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In the present work the influence of the ionic strength on the rate and
thermodynamic activation parameters of the alkaline hydrolysis, of the
aquation catalyzed by mercury(II) ions and of the spontaneous aquation
of the pentaamminebromocobalt(III) ion are investigated. The measured
values are confronted with theoretical relations for the primary salt effect
and with the results obtained in previous works.

The substitution reactions of the pentaamminebromocobalt(III) ions were investigated
in several works [1—9]. Special attention was paid to the alkaline hydrolysis [4—9]

[CoBr(NHj)s]2+ + OH- — [Co(OH) (NHs)s]2+ 4+ Br— (4)

especially with regard to the ionic strength and to the effect of added electrolytes on the
reaction rate [8]. As an example for a reaction between two ions with identical charge
the aquation of pentaamminebromocobalt(III) ion catalyzed by mercury(II) ions was
taken, for which the following stoichiometric equation is valid

9[CoBr(NHs)s]2+ + Hg?*+ + 2H,0 — 2[Co(H:0) (NHj)s]3+ -+ HgBrs. (B)

This is a second-order reaction [4]. A third, frequently described type of reaction of the
pentaamminebromocobalt(I1I) ion is its spontaneous aquation [1—6]

[CoBr(NHj)s]2+ + H:0 — [Co(H0) (NHj)s]3+ + Br-. ©)

Reactions ( 4) and (B) were used as models for verification of the validity of the Bronsted —
—Bjerrum theory of ionic reactions [4], as well as an example for systems in which devia-
tions from the law of ionic strength may be observed and, moreover, new interpretation
of the observed phenomena was offered (Olson —Simonson effect) [5, 8]. Relatively little
attention was devoted to the activation parameters of these reactions. The aim of the
present work is the investigation of the joint effect of temperature and ionic strength
on the reaction rate of the reactions (4—C).

Experimental

Pentaamminebromocobalt(III) bromide was prepared by the procedure reported
in [10].

For [CoBr(NHs)s]Br: (383.83) calculated: 62.49, Br, 18.26% N, 394%H found:
62.6 and 62.99, Br, 18.1 and 18.29% N, 3.9 and 4.19, H
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The bromide was transformed to perchlorate by precipitation from its saturated
solution with perchloric acid and by recrystallization of the formed perchlorate.

For [CoBr(NHs3)s)(Cl04)2 (422.92) calculated: 13.939, Co; found: 13.8 and 14.19; Co.

The extinction coefficient of the aqueous salt solution at the wavelength of the peak
of the first charge-transfer band (at 253 nm) was 17.4 X 103 mol-! em~1. Mercury(II)
perchlorate was prepared by the procedure described by [5]. Sodium perchlorate was
prepared by neutralization of perchloric acid and sodium hydroxide of anal. grade and
by allowing the formed salt to thicken and to crystallize. Purification was achieved by
recrystallization. For the preparation of the reaction mixture carbonate-free sodium
hydroxide was used. This was prepared by allowing the saturated solution of the com-
mercially available reagent grade substance (Lachema, Brno) to boil for several hours
under reflux. Redistilled water was used for the preparation of all solutions. All three
reactions were investigated spectrophotometrically by recording SF-8 (USSR) spectro-
photometer with which the changes of transmittance at 253 nm were recorded. Since
the reactions (4) and (B) are fairly rapid under given experimental conditions, a thermo-
statting block to be used with the spectrophotometer was constructed and connected
with an ultrathermostat into which the cell containing a part of the reaction mixture
was placed and the required temperature was adjusted with the accuracy of +0.05°C.
In the second part of the apparatus the required amount of the hydroxide solution which
had been injected into the cell at the beginning of the experiment, was heated to the
same temperature and thus the whole reaction was started. Owing to this arrangement
reactions having halftime of 15s could be studied. A similar procedure was applied
for the investigation of the reaction (B); into the cell containing the complex solution
the solution of mercury(I1) perchlorate was injected. In distinction to the reactions (4)
and (B) the reaction (C) is considerably slower. In this case the reaction mixture was
placed in an ultrathermostat, from which at appropriate time intervals samples were
transmitted into a spectrophotometer cell and without delay their transmittance was
measured. Sodium hydroxide, mercury(II) perchlorate, and water were in a great excess
with regard to bromide and pentaamminebromocobalt(III) perchlorate; and the course
of the investigated reactions was of pseudo-first order. For the calculation of the rate
constants the equation [11] was used

