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The pressure effects on the base hydrolysis reaction rates of «-, f-[Co(edda)(NH;),]* and «-[Co(edda)-
(NQ,),]~ in a carbonate buffer were measured up to 1500 kg/cm? (1 kg/cm?=98.0665 kPa). The activation
volumes at normal pressure were found to be 16.6, 22.3, and 11.9 cm®/mol respectively. These values are
consistent with those expected from the Syl CB mechanism, where the conjugate bases dissociate via the I4

mechanism.

The pressure dependence of a reaction rate gives
the value of the activation volume (AV*). In the
base hydrolysis reaction of a Co(III)-complex, the
magnitude of AV* is comparatively large (20210 cm3/
mol) for the Syl CB mechanism, since the volume
change in the pre-equilibrium to produce the conjugate
base amounts to about 20 cm3/mol.) In contrast, it
is smaller than 9 cm3/mol for the Sy2 mechanism.?
Thus, the activation volume is a useful quantity for
use in discriminating the mechanisms for a base hydrol-
ysis reaction.

It has been shown by Kuroda et al. that, in a car-
bonate buffer, the base hydrolysis reactions of
o-, p-[Co(edda)(NHj),]* and a-[Co(edda)(NO,),],

«-[Co(edda) (NH,),]* + OH- —

«-[Co(edda) (NH,)OH] + NH,, )

B-[Co(edda) (NH,),]+ + OH- —>

B-[Co(edda) (NH,)OH] + NH,, @)

-[Co(edda) (NO,),]- + OH- —

«-[Co(edda) (NO,)OH]- + NO,~,  (3)
are followed by successive carbonation steps (ethyl-
enediamine-N, N'-diacetic acid=H,edda).3-% The rates
of the carbonation step are relatively high for the
reactions of «-[Co(edda)(INH,),]* and o«-[Co(edda)-
(NOy),]-, and relatively low for that of f-[Co(edda)-
(NH,)z]*, compared to the base hydrolysis rates. By
assuming a first-order reaction for the base hydrolysis,
the rate constants of Reactions 1,9 2.8 and 3% have
been calculated at a normal pressure.

In this experiment, the pressure dependences of the
rate constants of Reactions 1, 2, and 3 were examined
up to 1500 kg/cm®. The mechanisms are discussed
from the standpoint of the activation volume.

TABLE 1. THE PREPARATIVE METHODS AND THE ABSORP-
TION MAXIMA OF THE COMPLEXES USED IN THIS STUDY

'zmax/nm (smax) Ref.
Complex —_
This work Lit a) b)
«-[Co(edda)(NH;),]-  538(92.5) 538(92.0) 7) 7)
Cl10,-H,O 363(116) 363(118)
B-[Co(edda) (NHj;),] - 502 (140)  499(153) 8 9
Cl0,-1.5H,0 359(154)  358(159)
2-Cs[Co(edda)(NO,),]- 520(148) 520 (150) 10) 10)
H,O

a) Ref. for preparations. b) Ref. for spectra.

Experimental

Materials. The preparative methods and the absorp-
tion maxima of the complexes used in this study are sum-
marized in Table 1. The buffer solutions were made from
reagent-grade chemicals. The water was distilled after pas-
sing it through an ion-exchange column.

Kinetic Measurement. The procedures were the same
as those in a previous work.!V

Results

The first-order rate constant, £,, of the base hydroly-
sis was determined by

In [(Deo— D) [(Doo— D) ] =ky (8= 1),

where D, and D, represent the optical densities at the
moment when the high pressure is reached, and at the
moment when the high pressure is released, respec-
tively. For the reaction of «-[Co(edda)(NHs),]*, De
represents the optical density (OD) at equilibrium. For
the reactions of -[Co(edda)(NH;),]* and «-[Co(edda)-
(NOy)s]=, Do represents the estimated OD values
of the base hydrolysis products: g-[Co(edda)(NH;)OH]
and o«-[Co(edda)(NO,)OH]- respectively. Kuroda’s
De[D, values are used, where D, represents the OD
at the moment of the dissolution of the initial complex.
The Dw/D, values (A(nm) used to follow the reaction)
are 1.9 (540) for Reaction 1,® 0.7 (500) for Reaction
2,9 and 4.86 (590) for Reaction 3.9 (t—t') is the
reaction time. The k; values at each pressure are
summarized in Table 2. An increase in pressure by
1000 kg/cm? reduces the k; values below half, from
which large positive magnitudes (ca. 20 cm®/mol) of
the activation volumes can be expected for these reac-
tions. They were fitted to the formula, In(k,/k,,)=
aP-+bP?, where k,, is the rate constant at a normal
pressure and where P is expressed in kg/cm? (Fig. 1).
At a normal pressure, the k; values are proportional
to [OH-] i.e., k;=k,[OH~].3:%8 Then, the activation
volume and its pressure dependence are given by?

