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Effects of Ion-pairing on Solvolytic Aquation of Chloropentaammi
necobalt(III) Ion in Presence of Oxalate Anion
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Tbe rate of solvolytic aquation of chloropentaamminecobalt(Ill) ion bas been measured in aqueous medium
in tbe presence of oxalate anion at 40°, 45° and 50°C. The rate-acctlerating effect of oxalate bas been ascribed to
tbe more reactive chloropentaamminecobalt(Jll) oxalate ion-pair. The rate and association constants of tbe ion-pair
have been calculated. The rate con~tants for tbe formation of tbe otahto-pentaammine complex by the entry of the
ion-pairing oxalate ion have been evaluated from tbe product analysilj experiment. The activation parameters of each
of tbe reaction patbways and tbe tbermodynamic parameters for tbe ion-association process have also been computed.

INour previous communications1-s, we reported
that the marked acceleration of the rate of
aquation of chloropentaamminecobalt(III) ion

in the presence of bivalent anions, sulphate!, maleate
and phthalate2 and malonate and succinateS was
due to the formation of more reactive chloropenta
amminecobalt(III)-anion ion-pair. The release of
chloride from the ion-pair has been shown to occur
by two pathways : (i) aquation of the ion-pair
(major path); and (ii) direct entry of the associating
anion into the inner sphere of the complex (minor
path). The present communication deals with the
study of the rate-accelerating influence of oxalate
ion on the acid hydrolysis reaction of chloropenta
amminecobalt(I1I) ion with a view to examining the
effect of size and basicity of the ion-pairing anion on
its rate-accelerating ability.

Materials and Methods
Chloropentaaminecobalt(III) perchlorate, [Co

(NHs)sCl] (CI04)2 was prepared and purified as
reported in literature4• (Found: Co, 15.45; Cl,
9.35. [Co(NHs)s Cll (CI04)2 requires Co, 15.57; Cl,
9.4%).

Aquopentaaminecobalt(III) perchlorate, [Co (NHs)s
H20] (CI04)s was also prepared and purified as
described in the literatures. The measured molar
absorptivity of Em = 47.8 agreed fairly well with
the values (Em = 47.7)6 and (Em = 47.3)S reported
previously.

Oxalatopentaamminecobalt III) perchlorate, [Co
(NHs)s HC204] (CIOJ2 was prepared and purified
using standard methods7'8 (Found : Co, 13.60.
(Co(NHs)sHC204l(Cl04h requires Co, 13.65%).
The measured molar absorptivity of ES07 = 73.8
was in fair agreement with the value (E.o7 = 74.0),
reported in literature9•

The sodium salts of oxalic acid were prepared by
mixing together requisite amounts of sodium hydro-

xide and oxalic acid of known concentrations. Sodium
perchlorate of reagent grade was used for adjusting
ionic strength. Doubly distilled water was used for
preparing all solutions. Perchloric acid and other
chemicals used were of reagent quality.

Kinetic experiments - The details of the method
for following the rate of aquation and the formation
of the oxalato complex were the same as reported
earlier!' 2.

Evaluation of equilibrium constant - The stability
constants of the aquo-oxalate ion-pairs were deter
mined spectrophotometrically at 270 nm and 30°C
(I = 0.3 M). The reactants were mixed and the
absorbance of the mixture measured immediately
so as to avoid complications due to anation.

Results

The pseudo-unimolecular rate constants for the
release of chloride ion from the complex have been
calculated from the plots of log (Voo - Vt) versus
time t,where Vt is the volume of silver nitrate con
sumed after time t, V00 being the volume computed
from the weight of the complex taken for complete
reaction. The results obtained are collected in
Table 1.

The acid hydrolysis rate constants of the free
complex ion have been measured at 40°, 45° and
50°C. The free complex ion reacts with the added
oxalate ion and results in the formation of ion
pairs of the type, {Co(NHs)sC12+, HOx- } and
{Co(NHJsCl2t, Ox2-} where Ox2- and HOx2- stand
for the oxalate and bioxalate anions respectively.
Obviously, the observed rate constant would be a
composite term consisting of the aquation rate cons
tant of the free complex ion and the product of the
aquation rate constant of the ion-pair and its equili
brium constant. In accord with our earlier works1-a
and those reported by Wyatt and Davies10 and
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[HOx-] X
10· M

(as NaHOx)

TAB~E 1 - ACID HYDROLYSIS OF [Co(NH3).CI] (CIO.). IN AQUEOUS SOLUTION IN THE PRESENCE OF OXALATE (Ox'-)
{[Complex] = 5 x 10-1 M; and ionic strength = 0.3 M]}

[OXS-] x kOblx 105jsec·
103M

(as Na.Ox) 40° 45° 50°C

ANION

500C

101 --1.021.873.36
0.2

5.01.152.083.552.003.74
0.4

10.01.252.263.702.023.77
0.8

20.01.402.513952.03372-I 1.230.01.50271-2.013.74
(33.4)

(28.9)
5.25
5.22
5.24

(24.5)

(~) The observed rate constants are accurate upto ± 1 percent. The 'Kip' values are given in the parantheses at the endof tht kip readings.