2.303 log 44 = —kt + const, (1)

where 44 is the difference of absorbances in the time ¢ and ¢, ¢ — ¢’ being the constant
time interval. The measured time dependences obeyed very well the equation (I). The
relative error of the rate constant was in most cases within the range of 0.9 to 2.6%.
With regard to this accuracy and to the accuracy with which the constant temperature
was maintained in the course of individual measurements, the error of the activation
energy [12] can be estimated to make 2—39%,.

Results and discussion

Reaction [CoBr(NHs)s])2+ + OH™

The alkaline hydrolysis of the pentaamminebromocobalt(III) ion was investigated
in the temperature range between 18.1 and 33.5°C and in the interval of the ionic strength
of 0.0026 to 0.0126 mol1-1. The results of these measurements are listed in Table 1.
The constants of second order were calculated from the experimental values of the pseudo-
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Table 1

Dependence of the rate constant of the alkaline hydrolysis
of pentaamminebromocobalt(IIT) ion on ionic strength u and on temperature
3.78 x 1075 M-[CoBr(HN3)5](Cl04)2, 2.58 X 10-3 M-NaOH

u t k I t k
[mol 1-1] [°C] [1 mol-1 s—1] [mol 1-1] [°C] [1 mol-1 s-1]
0.0026 18.1 2.44 0.0026 30.2 13.8
0.0046 18.1 2.35 0.0046 30.2 13.4
0.0066 18.1 2.09 0.0066 30.2 13.2
0.0086 18.1 2.07 0.0086 30.2 12.6
0.0126 18.1 1.93 0.0126 30.2 11.9
0.0026 25.0 6.66 0.0026 33.5 23.2
0.0046 25.0 6.59 0.0046 33.5 22.0
0.0066 25.0 6.27 0.0066 33.5 20.6
0.0086 25.0 5.89 0.0086 33.5 19.6
0.0126 25.0 5.54 0.0126 33.5 18.8

-first order rate constants (Table 1) by dividing the experimental values by the concen-
tration of the hydroxide. For the calculation of constants extrapolated to zero ionic
strength the quantity of log kp, defined in [13, 14], was taken

2Azzppl/?
1+ pte

where for the product of charges zszg the value — 2 was substituted and for the constant 4
its theoretical value that results from the Debye—Hiickel theory was taken [15]. Under
the given experimental conditions (a mixture of electrolytes), the dependence of the
experimental rate constant on the ionic strength may be expressed by the equation

log kg = log k — (2

2Azzpul/?
logk = logko + ——— 4+ Bu, (3)
1+ ptiz
from which ko and B were calculated as variable parameters. Combining the equations
(2) and (3) we get
log kg = log ko + Bpu. (4)

Table 2

Values of the activation energy EY , of the frequency factor 49, of the probability factor P9,
and of the activation entropy 48§ of the alkaline hydrolysis
of pentaamminebromocobalt(III) jion extrapolated to zero ionic strength

E A° P 48§
[keal mol-1] [s-1] [mol 1-1] [cal mol-1 K-1]
25.60 5.87 x 1010 2.93 x 108 18
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According to this expression log ky should be a linear function of the ionic strength.
Since the measured values are in agreement with the conditions of the equation (4),
it was possible to determine the values of ko and B at various temperatures, and on the
basis of the dependence of ko on temperature, the extrapolated values of thermodynamic
activation parameters (Table 2) could be calculated. As it was found in [8], the equation (4)
holds for the reaction (4) measured at 25°C up to the relatively high concentrations
of various electrolytes, the coefficient B being equal to zero, i.e. log kq = log ko. This
was confirmed also by our measurements at lower temperatures. At the temperature
of 33.5°C, however (as it may be seen from Table 1), the coefficient B diverges from zero
more than an experimental error would account for. In this case the equation (4) will
have the form

log k) = 1.463 + 0.005 + (1.38 - 0.68) . (5)

(The regression coefficients and their errors were calculated by least-square method.)
The applied experimental technique does not allow to perform the measurements at
higher temperatures at which it could be proved whether, in principle, the value of
coefficient B increases with temperature in perchlorate medium.