din &, din , dIn[OH-]
¥ o= - = — T
AV RT—5 RT— 4R 5
din K, dn K,
= — RT(a+2bP) + RT— 5" — RT—x
dAV* d2ln K, d?n K,
e LA T4+ RT——— Y _ RT——_%
i 26RT + i RT—3t,

where K and K, represent the ionic product of water
and the second dissociation constant of carbonic acid
respectively. By using the known pressure dependences
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of the K, and K,, the values of AV* and dAV*/dP
at the normal pressure are calculated.?> El’yanov and
Hamann have proposed a formula for the pressure
dependence of the volume change of an acid-base
equilibrium:
dAV/dP=(—1.80x 10-4 cm?/kg) AV,

where AV is the volume change at a normal pres-
sure.l) The second derivatives of K, and K, are
estimated following their method. The results are
summarized in Table 3.

Discussion

From the proportionality of the k; values to [OH-],
the 42 and Syl CB mechanisms are possible for these
reactions. In the case of the Sy2 mechanism, AV~ is

TaBLE 2. k,;Xx10% (min—') FOR THE BASE HYDROLYSIS
REACTIONS IN A CARBONATE BUFFER

a-[Co(edda) (NH,),]*

in 0.2 M Na,C0,-0.2 M NaHCO,, pHg; oc=9.38,
1% =65.6 °C.

P/kg cm—2 1 500 1000 1500
11.3(41.2) 7.5(50) 4.0(50) 2.4(50)
11.8(50.6) 7.9(60) 4.6(60) 2.2(60)
11.8(60.6) 7.7(70) 4.0(70) 2.3(70)
Average 11.6 7.8 4.2 2.3

B-[Co(edda) (NH,),]*

in 0.2 M Na,CO,-0.2 M NaHCO;, pH,; -c=9.54,
t=42.8°C.

Pressure Effects on the Base Hydrolysis Rates

P/kg cm—2 1 500 1000 1500
7.4(40.7) 4.4(50) 2.4(60) 1.3(70)
7.2(50.5) 4.3(60) 2.7(70) 1.6(80)
7.2(60.6) 4.3(70) 2.5(80) 1.4(90)
Average 7.3 4.3 2.5 1.4

a-[Co(edda) (NO,),]~
in 0.3 M Na,CO;-0.1 M NaHCO;, pH; °c=9.86,
t=65.6°C.

P/kg cm—2 1 500 1000 1500
10.3(30.8) 8.0(40) 5.3(40) 3.4(50)
10.1(40.9) 7.5(50) 5.7(50) 3.3(60)
11.5(50.9) 7.4(60) 4.7(60) 3.2(70)
Average 10.6 7.6 5.2 3.3
a) Reaction temperature. The numbers in parentheses
denote the reaction time in min. M=mol/dm?3.
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estimated to be smaller than 9 cm3/mol.® The large
positive values of AV* obtained for Reactions 1 and
2 can then be considered as evidence for the Sy1 CB
mechanism. For Reaction 3, the obtained magnitude
of AV* is not large enough. However, this complex
ion has a negative charge, and so the formation of a
seven-coordinated intermediate or an ion pair with
an OH- ion would be improbable. Therefore,
Reaction 3 should also proceed via the Syl CB mecha-

nism.
In this mechanism, the reaction series for Reactions

I and 2 are
o-, f-[Co(edda)(NH,),]* + OH-
= a-, f-[Co(edda)(NH,)(NH,)] + H,O
o-, B-[Co(edda)(NH,)(NH,)] —
o-, B-[Co(edda)(NH,)] + NH,
o-, f-[Co(edda)(NH,)] + H,O —
o-, B-[Co(edda)(NH;)OH],

where the first and the third steps are rapid and where

0 T T T
O
~0.5F .
s
=
<
o 1.0 -
—1.5 4
1 1 1
0 500 1000 1500
P[kg cm—2

Fig. 1. The pressure dependence of the k,-value.
O: a-[Co(edda)(NH;),]+
In (ky/ky) =—7.60 x10—2P—2.18 x 10-7P2,
®: $-[Co(edda) (NH,),]*
In (k,/ky,) = —10.3 x10-4P—0.497 x 10-7P2,
@: a-[Co(edda)(NO,),]~
In (ky/ky) = —5.96x104P—1.21 X 10-7P2,

