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The formation reactions of the complex ions 
[Cr(C2O4),(H2O),_ 2n]3 -2n (with n = 1,2,3) and 
their hydrolyses can be represented by the following 
scheme of consecutive reactions :1,2,3,4 

from the pressure dependence of the rate constants, 
offers an additional useful criterion in the discussion 
of the reaction mechanisms because its sign as well 
as its magnitude can be estimated from models. 

The symbol ox indicates free oxalate in its depro- 
tonated, singly protonated and doubly protonated 
form, respectively, depending on the pH-value of 
the solution. All reactions are highly sensitive to 
medium effects such as pH-value, ionic strength, 
and temperature. A comparison of the rate data 
for the formation reactions is therefore only 
justified when all data have been obtained at 
identical medium conditions. During the evaluation 
of the results it is necessary to take in account the 
possible consecutive reactions, since all rate con- 
stants k, for the system of formation steps are of 
the same order of magnitude. If one compares the 
rate constants of the formation reactions obtained 
in such a manner5 with those of the aquo ligand 
exchange reactions of the corresponding complex 
ions, one arrives at the conclusion that the ligand 
water dissociation cannot be rate 
Because of the much faster formation reactions, 
when compared with the ligand water exchange 
processes, a bimolecular mechanism with a seven- 
coordinated transition state must be taken into 
consideration. 

The volume of activation, which can be obtained 

In order to determine the volume of activation 
for the formation reactions of the oxalato-chro- 
mium(II1) complexes, these reactions were investi- 
gated at pH = 2.7, 25"C, and an ionic strength of 
p = 1 with respect to their pressure dependences. 
The same spectrophotometric method was employed 
as in the case of the study under normal pressure5 
except that a specially designed cuvette made of 
NIMONIC steel equipped with sapphire windows 
was used, which permitted the application of 
pressures up to 2000 atm. The cuvette was part of 
a high pressure apparatus consisting, in the main 
part, of a pressure generator, a manometer and a 
separation column. Within the steel column the oil 
branch of the high pressure system on the generator 
side was separated from the aqueous branch on 
the sample side by means of a flexible teflon tube. 
The rate constants obtained under pseudo first 
order conditions have been converted into second 
order constants and are listed in Table I. 

(d In k/dP)T = - A V&J)RT) following volumes 
of activation for the formation reactions were de- 
termined : 

According to the relation 
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AV&exp. = - (2.2 i- 1) ml mol-l; AV&,exp. = - 
(8.2 k 0.5) ml mol-l; AVS, exp. = - (10.0 & 0.5) 
ml mol-I. 

TABLE I 

Pressure dependence of the second order rate constants of 
the formation reactions of the complex ions 

(n = 1,2,3,) 

1 
100 
250 
500 
150 

lo00 
1500 
2000 

2.50 30.4 
2.52 34.5 
2.52 35.9 
2.59 39.0 
2.64 39.1 
2.78 40.9 
2.87 40.8 

41.9 

14.8 
15.7 
17.3 
17.5 
21.0 
21.3 
21.9 
23.7 

Each of the listed constants represents a mean value of 
at least three individual runs. 

As a first approximation one assumes that the 
experimentally determined volume of activation, 
A V&,, of a reaction consists of two contributions. 
The first, AVF, represents the change in volume of 
the reacting molecules when they form the tran- 
sition state and the second, AV:, corresponds to 
the change in solvation during this process. Ex- 
perience has shown that the intrinsic part, AV?, is 
positive and small when a bond cleavage takes 
place in the rate determining step. However, it is 
negative and somewhat larger in absolute value 
when an additional bond is formed in the transition 
state. The second contribution, AV:, can be esti- 
mated for reactions in which the polarity of the 
reacting species is drastically changed or where 
ions are involved. In such cases it can be approxi- 
mated by the electrostriction effect, i.e. by the 
pressure dependence of the dielectric constant of 
the solvent. For complex ions as used in the present 
study with radii of about 2.8 to 3.0A the electro- 
static contribution to the volume of solvation can 
be calculated from Born's e q ~ a t i o n , ~  which reduces 
in the present cases to A Vz,  M 2 z2 (ml mol - I )  with 
z being the ionic charge. 

On the basis of these well established general 
effects on the volume of activation one can estimate 
its expected value for a reaction assuming a certain 
model mechanism. Considering the formation 
reactions of the oxalato-chromium(II1) complex 
ions, the rate determining step of the substitution 

process could be either a unimolecular dissociation 
of an aquo ligand or the bimolecular entrance of 
the free oxalate into the first coordination sphere. 
The formation of the transition state in the first 
mechanism requires the stretching of a chromium- 
oxygen(water) bond, the charge remaining constant. 
This should result in a positive or near zero con- 
tribution for AVT and no substantial contribution 
in A V2+. Furthermore, since the principal step is the 
same for all three formation reactions, no major 
differences with respect to the series of overall 
activation volumes should occur. The bimolecular 
mechanism on the other hand requires an essen- 
tially constant contribution from AV? for all 
formation reactions, which is superimposed by a 
A V2# contribution that changes in sign and magni- 
tude depending on the charges of the reacting ions. 

Under the condition selected for the present 
study, i.e. pH = 2.7, the complex ions are all 
present in the aquo form and the free ligand as 
bioxalate, which means that the charges of the 
reactants amount to z1 = ( 3  - 2n) and z2 = - 1, 
that of the transition state zf = ( 2  - 2n) (n = 0,1,2). 
For the first two formation reactions of the scheme 
a reduction of the charges occurs during the forma- 
tion of the transition state; the third involves an 
increase in negative charge. One should therefore 
expect positive but different values of AVZ for the 
first and second reaction and a negative value for 
the formation of the trioxalato complex.lO In total 
the expected values for the overall activation 
volumes, when a bimolecular mechanism is fol- 
lowed, should become smaller or more negative as 
one proceed to the formation reactions of the higher 
oxalato complexes. The value of AV& should 
clearly carry a negative sign. 

A comparison of the expected values with those 
obtained experimentally points toward a bimolecu- 
lar mechanism for the formation reactions of the 
oxalato-chromium(II1) complex ions. Such a 
mechanism might be acting for all substitution 
reactions of the system, because the water exchange 
reaction of the hexaaquo-chromium(II1) cation also 
shows a negative volume of activation, as has been 
recently reported." 
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