From the extrapolated values of rate constants the extrapolated values of thermo-
dynamic activation parameters were calculated (Table 2). In the given case the relation
[16] between the extrapolated value of the probability factor P° and the critical interionic
distance 7o is valid

log P® — 8.56

) (6)
7o

according to which 7o = 1.01 A. Calculations performed by the same method yield,
when the data reported in [4] and [9] are taken, the value of 1.36 A [16] and 0.86 A
respectively. Comparison with analogous reactions justifies the conclusion that the
values 7o ~ 1 A are too low for the investigated system. This may be explained by the
fact that the equation (6) has only an approximative validity for more complicated
ions, since, in deriving this equation, the interaction between the hydroxide ion and the
dipole moments of ligands of the complex ion has not been taken into account, though
this may significantly contribute to the value of PP° [17]. From the rate constants at
various temperatures and ionic strengths, the dependence of activation energy on ionic
strength may be derived, for which Moelwyn —Hughes wrote the equation

E, = E% + 800 z,25u1/2 cal mol-1 (7)

which is valid at temperatures round 25°C. According to the equation (7), in the in-
vestigated interval of ionic strengths the activation energy should decrease by 98 cal mol-1
(zazs = —2). The values of activation energies, calculated from Table 1 lie within
the range from 25.6 to 26.3 keal mol-1. This is only a slightly greater interval than the
estimated error of the experimental value of E,. In the interval under investigation,
the activation energy seems to increase with the ionic strength, instead of the expected
decrease. The value of the rate constant at 25°C is similar to the value reported in [4]
at a comparable ionic strength (0.0026 mol 1-1). The difference in the extrapolated value
(8.69 1 mol-1s-1 at 25°C), when compared with the values reported in some previous
works (7.4 and 6.201mol-1s-1 reported by [9] and [18]), can be accounted for by the
fact that the above-cited authors changed the ionic strength by changing the concentra-
tion of the initial substances without adding further electrolyte. As it was shown [19],
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when the dependence of log k; on ionic strength is used, the extrapolated value of the
rate constant may depend on the electrolyte that had been added with the aim of ad-
justing the ionic strength. The value of the entropy of activation AS{ is in good agreement
with conclusions of the simple electrostatic theory, according to which with the aid
of the relation 4S* ~ —10 zazp the sign and a gross estimation of the numerical value
of this parameter may be found [20].

Reaction [CoBr(NHs)s]2+ + Hg?t+

For the investigation of the catalyzed aquation of pentaamminebromocobalt(III) ion
the reaction mixture was prepared from the following substances: pentaamminebromo-
cobalt(III) bromide, mercury(II) perchlerate, and perchloric acid. The ionic strength
was adjusted with sodium perchlorate. The reaction was studied in the range of 12.4 to
33.6°C and in the ionic strength interval from 0.00712 to 0.03712 mol 1-1. Results of
these measurements are shown in Table 3. From these data the values of experimental
activation energy at individual ionic strengths were calculated. These vary from
12.1 keal mol-! (ux = 0.03712 mol1-1) to 13.3 kcal mol-1 (u = 0.00712 mol1-1); this
difference (1.2 kcal) exceeds considerably the experimental error. According to the
cquation (7) the activation energy of the reaction (B) should increase with ionic strength,
and in the given interval this increase should make 320 cal. The decrcase that was
actually observed may be explained by the fact that the above values represent an
apparent activation energy in which the temperature dependence of the dissociation
constant of mercury(II) perchlorate is included. It has been shown [21] that the mer-
cury(II) perchlorate is a weak electrolyte and under the given conditions the HgClO} ion
predominates in the solution. A supporting evidence for this is given also by the value
of the slope of dependence log kexp = f(u1/2) which is practically linear and for which
at 15°C we obtain d(log kexp)/d(u1/2) = 2.7. This value is nearer to the product of the

