calculate the association constant K,, and the rate
constant kp of reaction (E). 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 y, was calculated from the extended
Debye—Hiickel relationship

kexp =

3)

L2712
logy, = — 221" 40152 )
1 + Bal'?

where I and - are the ionic strength and charge number of ion, respectively, 4
and B are the Debye—Hiickel 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 K| 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 cis-diacetatobis(ethylenediamine)cobalt(III) ion and anions K;, and
rate constants of ionic pairs kp in water at 298.2 K

X~ 10° - kyp/s™! Kip Kp(theor.)
Cl- 4.11 3.99
Br~ 3.32 6.72 4.82
clo; 7.38 1.29
Table 3

Rate constants of aquation of cis-[Co(CH;COO),(en),]* in mixed aqueous-organic solvents
c(complex) = 4.16 x 107> mol dm 3, ¢(HCIO,) = 9.9 x 10> mol dm 3, T=298.2 K

Mole fraction 10° - k Mole fraction 10° - k
Solvent Solvent
X, (solvent) s! X, (solvent) s!

— 0.97 + 0.01 i-PrOH 0.025 1.15 + 0.04
0.040 1.22 + 0.00
MeOH 0.046 1.16 + 0.01 0.056 1.14 + 0.04
0.100 1.27 + 0.04 0.092 1.04 + 0.04
0.160 1.29 + 0.06 0.136 0.99 + 0.04
0.229 1.32 + 0.02 0.191 0.89 + 0.03
Acetonitrile 0.037 1.08 + 0.00 tert-BuOH 0.021 0.98 + 0.03
0.079 1.23 + 0.04 0.046 1.04 + 0.02
0.128 1.21 + 0.05 0.076 1.17 +£ 0.04
0.187 1.33 + 0.05 0.113 0.99 + 0.03
0.161 0.69 + 0.03
Dioxane 0.023 0.85+0.01 Acetone 0.027 1.12 + 0.00
0.049 0.86 + 0.03 0.058 1.36 + 0.02
0.082 1.02 4+ 0.01 0.095 1.37 + 0.03
0.124 0.89 + 0.01 0.134 1.32 + 0.02

0.174 0.63 + 0.01

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 Cl~ 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 cis-diacetatobis(ethylenedi-
amine)cobalt(I1I) ion was also investigated in mixed aqueous-organic solvents;
methyl alcohol, isopropyl alcohol, tert-butyl 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 x, 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(x,) 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 §,4° and 3,u”. The change
in the Gibbs activation energy due to the transfer from water into a mixed
aqueous-organic solvent is given by the expression

smAG# = Sm:uaé - Sm#O(M2+) (5)

where 8, 4°(M?*) is the transfer function of the protonated form of the complex
[Co(CH,COO)(CH,COOH)(en),]** ion which prevails under given experimen-
tal conditions. The values of 8§,u°(M?*) in the mixtures of water with methyl
alcohol, tert-butyl alcohol, and acetone were obtained by combining the values

log k [ I

-2.9

-3.0

Fig. 1. Variation of log k with mole
fraction x, of the nonaqueous cosol-
vent for aquation of the cis-diacetato-
bis(ethylenediamine)cobalt(III) ion.
c(complex) = 4.16 x 107> mol dm™*,
¢(HCIO,) = 9.9 x 107* mol dm~,
T=2982K.

A Methyl alcohol, ® isopropyl alco-
hol, O tert-butyl alcohol, O acetone,
0.00 0.10 0.20 X9 A acetonitrile, W dioxane.

=34

-32
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Table 4

Solubilities S, Gibbs energy (kJ mol~') of transfer of complex ion &,4°(M?*) and of transition
state 8, u”, and Gibbs activation energy 5, AG* for aquation of cis-[Co(CH,COO),(en),]* in mixed
aqueous-organic solvents at 298.2 K

x,(solvent) - SP(MY) 3 P(HY) 3 pP(MPY) 5,AG* Su”
mol dm ™"
0 1.700
MeOH
0.046 1.578 0.42 0.27 0.69 —0.44 0.25
0.098 1.506 0.55 0.41 0.96 —0.67 0.29
0.160 1.384 0.92 0.44 1.36 —0.71 0.65
0.229 1.312 1.38 0.35 1.73 —0.76 0.97
tert-BuOH
0.021 1.732 0.27 1.15 1.42 —0.03 1.39
0.046 1.575 0.07 0.35 0.42 —0.17 0.25
0.076 1.406 -0.71 —1.45 —2.16 —0.46 —2.62
0.113 1.257 —1.37 —2.85 —4.22 —0.05 —4.27
Acetone
0.027 1.750 —0.54 —1.48 —2.02 —0.36 —2.38
0.058 1.785 —1.14 —3.23 —4.37 —0.84 —-5.21
0.095 1.711 —1.63 —5.34 —6.97 —0.86 —17.83
0.134 1.651 —-2.25 —1745 —-9.71 —0.76 —10.47

of the transfer functions of ClO; , H*, and Cl~ calculated from the published
data [16—21] with the values of the transfer function of cis-diacetatobis(ethyle-
nediamine)cobalt(III) perchlorate (5,,4°(complex))

Bpp®(M**) = 8,,p°(complex) — 8,,4°(ClO; ) + 8,,4°(H") (©6)

The value of ,,u°(complex) was calculated from the measured solubilities of
[Co(CH,COO0),(en),]CIO, (Table 4) by usjng the equation
&, 4°(complex) = 2RT In So )
X3
where S, and S, 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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InXi I T
kJmol™ |~ ]
15 -
1.0 -
0.5 o
0.0 -
-0.5 &
-1.0 1 ] ‘ -12 1 1
0.0 0.1 0.2 xz(MeOH) 0.00 0.05 0.10 xz(ocetone)
o X T T
kJ mot-!
2L .
ol . Fig. 2. Aquation of the cis-diacetatobis(ethyle-
nediamine)cobalt(I1I) ion in mixtures: water—
-2 - —methyl alcohol (a), water—acetone (b), water—
—tert-butyl alcohol (c) at 298.2 K. Dependence
Bl T of the transfer parameters on solvent compo-
-6 | \ sition x,.
0.00 0.05 10410 x,{BuOH) O 8, °(M?*), A 8 u”, ® 5, AG*.

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. 2b). The transfer functions §,4°(M?*) and 8,1 for the
mixture water—terz-butyl alcohol exhibit a maximum (Fig. 2¢). 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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