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Activation of Copper(n) Ammine Complexes by Molecular Oxygen for the
Oxidation of Thiosulphate lons

By John J. Byerley, Safaa A. Fouda, and Garry L. Rempel,"* Inorganic Chemistry Laboratory, Department
of Chemical Engineering, University of Waterloo, Waterloo, Ontario, Canada

The stoicheiometry and kinetics of reaction of agueous-ammonia (0-1-1-0M) solutions of copper(ll) ions with
thiosulphate ion in the presence of oxygen have been examined. The amount of oxygen consumption and the
relative amounts of the final sulphur products, namely trithionate and sulphate ions, are dependent on the initial
[S203}% concentration and pH. The detailed kinetics of the reaction at pH 11-2 suggest mechanisms in which
O, becomes axially associated with amminethiosulphatocopper(il) species. in this role O, assists in electron
transfer between [S,03]2- and Cu™. The most active species for [S;04]%~ formation is a tetra-amminecopper (i1}
complex having one axial [S;04]2- and one axial O, ligand. A triamminecopper(ll) complex, having both axial
and equatorial [S;04]%~ ligands as well as an axial O,, is suggested as the reactive intermediate for [SQ,]%~
formation. The role of the intermediate Cu™ species is one of complexing both oxidant and reductant, in that it
provides a mechanism for electron transfer and allows O, to interact via an ionic mechanism.

THE oxidation of thiosulphate, [S,0,]%~, in aqueous
solution by molecular oxygen, under ambient conditions
of temperature and pressure, is known to be extremely
slow.! Since copper(11) undergoes facile reduction to
copper(1) by [S,04]%~ in aqueous solution, and reactions
catalysed by copper complexes in aqueous solution often
involve oxidation-reduction systems composed of a Cul
—Cu!! redox cycle,? catalysis by Cu™® of the oxidation of
[S;04]2~ by O, would seem feasible. Catalysis by Cu™ of
the peroxodisulphate, [S,04]%, oxidation of [S,04]2~ has
been reported.>* However, at temperatures up to 50 °C
and atmospheric pressure, copper(1)-thiosulphate species
resulting from reduction of Cul! ions in water by excess of
[S,04]%" are stable with respect to reoxidation to Cu™ by
0,5 When ammonia is initially present in solution, such
a reoxidation is found to occur.%? Recently, we reported
a detailed kinetic study on the reduction of Cuf ammine
complexes by [S,04]2” in the absence of O,% and also a
preliminary report on the reaction with oxygen present.?
In the present paper the results of a detailed kinetic
study of the reaction in aqueous ammonia solution in the
presence of oxygen are given and discussed in terms of
mechanisms which involve copper(11)-oxygen complexes
as intermediates.
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EXPERIMENTAL

Materials.—Stock solutions of copper(11) ions in aqueous
ammonia were prepared from Cu[SO/J*50H, (B.D.H.,
AnalaR) and concentrated volumetric solutions of am-
monium hydroxide (B.D.H.). All dilutions were made up
with distilled water. Oxygen was Linde high-purity grade.
The salt Na,[S,0,]:60H, was B.D.H. AnalaR and K,[S,0]
was prepared according to the method of Stamm and Goehr-
ing.® All other chemicals used were of reagent-grade
quality.

Determination of Reaction Products.~—Determination of
[S;0;]®~ was carried out using a standard iodimetric-titra-
tion method.® Qualitative analysis for sulphur anions
was made according to the methods given by Karchmer.1?
The method of Kelly et. al.* was used in determining [S,0,4]%~
ions quantitatively. U.v.—visible spectra were recorded on
a Beckman DK-2A ratio recording spectrophotometer.

Determination of Reaction Rates.—Kinetic measurements
were made by following the consumption of oxygen at
constant pressure using the apparatus and procedure des-
cribed earlier.!? The partial pressure of oxygen was varied
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from ca. 130 to 735 mmHg and the corresponding con-
centration in solution estimated from the solubility data of
Seidell 1% assuming the solubility to be the same as in pure
water.*

RESULTS

Colourless solutions of Cu! in 0-2M-ammonia, which result
from reduction of Cu® by [S,0,]2~ in the absence of oxygen,®
underwent rapid reoxidation to Cull on exposure to oxygen
or air. On displacement of oxygen from these solutions,
reduction of Cull by [S,0,]*~ still present in solution oc-
curred. The visible absorption spectra of the initial cop-
per(11)-ammonia solutions [A 612 nm (e 451 mol™* cm™)
for Imm-Cul! in 0-2m-NH,] prior to reduction by thiosul-
phate ion (0-05M-[S,0,]27) were essentially the same as that
for the Cull solution obtained on treatment of the colourless
Cul solutions with O,.

