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Kinetics of Solvolysis of the trans-Dichlorotetra(4-q1ethylpyridine)-
cobalt(m) lon in Water and in Water—Propan-2-ol Mixtures

Ibrahim M. Sidahmed and Cecil F. Wells *

Department of Chemistry, University of Birmingham, Edgbaston, P.O. Box 363, Birmingham B15 2TT

The solvolysis of trans-[Co(4-Mepy),Cl,]* followed spectrophotometrically in water and in water-—
propan-2-ol is always first order in the complex, showing no isosbestic points. The logarithm of the rate
constant shows no linear correlation with the reciprocal of the dielectric constant or with the
Grunwald-Winstein Y factor. However, extrema in the variation of the enthalpy and entropy of

activation correlate well with the extrema in the physical properties of the mixture which are related to
changes in solvent structure. Correlation of the free energies of activation in the mixture with that in

water using Gibbs free energies of transfer of individual ionic species suggests that the effect of changes
in solvent structure on the complex ion in the transition state dominates over that on the complex ion in
the initial state. These findings are compared with similar results for the solvolysis of other Co''' complexes
in water—propan-2-ol and in mixtures of water with other co-solvents.

In the investigation of the effect of changes in solvent structure
on the kinetics of solvolysis of trans-[Co(py):Cl,]* (py =
pyridine) in water—methanol ! and water-propan-2-ol,* it was
found that the effect of addition of the co-solvent to water on
the enthalpy and entropy of activation could be correlated
with the effect of changes in solvent structure on the physical
properties of the mixture.®> As the addition of the branched-
chain alcohol propan-2-ol to water has a greater effect on
solvent structure than the addition of methanol,® we have also
investigated the kinetics of the solvolysis in water—propan-2-ol
for trans-[Co(en),Cl,]* (en = ethylenediamine),* and for cis-
and trans-[Co(en),(N;)CI]*.5¢ For the last two complexes
linear plots of log (rate constant) against the reciprocal of the
dielectric constant in water—co-solvent mixtures, with the slope
independent of the nature of the co-solvent,” suggested that
the kinetics of the solvolysis conform to interpretations based
on point charges immersed in a dielectric continuum,®*® but
the correlation of the extrema in AH* and AS* found %€ for
water-propan-2-ol with the regions of composition where
considerable changes in solvent structure occur shows the
importance of the latter property. We now report the results
of a kinetic investigation of the solvolysis in water-propan-
2-o! of a complex related to trans-[Co(py).Cl.]*, namely the
trans-dichlorotetra(4-methylpyridine)cobalt(ir) ion, trans-
[Co(4-Mepy).Cl.]1*.

Experimental

Materials.— trans-[Co(4-Mepy),CL,]JCl was prepared by a
procedure analogous to that used for frans-[Co(py)sC1,]JCL""!
The pale green perchlorate was then prepared by adding to the
cold solution dilute perchloric acid, in a procedure analogous
to that used for the preparation of the nitrates of this type of
complex cation.'* Water was distilled once in an all-glass still;
AnalaR propan-2-ol was used.

Procedure.—Spectra were measured using a Unicam SP 800
spectrophotometer. Rates of change of optical density due to
solvolysis were measured in the thermostatted cell compart-
ment of a Unicam SP 500 series 6 spectrophotometer with
digital display. Temperatures were controlled to 4-0.05 °C by
circulating water from a Pye Unicam cell temperature con-
troller. The initial concentration of the complex used in the
kinetic work was 1.7 x 107 mol dm™.

Results and Discussion

Preliminary Experiments.—The spectrum of the complex ion
in water was found to have a maximum at 233 nm with g =
4.57 x 10°dm® mol'cm™, and a flat or small broad peak at ca.
300 nm with £ = 5.6 x 10* dm® mol™ cm™. The wavelengths
of these peaks did not move on addition of propan-2-ol to the
aqueous solutions. The spectrum of the product of the aquation
has a maximum at 253 nm with € = 4.08 x 10* dm® mol™
cm™, and a minimum in the region of 233 nm. A more accurate
determination of the wavelength for the secondary maximum
for trans-[Co(4-Mepy),Cl;]C10,4 could not be made owing to
the low solubility of this salt in water and in water-propan-2-
ol mixtures.