= acid hydrolysis rate constant of the
ion-pair, C"Ox

= association constant ofthe oxalate
ion-pair.

= concentration of the free oxalate ion

= [OX2-]1 + [HOx-]t

= total initial oxalate ligand concen
tration

= total initial concentation of oxalate
IOn

= total initial concentration of the
bioxalate ion

KAs = ion-pair association constant invol-
ving ions (Na+)f and (OX2-)f

The ki" and Kip values are recorded in Table 1.

Product distribution - The various path-ways for
the chloride release and anation of the aquopentaam
minecoba1t(III) ion are delineated in Scheme 1.

On this basis, the time dependence of absorbance
(De) of the reaction mixture is given by Eq. (8).

Scheme 1

[HOr]e

[OX2-]1

[Ox2-]T

[Ox2-h

.. (1)

... (3)

Xc=

= concentration ofthe free complex ion.

= concentration of the ion-pair of the
free complex ion with the oxalate ion.

= concentration ofthe ion-pair of the free
complex ion with the bioxalate ion.

IIIII ,'~II ".1 II.I II If'. "p H-'IIII ·''.II..rIUI' _1°.1111.1 I', 1111·'IL.lIIIIIIU.' ,;,,.,, .•• 1." •••.•. ",,.,,., .•.•I! !

[ox2- J

when~ I[ c:+] == [ C2: 1+ [ C"HOx+ ]

c 1 = total initial concentration of the
complex

= acid hydrolysis rate constant of the
free complex ion.

Mon et aUl the reactivities of the H-oxalate ion
pair nd the free complex were assumed to be the
same. The results were analysed in the same manner
as des ribed in our previous communication1. Taking
pK ( Ox-) = 4.27 ,(ref. 12), pH value of the reaction
was clculated to be <5.2. Under this condition the
base hydrolysis of chloropentamminecobalt(JII)
ion13 •does not contribute significantly towards the
overal rate and as such this path of chloride release
was n glected. Equations (1-3) were utili sed to cal
culate .he rate constants and the association constants
of the. ion-pair by an iterative procedure using the
IBM 1130 computer.
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... (13)

0.077
20.0

-0.080
30.0

-0.087

40.0

-0.120
50.0

-0.140
60.0

-0.150
80.0

-0.175
0.08

2.00.120
0.16

4.00.138
0.24

6.00.153
0.32

8.00.163

0.40

10.00.170
0.48

12.00.180
0.64

16.00.208
0.72

18.00.213
0.80

20.00.228

Kaq
Co(NHa)sH203+ + Ox2- ~

[Co(NH:JsH20, Ox]+

System

Oxalate
(Kaq - 10.0)

Bioxalate
(K - 1.1)

Eq. (14) rearranges to Eq. (16),
d

[RH~~3+h (1 + K[HOx-], - E2 --I- E4K[HOx-],
[OX2-]f

dx

= ESKaq - Kaq [RHi)3+]T ... (16)

With [HOx-], = [HOx-]T (since 1>>K[RH20s+],)

d [0 2-] _ [OX2-]Tan x, - 1 + Kaq[RH203+]1

Kaq was evaluated from Eq. (16) by a method of
successive approximations starting with [Ox2-h =
[Ox2-],. The relevant data are collected in Table 3.

was computed using the values of K and E(.

The absorbance (dx) of a solution containing
aquopentaamminecobalt(IlI), bioxalate and oxalate
ions is given by Eq. (14)

dx = E2 [RH203+] + E4K [RH20a+], [HOx-],
+ Kaq ES[RH203+], [Ox2-], = [RH202+],

{E2+ E( K [HOx-], + ESKaq [Ox2-n ...(14)

where R stands for Co(NHs)ss+ and ES is the molar
absorptivity of the aquo-oxalate ion-pair.

Since

3+ _ [RH203+]r
[RH20 ]1 - 1 + K [HOx ], + Kaq [Ox2l,

.. .(15)

Free ion

TABLE3 - ABSORBANCESOF SoLUTIONMIXTURESCoNTAININO
AQUOPENTAAMMINECOBALT(III)PERCHLORATE(2x to-I M) AND

VARYINOAMOUNTSOFBIOXALATEAND OXALATEANIoNS
ANDEQUILIBRIUMCoNSTANTSK ANDKaq

[Ionic strength = 0.3 M]

[HOr] [Oxl-] x Absorbance"
101M 101M (270 nm)

(as NaHOx) (as Na.Ox)

... (9)

3.74±O.03
2.15±O.1O

0.57±O.ot
0.88±0.Ol
1.42±O.0l
2.78±0.15

kip x 10i/sec. 2.01±0.02
k. x 10·/sec. 1.l3±0.1l

ka(ip)lOs/sec 0.31±O.OO
do 0.46±O.OO
do 0.69±O.OO

k03(ip) x lOS/sec. 1.10±0.03

m 1
dT - E2m - (E( - E2)

5.0
10.0
20.0

The formation constant Kaq of the formation of
ion-pair in Eq. (13)

+ 1
KtE( - E2)(n -Z)

... (12)

where dT and E2are the optical density of the reaction
mixture and the extinction coefficient of the aquo
complex respectively and E4, the extinction coefficient
of aquo-bioxalate ion-pair. The values of K and E 4

were calculated by an iterative procedure with the
help of IBM 1130 computer from Eq. (12). The
data are recorded in Table 3 .