These results suggested the possibility of a continuous
process in the presence of O,, providing [S,0,]2~ ions were
present, as shown in reactions (1) and (2) and the overall
equation (3). If a simple redox cycle, as suggested in reac-
tions (1) and (2), is involved, a kinetic analysis, on the basis

2[Cu(NH,;),]2" + 2[S,05]% ——~
2[Cu(NHy)n_m]™ + [S406]*" + 2m NH, (1)

2[Cu(NHy)p_m]* + 2m NH, + 3 O, + H,0 ——3
2[Cu(NHy),] ** + 2O0H~ (2)

2[S,041%7 + § Oy + HyO — [S,04]*” + 20H™ (3)

of oxygen-consumption rate measurements, should be con-
sistent with the kinetics obtained by following the rate of
decrease of Cull concentration in the absence of O,.%
Stoicheiometric and kinetic results indicated, however, that
such a simple sequence was definitely not the major path
for [S,0;]2” oxidation in the presence of O,. Apart from
the fact that oxidation of [S,0,]2~ was much more rapid in
the presence of O,, the oxidized products were also found to
be different.

Stoicheiometry. —The stoicheiometry of the reaction was
established from oxygen-consumption measurements and
quantitative analyses of the sulphur-containing products in
solution when oxygen consumption had ceased. The major
sulphur-containing species, on completion of oxygen uptake,
were sulphate, [SO,]%*", and trithionate ions, [S;0,]*".
These species were stable toward further oxidation under
the reaction conditions employed. Thus, [S;04]2” was not
an intermediate for [SO,]?” formation under the experi-
mental conditions used in this study. Thiosulphate and/jor
tetrathionate ions, [S,04]*", were not present in the final
reaction solutions. Quantitative analyses for [SO,]?~ using
standard gravimetric methods were not carried out due to
the interference of [S;04]*” present in the final reaction
solutions. However, reliable quantitative analyses for
[S;04]*" could be carried out.!! These analyses indicated
that the percentage of total sulphur present as [S;04]2~ was
dependent on the initial [S,04]27, as was the number of moles
of oxygen consumed per mol of [S;04]% reacted. The effect
of pH on the stoicheiometry of the reaction was also ex-
amined by using ammonium nitrate while maintaining a
constant ammonia concentration (0-2m) and a constant
ionic strength of 0-2m (NaNOQ,). As the pH of the system

*1 mmHg & 136 X 98 Pa, IM =1 mol dm™3, 1 atm =
101 325 Pa.

13 A. Seidell, ‘ Solubilities of Inorganic and Metal Organic
Compounds,” 4th edn., van Nostrand, New York, 1958, vol. 1.

J.C.S. Dalton

was lowered the percentage conversion of [S,0,]2~ to
[S;0,]% increased.

Representative stoicheiometric results for [S,0,]*~ con-
sumed with respect to O, are shown in Table 1. The con-

TABLE 1

Stoicheiometry of thiosulphate oxidation at [Cull] = Imm,
[NH;] = 0:2M, p,, = 725 cmHg, and 30°C using
5 cm? solution

% S Moles O, consumed
[S:042 14/ converted Moles [S,0,]2~ consumed
mM pH to [S;04]%~ obs. calc.®
50 11-2 306 1-63 1-61
10-0 11-2 b 1-58
15-0 11-2 42-2 1-48 1-44
25-0 11-2 50-4 1-35 1-33
25-0 11-2 b 1-.23 ¢
500 11-2 64-1 1-19 1-15
50-0 11-2 b 1-18
50-0 11-2 b 1-13 ¢
750 11-2 66-6 1-13 1-11
100-0 11-2 756 1-01 0-99
25-0 11-2 54-0 1.214 1-28
25-0 10-0 64-6 0-99 ¢ 1-14
25-0 9:6 81-0 0-89 ¢ 0-92
250 9-3 100-0 0-72 ¢ 067