TABLE 3. ACTIVATION PARAMETERS FOR REACTIONS 1—5

, dAV* dAV*’
a) Complex AV* AVpre AV ap ar E, AS* b)
1 a-[Co(edda) (NH,),]* 16.6 16.9 -0.3 13.4 16.4 157 145 3)
2 B-[Co(edda) (NH,),]* 22.3 16.9 5.4 3.6 6.6 172 213 6)
3 a-[Co(edda) (NO,),]~ 11.9 13.9 —2.0 7.9 10.4 161 143 5)
4 B-[Co(edda) (tn)]+ 14.7 16.9 —2.2 0.2 3.2 151 124 17)
5 B-[Co(edda)(en)]+ 20.0 16.9 3.1 —1.4 1.6 176 195 4)
a) Reaction number. b) Ref. for E, and AS*. The units are: AV*, AVpres AV*' (cm3/mol); dﬁ;* , dAdIl/:

(10-3 cm® mol-*kg~'); E, (kJ/mol); and AS* (J K~*mol1).
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the second is the rate-determining process. Analo-

gously, the series for Reaction 3 is
a-[Co(edda) (NO,),]- + OH-
= a-[Co(edda*) (NO,),]2~ + H,O
a-[Co(edda*)(NO,),]2~ — a-[Co(edda*)(NO,)]- + NO,~
a-[Co(edda*)(NO,)]~ + H,O — a-[Co(edda)(NO,)OH]-,

where edda* represents the conjugate base of the
edda ligand. Thus, the activation volume is given
by AV*=AV,,,+AV*", where AV, is the volume
change in the pre-equilibrium and AV*' is the activa-
tion volume of the second step.

The isomerization reactions in a carbonate buffer,
f-[Co(edda)(tn)]+ — a-[Co(edda)(tn)]t, 4)
B-[Co(edda)(en)]+ — a-[Co(edda)(en)]*, (5)

also proceed via the Sy1 CB mechanism. In a previous
report, the AV, value for Reactions 4 and 5 was
estimated as 18.8 cm®/mol.2) Later, for the equilib-
rium,
-[Co(edda) (H,NCH,CH,O0H) |+ + OH-
= a-[Co(edda) (H,NCH,CH,0)]° + H,O, 6)

the volume change (AV=16.9+0.7 cm3mol) was
obtained at 25 °C and a low ionic strength.) This
equilibrium is analogous to the pre-equilibria of
Reactions 1, 2, 4, and 5, and the AV,,, values for these
reactions may be taken approximately as 16.9 cm?/mol.
In Equilibrium 6, AZ%?=—1, where Z is the charge
of the complex ion; the contribution (AV,;) of the
electrostrictive volume change of the complex ion is
positive. In contrast, in the pre-equilibrium for
Reaction 3 (AZ2=3), AV, would be negative and
AV,,, would be smaller than 16.9 cm®/mol. Values
of AV==19.9+1 cm3/mol are known for the neutraliza-
tion equilibria of trivalent complex ions (AZ2=—5)
such as [Fe(H,0)q]3*, [Co(INH;);(H,0)]*+, and [Cr-
(H,O)el3+. D Since AV, is proportional to AZ2, the
AV, value for Reaction 3 must be approximately
13.9 cm3/mol.) The magnitudes of AV*' thus obtained
for Reactions 1, 2, and 3 are comparable to those
for Reactions 4 and 5. In the activated states of
Reactions 4 and 5, the -NH, group liberated from
the conjugate base must remain in the vicinity of the
five-coordinated intermediate, since it is linked to the
intermediate through the molecular chain of tn or
en. Therefore, the conjugate bases in Reactions 1,
2, and 3 may dissociate via the I, mechanism; i.e.,
in the activated state the leaving group remains in
the second coordination sphere.
The aquo-exchange reaction,