[Ox'-] x Pathways Temperature eC)
10' M

(as Na.Ox) 40 45 50

5.23±0.02
4.00±0.OO

1.84±0.Ol
2.72±0.02
4.29 ±0.01
6.25±0.30

TABLE2 - RATE CONSTANTSFOR THEkip, k" ka(lp) AND

kao(ip) PATHWAYSOFREACTIONATDITFERENTTEMPERATURES

where El' E2 and ES represent the molar absorpti
vities of the chloro, aquo and oxalatopentaammine
coba1t(III) complexes at a path-length of 1 em.
Ao refers to the concentration of Co(NHs)sCI2+ at
zero time. ka(i') was calculated using Eq. (8)
with the help of a one parameter search programme
(parameter being kS(ip) as already described1).
kao(ifJ) was calculated from Eq. (9)

k . _ kOa(ir') Ki!,[Ox2-],
3(>P) - 1+Kip [Ox2-],

The k2, kip, kS(lfJ) and /cO S(ip) values are given
Table 2. 6. Gt40 (kcaljmol), l::iHt (kcaljmol) and
l::ist (e.u.) for the k1• kt_ and kCS(iP) paths have been
lstimated and are respectively as follows: 25.5,23.4
± 0.2,-6.7 ± 0.6;25.05, 17.6± 0.2,-23.8 ±0.6;
26.9, 31.9 ± 0.4, 16.0 ± 0.4. Values of t:::,G400
(kcaljmole), t:::,Ht (kcaljmol) and t:::,St (e. u.) for
the ion association process are found to be -2.2,
-6.5 + 0.5 and -13.8 ± 1.6 respectively.

Evaluation of equilibrium constants - For the
association reaction given in Eq. (10),

Co(NH) H OS+ + HO - ~ {C (NH) H 0 HO }2+ (a) !he recorded a.bsorbance has been ob~inedafter blankS 5 2 X .•.....• 0 S 5 2, X correction and correction for cell non-matching.
.. .(10)

the equilibrium constant K is defined as

Z
K = ( ) ( , ...(11)m-z n-z)

where z is the concentration of the aquo-bioxalate
ion-pair and m and n are the total concentrations of
aquo complex and bioxalate ion respectively. It
can be shown that
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Disfussion
'he results clearly indicate that the rate of aquation

oft e complex is markedly accelerated in the presence
of dded oxalate ion. The enhancement in rate is
asc'bed to the formation of more reactive choro
pen aamminecobalt(III), oxalate ion-pairs. The
rate constant levels off at [Ox2-] ~ 0.3 mol. The
rate constants of the ion-pairs, however, bear no
co lation with the basicity and size of the dicar
box late ions [kiP X 106 sec-1 (KHL - X 105): 4.6 (26.6),
5.14 (0.845), 5.03 (1.03) at 25°C for L2- = oxalate,
mal· nate and succinate respectively].

A -such, a predominantly electrostatic process is
visu lised to account for the greater reactivity of the
ion- air via dissociative pathway. The transition
stat would, therefore, involve considerable degree
of c arge separation and hence loss of activation
entr py. The low negative entropy of activation
for he aquation of the ion-pair is, therefore, in
acco .dance with an SN 1pathway proceeding possibly
thro gh an incipient tetragonal pyramid inter
medi teu.

At 400C and [Ox2-] = 0.03 mol it is seen that
abou 7.5% in the maximum of the total chloride
relea e (k1, k'ip and k3(iP) pathways taken together)
takes place through the k3(lfJ) path. The rate constant
for e formation of the oxalatopentamminecobalt
(III) complex through kao(IP) path was calculated
to b 1.10 X 10-6 sec-1 at 40°C (I = 0.3M) which
is ony 5.5 % of the k" value at the same tempe
ratur. It is, therefore, justified to make a reasonable
assu ption that the chloride release takes place
pred inantly through the formation of the aquo
comp ex. At 350 nm, the molar absorptivities of
chlor .' aquo and oxalatopentaaminecobalt(III) com
lexesare found to be 30, 43 and 160 M-l cm-1
respetively. The minima in the absorbance versus
time . lots15 lead us to believe that the formation

.,
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of the oxalatopentaamminecobalt(III) complex takes
place predominantly through the anation of the
intermediate aquo-oxalate ion-pair, (k2(0P) at 40°C
being 1.13 X 10-5 sec-1; k2 = k2(lp) X Kaq, =
1.13 X 10-4 sec-1)12. This is further supported by
the excellent agreement between experimental
absorbance and the absorbance calculated on the
basis of reaction Scheme 1.

The ion-pairing process for the association of the
chloropentaamminecobaIt(III) cation with oxalate ion
may now be considered. The negative enthalpy
change of - 6.5 kcaljmol indicates an exothermic
association.
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