¢On the basis that 9,S converted to [SO,]2~ = 100 — 9%,
converted to [S;04]2~. ®No analysis made. ¢ 0-5 mwm-Cull,
4 0-4 mm-Cult, pH adjusted by addition of [H,N][NO,], ionic
strength = 0-2M using Na[NO,].

version of [S,0;5]27 to [S304]2~ and [S,0,]2~ to [SO,J2™ can
be represented by equations (4) and (5) respectively. On

3[S;0,]*™ + 2 Oy + H,0 —»= 2[S,0,]*~ + 20H~ (4)
[S:05]*” + 2 0, +- 2 OH™ —= 2[SO,]*~ + H,0 (3)

the basis of the analytical results obtained for [S,O4]2~ pro-
duced and equations (4) and (5), the expected consumption
of O, was calculated and found to agree fairly well with that
measured as shown in Table 1. These calculations were
based on the assumption that, apart from [S;04]2", the only
other oxidized product present in the final solution was
[SO,J?~. This appeared to be a good assumption in that
[S;0,]2” and S,04]2~ were definitely not present and dithio-
nite, [S,0,]%", disulphite, [S,0;]%, and sulphite, [SO,]2",
underwent rapid quantitative oxidation to [SO,]?~ under the
reaction conditions employed. The possibility of traces of
dithionate, [S,0],2” in the final solution could not be dis-
counted since no specific qualitative tests exist to confirm
its presence when other polythionates are present. Further-
more, [S,04]%" is not oxidized under the reaction conditions
used. Qualitative tests for the presence of other polythion-
ates were negative.

Spectval Observvations.—Over the concentration ranges of
Cull (0-3—2-0mm) and ammonia (0-10—1-00M) used, the
predominant species initially present in solution were
[Cu(NH,),(OH,),1**, [Cu(NHg)3(OH,)s)**, and [Cu(NHj)s-
(OH,)]2*. This conclusion was arrived at by constructing a
distribution diagram for the copper complexes as a function
of free-ammonia concentration. Values for the formation
constants used in constructing this diagram were taken from
ref. 14. At pH > 10, the copper(u) amine species are
reported as existing in equilibrium with significant concen-
trations of hydroxo-species. Approximate constants (K; =
250, K;; = 491 mol™) for stepwise addition of two hydroxide

14 ¢ Stability Constants of Metal-Ton Complexes,” Chem. Soc.
Special Publ., No. 17, London, 1964.
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ions to the copper(11) ammine species have been reported 15
and similar values were also obtained in the present investi-
gation. Consequently, ammine species in which one or two
of the aqua-ligands are replaced by OH™ will be present at
pH > 10. The spectrum of a solution of Cu!l jons in
0-2M-NH, (pH 11-2) showed a maximum absorption at 612
nm (e 45 1 mol™* cm™?) and a shoulder at 310nm (¢ 500 1 mol™
cm™). Addition of oxygen to a degassed solution of the
copper(11) ammines gave no measurable O, consumption
or noticeable u.v.-visible spectral change. However, addi-
tion of [S,04]%" to such a solution did result in immediate
appearance of a new absorbance peak at 330 nm as well
as an increase in the absorbance of the 612 nm peak. The
absorbances of the 330 and 612 peaks increased with increas-
ing [S,0,]2". Addition of [SO,]*~ to ammoniacal solutions
of Cull ions also resulted in formation of a peak at 320 nm
in place of the 310 nm shoulder. With [SO,)?” addition
the absorbance of the peaks increased only slightly com-
pared to [S,0,]?" addition of corresponding concentrations.
This effect has previously been ascribed to association of
anions at the axial positions of the copper(r1) ammine com-
plexes.® QOut-of-plane bonding of anions in axial complexes
of Cull jons has recently been reviewed.1¢
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FiIGUuRE 1 Representative oxygen-consumption plots for the
reaction of Cul! jons with [S,0,]2~ in 0-2M-NH, solution at 1
atm total pressure and 30 °C: ([J), [Cull] = 40 x 1074,
[S20527]p = 1:0 x 1072; (Q), [Cull] = 4-0 X 107, [S,0,%7], =
2 X 107%; (A), [Cull] = 80 x 1074, [S,0,*], = 50 x 107%;
(@), [Cull] = 80 X 1074, [S,0,%*]y = 7-5 x 1072m