During the aquation, no isosbestic points were detected.
The decay of the optical density (0.d.) with time was measured
at 233 nm, and linear plots were always obtained for log
(o.d., — 0.d.,) against time. To determine o.d.., the reaction
mixture was left overnight and the optical density measured;
it was then compared with the value determined after a further
24 h at the temperature being investigated. As the first-order
rate constant for the solvolysis has been shown to be indepen-
dent of pH in the range 1—8.5,'2 no additions of acid or
neutral salt were made to reaction mixtures.

Variation of Rate Constant with Solvent Composition and
with Temperature.—First-order rate constants were determined
for the solvolysis in pure water and in a range of water—
propan-2-ol mixtures ranging from 10 to 90%; v/v in propan-2-
ol at 40, 45, 50, and 55 °C. Two to four determinations were
made for each mixture at each temperature; the mean values
for the rate constants are collected in Table 1. Linear plots
were obtained for the variation of log & with the reciprocal of
the absolute temperature for each mixture. The values for the
enthalpy, AH*, and entropy, AS*, of activation were deter~
mined for each mixture by applying the least-squares proce-
dure to these plots with the aid of a computer, using all the
individual values of the rate constants. These values of AH*
and AS*, together with their standard errors, are given in Table
2, which also contains values for the free energy of activation
with the standard error.

Consideration of a dissociative reaction of this type on the
basis of peint charges in a dielectric continuum suggests *1°
that plots of log (rate constant) against the reciprocal of the
dielectric constant, D, should be linear, Values for log k£ at
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Table 1. Variation of the rate constant, 10*k(s™, with composition
of solvent and with temperature

[Propan-2-ol]
Mole - i AC .

Wt. % fraction 40.0 45.0 50.0 55.0

0 0 0.87 1.66 3.25 4.99

8.04 0.0255 0.68 1.47 273 53
16.44 0.0557 0.452 1.03 1.96 4.59
25.22 0.0918 0.53 1.06 2.10 4.68
34.41 0.136 0.498 1.10 2.49 4.95
44.04 0.191 0.54 1.25 2.49 5.5
54.15 0.261 0.60 1.17 2.63 5.4
64.76 0.355 0.61 1.38 2.49 5.5
75.90 0.486 0.67 1.19 2.57 53
87.63 0.680 0.57 1.19 2.45 52

Table 2. Variation of transition state parameters with solvent
composition

[Propan-2-ol]

Mole AH*  AS*(25°C) AG* (25°C)
Wt. % fraction kJ mol™  JK™ mol™ kJ mol™
0 0 102 412 3.7 4+ 38 101 £ 23
8.04 0.0255 114 £ 5 39 £ 15 102 + 10

16.44 0.0557 127 £ 7 76 + 21 104 413
25.22 0.0918 120 + 3 55+ 11 103 +7
34.41 0.136 130 £ 4 86 + 13 104 + 8
44.04 0.191 130 + 5 88 1+ 17 104 1 10
54.15 0.261 125+ 4 73 £ 12 103 £ 7
64.76 0.355 120+ 5 57 + 14 103 + 9
75.90 0.486 118 £ 9 52 + 29 103 1 18
87.63 0.680 124 + 2 69 4 7 103 + 4
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Figure 1. Plot of log & against the reciprocal of the dielectric
constant (25 °C)

25 °C have been calculated using the values of AH* and AS*
in Table 2, but Figure 1 shows that a plot of log k against D,™
over the whole range of solvent composition has no region