[Co(NH,);H,0]*+ + H,0* —
[Co(NH,);H,O*]*+ -+ H,0, @)

also proceeds via the I; mechanism and AV*=1.2
cm3/mol is known at 25 °C.'® In the activation step
of Reaction 7, the electrostrictive volume change is
not involved. In the dissociative activation steps for
Reactions 1 and 2, a neutral NH; departs from the
neutral conjugate base, and the electrostrictive volume
change is also ignored. In that of Reaction 3, only
a separation of charge occurs, and the electrostrictive
volume change may be insignificant, Therefore, the
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AV*" values for the I, dissociation in Reactions 1, 2,
and 3 may be expected to be comparable to the AV*
for Reaction 7. The experimentally obtained mag-
nitudes of AV*' are consistent with this expectation.
If the conjugate bases completely dissociate in the
activated state (D mechanism), AV*" can be estimated
from the partial molar volumes (V) by
AV*" = V(a-,B-[Co(edda)(NH,)])
— V(o-,B-[Co(edda) (NH,) (NH;)]) + V(NH,),
and
AV*" = V(a-[Co(edda*)(NO,)]-)
— V(2-[Co(edda*)(NO,),]*") + V(NO,7).
Stranks assumes that the intrinsic volume difference
between the five-coordinated intermediate and its six-
coordinated precursor is zero.!* This volume dif-
ference may be estimated from the volume difference
between a square pyramid or a trigonal bipyramid
and an octahedron, with each center-apex length 3 A.
This leads to the intrinsic volume difference of —10.8

and —7.6cm®/mol. V(NH,) is ca. 24.9 cm®mol.1%)
Then, in the D mechanism, the AV*’ values for Reac-
tions 1 and 2 would be 14.1 cm?mol or larger.

V(NO,™) is ca. 31.6 cm3/mol.1® Taking account of
the electrostrictive volume expansion (ca. 2.3 cm3/mol)
of the complex, the AV*" value for Reaction 3 would
be 23.1 cm3/mol or larger in the D mechanism. Thus,
the values of AV*' to be expected from the D mechanism
are considerably larger than those obtained from the
experimental results.

The values of dAV*'/dP are calculated from dAV*/dP
(Table 3):

(dAV~'[dP)=(dAV*/dP) — (dAVpre/dP),

where dAV_ /dP is —3Xx10-% and —2.5Xx107%cm?
mol1 kgt for AV,,=16.9 and 13.9 cm®/mol respec-
tively (estimated after E’'yanov and Hamann).'®» The
values of dAV*'/dP are comparatively small for Reac-
tions 4 and 5, where the liberated —NH, group is
linked to the five-coordinated intermediate. In con-
trast, they are comparatively large for Reactions 1,
2, and 3, where the leaving group is not linked to
the intermediate. Hence, the increases in the AV*’
with the increase in the pressure are caused by the
enhancement of the separation of the leaving group
from the five-coordinated intermediate at high pres-
sures. In other words, the mechanism of the dissocia-
tion of the conjugate base changes from the I, mecha-
nism at a normal pressure to the D mechanism at
higher pressures. A possible factor promoting the
separation at high pressures may be the increasing
stability of the hydrogen bonds between the leaving
group and the water molecules, which decreases the
interaction between the leaving group and the inter-
mediate.

The activation energies (E,) obtained by Kuroda
are listed in Table 3. In the Syl CB mechanism,
E,~AH,, +E,, where AH, , is the enthalpy change
for the pre-equilibrium and where E,’ is the activation
energy for the dissociation of the conjugate base.
AH,, would be negative, since an evolution of heat
was noticed in the analogous neutralization Equilib-
rium 6% The abnormally large magnitudes of E,’
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can be understood only by considering the Co-N bond
rupture to be the activation step.®) There can be
found an qualitative correspondence relation between
the magnitude of E, and the position of the first absorp-
tion band.®!? This indicates that the ligand-field
strength is one factor which influences the activation
energy. The activation entropies calculated from the
first-order rate constants are listed in Table 3. An
ordinary compensation relation is found between the
magnitudes of E, and AS*. This relation is often
found for a series of related reactions and is interpreted
as indicating that the essential reaction mechanism
is the same for all of a given series.!® Another linear
correlation is found between AS* and AV* except for
Reaction 3. Thus, the values of AV*', E,, and AS*
for Reactions 2 and 5 are comparatively larger than
those for Reactions 1 and 4. One possible interpreta-
tion of this may be that, in the activated states for
Reactions 2 and 5, the leaving group is more separated
from the five-coordinated intermediate than in those
for Reactions 1 and 4. Then, the smaller magnitude
of dAV*'|/dP for Reaction 2 than that for Reaction
1 may be interpreted as showing that, for Reaction
2, the separation increases rather moderately with
the pressure, since it is already considerable at the
normal pressure.
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