Spectral observations of a copper(ir) ammine~[S,0,]2~
solution saturated with oxygen indicated that oxidation of
[S50,)2~ by Cull occurred at a much higher rate than in the
absence of O,. The extent of the oxidation was limited by
the amount of oxygen dissolved in solution. If saturation
of the solution with O, was maintained no decrease in Cull
concentration occurred as [S,0;]2~ was oxidized. These
results are further exemplified on consideration of the kinetic
data obtained from oxygen-consumption experiments. For
such experiments, spectral examination of the reaction
solution at a point where [S,0,]2~ was less than 0-02m
showed a maximum at 595 nm (¢ 65 1 mol™? cm™) and a
shoulder (A . ca. 320 nm).

Kinetics.—The kinetics of oxidation of [S,0,]2~ by
copper(11) ammines in the presence of O, were studied by
following the consumption of oxygen as a function of time.
In the absence of Cu'l, no oxygen consumption was apparent
up to 50 °C and 1-0 atm total pressure, the initial [S,0,]2~

24;51 R. E. Reeves and P. Bragg, J. Amey. Chem. Soc., 1962, 84,
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being unchanged over a period of many hours. When
Cull jons were present in the absence of ammonia again no
oxygen consumption was observed, although a rapid reac-
tion between Cull and [S,0,]2 to yield a colourless solution
did occur. Thus, for the continuous oxidation of [S,04]%~
in the presence of O,, both Cull and ammonia were required.

Representative gas-consumption plots for the oxidation of
[S;0;]2~ are shown in Figure 1. The plots show an initial
curved region followed by a maximum-rate region which
falls off gradually as gas uptake ceases, the latter part of the
uptake plot having the form of a first-order reaction. The
attainment of the maximum-rate region was markedly in-
fluenced by [S,0,27]y; it commenced sooner at lower initial
[S;0,27]. Also solutions containing lower [S,0,%7], resulted
in lower [S;04]%” yields. When a Cul—S,0,]2—NH, solu-
tion, prepared in the absence of O,, was used as the starting
solution for an oxygen-consumption experiment the nature,
and rate of oxygen was the same as that obtained for a Cull-
—[S,0,]2"—NH,; solution of equal reactant concentrations.
Copper(1) was oxidized very rapidly back to Cul! and the
reaction proceeded with the usual initial curved region
followed by the maximum-rate region. Attainment of
a maximum-rate region was also influenced by the
pH of the reaction solution; the maximum-rate region
commenced earlier at lower pH. However, the ex-
periments at lower pH resulted in much lower maximum
rates than those at higher pH. Furthermore [S;04)%
yields were greatly increased at lower pH (see Table 1).

For experiments at pH 11:2, no simple kinetic analysis of
the overall gas-consumption plots was possible. It was
apparent, however, that experiments which resulted in high
percentage conversions of [S,0,]%~ to [S;04]%~ (Table 1) had
lengthy curved regions prior to commencement of the maxi-
mum-rate region. Those experiments which gave low
[S304]%” yields had short initial curved regions compared to
the length of the maximum-rate region. Consequently,
the uptake plots were analysed on the basis of the initial
region, which was associated primarily with the production
of [S;04)27, and the maximum-rate region in which the pro-
duction of [SO,]*~ became increasingly more important.

(1) Initial-rate vegion: [S;04]2~ formation. The kinetics
of reaction for the initial region were examined by measur-
ing the rate of oxygen consumption at a point corresponding
to 109, of the total oxygen consumption. For experiments
in which [S,0,27], was greater than 0-03m the oxidized
sulphur product at 109, reaction was essentially all in the
form [S;0]2. Consequently the rate of oxygen consump-
tion could be associated solely with [S,04]2~ formation.