D Do) et T Y3

2.303 RT log z. = " . e 3

2
of linearity: values of D, were interpolated from those of
Akerlof.® A similar plot is obtained using the experimental
values of k at 50 °C and D, at 50 °C. When the equation of
Laidler and Landskroener ® is extended to allow for changes
in solvent structure with varying solvent composition,
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Figure 2. Plot of log £ against the Grunwald-Winstein Y factor:
values of Y calculated 4 from the rate data of R. E. Robertson and
S. E. Sugamori (O, J. Am. Chem. Soc., 1969, 91, 7254) and of E.
Aktar and R. A. Begum (O, J. Bangladesh Acad. Sci., 1978, 2,
9)

equation (1) results,* as applied to a dissociation of C%c in the
initial state into M?m and X?%x in the transition state, where
Z¢, Zy, and Z, are the appropriate ionic charges, N is Avo-
gadro’s number, e is the charge on the electron, subscript w
and s indicate pure water and the mixture, respectively, r is
radius, G is related to the dipole moment and AG°,(i), is the
free energy of transfer of the species from water into the
mixture excluding the contribution from Born and Kirkwood
effects represented by the first term on the right hand side.
Deviations from linearity of log k against D,™! have been
found with other complexes in water—propan-2-ol 2*¢ and
with trans-[Co(py),Cl;]* in water-methanol,! but the complete
absence of any suggestion of linearity in Figure 1 indicates
how considerable is the deviation of AG°(C), from
AG° (M), + AG°(X), in this case.

Values for the Grunwald-Winstein Y function !* have been
calculated for mixtures of water and propan-2-ol.* Figure 2
shows that log k does not vary linearly with either of the
two sets of Y values.* This is perhaps surprising in view of the
linear plots for log k against Y found for zrans-[Co(py),Cl.]*
in water-methanol ! and in water-propan-2-ol,2 and for trans-
[Co(en),Cl;}** and cis- and trans-[Co(en).(N3)CI]* 3-¢in water—
propan-2-ol. As there is no reason for supposing that this
particular complex, closely related to the others in structure,
differs from the dissociative D-type mechanism established
generally ¢ from measurements of the volume of activation
for complexes of Co'!!, it seems likely that this non-linearity
with Y and the complete non-linearity with D,™ derive from
the same source, a large differential effect of solvent structure
between the initial and transition states, i.e. AG°(C), >
AG° (M), + AG°(X), or AG°(C), € AG® (M), + AG°(X)s.

Variation of Transition State Parameters with Solvent
Composition.—A plot of AH* against AS* is linear despite
the irregular variation of AH* and AS* with composition as

+ G ;G—)] + AG°(M)y + AG%(X)s — AG%(C)y (1)

rd

shown in Figures 3 and 4. The errors found in AH* and AS*
are not abnormal and Figures 3 and 4 show within these
errors two extrema, one at mole fraction of propan-2-ol
x; ca. 0.05, and the other at x; ca. 0.15. This corresponds
roughly to the extrema for AH* and AS* in water-propan-2-ol
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Figure 3. Plot of the enthalpy of activation against mole fraction
of propan-2-ol

found for the solvolysis of trans-[Co(en),Cl,]*,* and cis- and
trans-[Co(en),(N;)CI]*.5¢ Values of AH* and AS* for the
solvolysis of zrans-[Co(py),Cl;]* show only a single broad
maximum at x, ca. 0.1 in water-propan-2-ol,? and in water—
methanol ! at x, ca. 0.2—90.3. The structural contribution to
the temperature of maximum density shows !” that solvent
structure in water-rich water—propan-2-ol mixtures is enhanced
over that of pure water. The extremum at the lower x, for
those complexes exhibiting two corresponds with the minimum
found ' in the decrease in the partial molar volume, F, —
V,®, for water-propan-2-ol: it is suggested '° that this situ-
ation corresponds to the maximum stress imposed in the
‘ flickering clusters* of water structure surrounding the
branched chain alkyl group of the alcohol.?® The extremum
at the higher x, correlates with the maximum found in the
ultrasonic absorption 2! and the minimum shown by the
excess enthalpy of mixing,?? AHE, for water-propan-2-ol: it
seems likely !° that this corresponds to the onset of the break-
down of the water structure by the strain of the alkyl groups in
the cavities, resulting at higher x; in the formation of a domin-
ant alcohol structure in the solvent.