Table 3

Dependence of the rate constant of the aquation of pentaamminebromocobalt(III) ion,
catalyzed by mercury(1I) ions, on ionic strength x4 and on temperature
4.0 x 1075 M-[CoBr(NHj3)5]Bra, 2.0 X 10-3 M-Hg(Cl04)z2, 1.0 X 10-3 M-HCIO4

n t k- 103 I t k- 103
[mol 1-1] °c1 [s71] [mol 1-1] [°c] [s71]
0.00712 16.2 4.24 0.01712 29.4 15.68
0.00712 18.1 5.12 0.01712 32.0 18.20
0.00712 19.6 5.32 0.02712 14.8 6.55
0.00712 20.0 5.70 0.02712 18.8 8.93
0.00712 22.0 6.85 0.02712 21.1 10.42
0.00712 24.2 8.17 0.02712 24.2 12.96
0.00712 25.9 8.87 0.02712 27.4 16.17
0.00712 28.1 9.80 0.02712 32.4 23.06
0.00712 30.0 12.37 0.03712 12.4 6.20
0.00712 33.6 16.05 0.03712 15.2 7.51
0.01712 14.7 5.34 0.03712 15.7 7.88
0.01712 18.0 6.98 0.03712 26.2 16.34
0.01712 22.0 8.87 0.03712 28.3 19.34
0.01712 26.4 12.56 0.03712 30.0 21.18
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charges zszs = +2 than to the value of 44 which is expected in the reaction of the
complex ion with the Hg2+ ion. When comparing the results reported by [5] where also
mercury(IT) perchlorate was used, similar conclusions may be drawn.

Reaction [CoBr(NHs)s]*+ 4+ H,0

Spontaneous aquation of the pentaamminebromocobalt(III) ion was studied in
0.005 m-HCIO4 between 30—60°C, in the ionic strength interval from 0.0051 to
1.0051 mol 1. The activation energy measured at various ionic strength values within
this interval changed but slightly round the value of 23 kecal mol-1 and these changes
were well within the limits of experimental error. It has been shown, however, that the
reaction rate changes considerably with the ionic strength adjusted by adding sodium
perchlorate. In the given interval of ionic strengths the reaction rate decreased by
259%, at 60°C. This result is interesting from the viewpoint of the electrostatic theory
of reactions of ion—dipole type. According to this theory [22] for the rate constant
we may write

zampu cos P
o T BRI (8)

2 m2
g T

logk, ,=logk

Ervft

where ¢ is the relative dielectric permittivity of the medium, 2z, is the charge of the
reacting ion, mp is the dipole moment of the second reacting component, 4 is the angle
between the vector of the dipole moment and the line connecting the centre of the dipole
and the ion, T is the absolute temperature, K is a constant. According to the relation (8)
there is a linear dependence of the logarithm of the rate constant of the reaction ion—
dipole on ionic strength. As it may be seen from Fig. 1, the dependence of the experi-
mental rate constant on the ionic strength is actually linear. A prediction of the orienta-
tion of the dipole with regard to the ion, and consequently a prediction of the sign of the
dependence, is extremely difficult in the given case, since, as the reacting dipoles there
are the molecules of the solvent by which the reacting ion is solvated. The reacting ion
itself consists of an ionic part (central ion) and of dipoles (ligands). Electrolytes, as it
is well known, affect the structure of the solvent (water) which is caused by the existence
of hydrogen bonds and thus they may influence the orientation of molecules of the solvent
with regard to the reacting ions. Especially perchlorate, which was used in the discussed
case, i1s known for its considerable influence on the structure of water [23, 24].

lOg k T T T T T
-1.66 P .
-1.70 - 7 Fig. 1. Dependence of the experimental
rate constant of the spontaneous aquation
Ak i of the pentaamminebromocobalt(III) ion
on ionic strength.
4.26 X 105 m-[CoBr(NHs)s])Br:,

~1.78+ - 5.0 x 10-3 M-HClO4, 60.0°C.

i j i i i Tonic strength was adjusted by additions

oo 02 04 06 08 0 m of sodium perchlorate.
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