The free energies of activation in water and in the mix-
ture can be related via a free energy cycle * using also
the free energies of transfer of the individual ionic species
between water and the mixture, assuming an I, reaction
with extension of the Co—Cl bond sufficiently long to cor-
respond to a D reaction, as suggested by the data for AV* 16
for such Co complexes (Scheme); AG®(i) is the total
standard free energy of transfer of species i from water into
the mixture. Equation (2) can be derived from the Scheme.

2.303 RT log I;C—W — AGe(CI7) =
t
AG® [Co(4-Mepy)sCI**] — AG*[Co(4-Mepy)«Cl.*] (2)

Using the values for AG®,(Cl ™) in water-propan-2-ol derived #*
from the investigation of solvent sorting around H* and
kulk, calculated for 25 °C from the values of AH* and AS* in

AG*w
[Co(4-Mepy)sCl:1* w —» [Co(4-Mepy),CIJ**, + Cl—,

—AG® {Co(4-Mepy),Cl,*} AG® [Co(4-Mepy),CI**]1 | AG®(CI-)
AG*s
[Co(4-Mepy).Cl:]*s, — [Co(4-Mepy)CIP*, + Cl-,
Scheme.
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Figure 4. Plot of the entropy of activation at 25 °C against mole
fraction of propan-2-ol

Table 3. Values for the free energy of transfer of the Cl~ ion from
water into water—propan-2-ol at 25 °C

Wt. % AG®(CIH)
propan-2-ol kJ mol™
5 1.32
10 3.07
15 5.5
20 8.8
25 9.3
30 10.3
35 10.9
40 11.1
45 11.2
50 11.3

Table 2, values for the left hand side of equation (2) can be
calculated. These are plotted against mole fraction of
propan-2-ol in Figure 5. Minor numerical corrections have
been applied 2* to the published values for AG®(Cl™) arising
from the inclusion of additional electiochemical values for
AG®,(HC) in the calculation from Bose et al.,** from Smits
et al.,*® from Elsemongy and Fonda,?” and from Schwabe and
Nhuan,?® the inclusion in the small Born contribution to
AG®,(H*) of a scale correction from the molar to the mole
fraction scale, and the re-calculation of [H,0] used in deriving
AG®,(H") based on the densities of the mixture and the pure
liquids. These new values for AG®(Cl~) show * only small dif-
ferences from the previous ones 2 and are given in Table 3. In
general, 2% AG® (i) for i = a cation M are negative in water-
rich conditions, which shows that the effect of solvent struc-
ture on the transfer from water to mixture predominates over
the Born contributions, which would require positive values
for AG®(i) irrespective of the charge on i. Moreover, the
value of —AG® (M) increases with the magnitude of the
positive charge on a metallic M: 2% in particular, for cations
of approximately the same size —AG® (M?*) > —AG® (M +).»
The negative values for the left hand side of equation (2) found
in Figure 5 show that [Co(4-Mepy),CI]** and [Co(4-Mepy),-
Cl,]* conform to this with —AG®,[Co(4-Mepy),CI**] >
—AG®,[Co(4-Mepy)sCl,*]. Therefore, in the composition
range used in our experiments, the influence of solvent
structure on the complex ion in the transition state must
dominate over that on the complex ion in the initial state. This
is similar to the findings in water-rich conditions for trans-
[Co(en),Cl;1*,* and cis- and trans-[Co(en),(N,)CI]*,>¢ in
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Figure 5. Plot of the left hand side of equation (2) (25 °C) against
mole fraction of propan-2-ol

water-propan-2-ol, for trans-[Co(py),Cl;]* in water—
methanol 1 and in water-propan-2-ol,2 and for a range of
Co'"! complexes with a variety of co-solvents mixed with
water.'*
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