The results obtained (Table 2) indicate a good first-order
dependence on [Cull] at least up to 0-002m and a good first-
order dependence on oxygen concentration over an oxygen
partial-pressure range of 137—734 mmHg. These results
suggest an experimental rate law of the form (6) where &’ =

— d[0,]/d¢ = &’ [Cu™][O,] (6)
k[S;04271"[NH,]". In order to investigate the effect of
[S;0;*7] on the rate of [S;04]2~ formation a number of ex-
periments using [S,0,%27], in the range 0-025—0-075M were
carried out at given [Cull], [O,], and [NH,]. The results
obtained are shown in Table 2 and a plot of %’ against
[S:0,%*7 )y (Figure 2) suggested an inverse dependence of
reaction rate on [S,0,27] over the range 0-025—0-075M.
When the ionic strength of the media was kept constant at

18 B. J. Hathaway, Structure and Bonding, 1973, 49—67;

B.7J. ?athaway and A. A. Tomlinson, Co-ordination Chem. Rev.,
1970, 5, 1.
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0-20M by the addition of Na,[SO,] the rates obtained for the
region of inverse dependence were essentially the same as
those obtained under conditions of variable ionic strength.
Experiments at [S,0,27], less than or equal to 0-020M were
not considered in the kinetic analysis of the {S,04]*" pro-
ducing reaction as the reaction which gave [SO,}*~ started
to take place in the early stages of oxygen consumption.
The effect of [NH;] on the initial rate of oxygen consump-
tion, for [S,04%7], = 0-05M, was complex (Table 2). Figure

J.C.S. Dalton

mum-rate region were examined by measuring the total
rate of oxygen consumption in this region. For experiments
in which [Sy0,%7], was less than 0-020M little if any initial
curved region in the gas-consumption plot was apparent.
The maximum rate in these experiments was essentially the
initial rate and the overall oxygen-consumption plot had the
form of a first-order reaction (Figure 1). Quantitative
analyses for the final oxidized-sulphur products indicated
that both [S;0,]2~ and [SO,]%~ were produced when [S,0,27],

TABLE 2
Summary of kinetic data for [S;04]*” production at 30 °C

10% Initial rate

of O
consumption
104[Cull]/m 102[S;0,2~ /M 10[NH,]/m Po,/mmHg 104[0,] /M mol 1171 k’ 4/l mol™lg™1
3:0 5-0 20 37-1 5-71 0-34 19-8
4-0 5-0 2:0 37-1 571 0-48 21-0
6-0 50 2-0 37-1 5-71 0-76 22-2
8:0 50 2-0 37:1 5-71 1-17 25-6
10-0 50 2:0 37-1 571 1-47 25-8
10-0 50 2-0 37-1 571 1-44 25-2
20-0 50 2:0 371 571 2:50 21-9
60 5-0 2:0 13-7 2-11 0-23 181
6-0 5-0 2-0 17-1 2-63 0-30 19-1
6-0 50 2:0 26-7 4-12 0-58 234
6-0 50 2:0 36+5 562 0-70 20-7
6-0 50 2:0 42-9 6-61 0-84 21-3
6-0 50 2-0 55-3 8-50 1-06 208
6-0 50 2-0 58:6 9-00 1-15 21-3
6-0 50 2-0 73-4 11-30 145 21-4
8:0 2:5 2-0 72:5 11-156 3:40 38-1
8-0 25 2-0 72-5 11-15 3-64 40-8
8:0 50 2-0 72:5 11-15 2:-10 23-6
8:0 50 2-0 72-6 11-15 1-88 21-0
8-0 7-5 2-0 72-5 11-15 1.29 14-5
10-0 4-0 2-0 72:5 11-15 3:20 28:78
10-0 50 20 72-5 11-15 2-30 21-1
10-0 50 2:0 72-5 11-15 2:52 22-8 %
10-0 60 2-0 72-5 11-15 2:15 19-3°
10-0 7-5 2:0 725 11-15 1-50 13-5%
50 50 1-0 72:6 11-18 0-47 84
50 50 15 72-6 11-18 0-78 13-9
50 50 1-5 72-6 11-18 0-84 15-4
50 5-0 2-0 72-5 11-15 1-34 24-2
5-0 5-0 20 72:5 11-15 1-27 22-8
50 50 3-0 72-4 11-05 1-52 27-5
50 5-0 4-0 72-4 11-05 1-48 26-9
5-0 50 60 72:0 10-90 1-51 27-7
5-0 50 8-0 71-6 10-78 1-25 232
50 50 100 72-3 11-04 0-94 176
8:0 2:5 2-0 725 11-15 3-50 39:3¢
80 2-5 20 725 11-15 3-00 33-84
10-0 50 2-0 72-5 11-15 2-50 22.5¢
4-0 2-5 2.0 72-5 11-15 1-20 26:9 ¢S
8:0 2:5 2-0 72:5 11-15 2-60 29-267
4-0 2-5 20 725 11-156 1-46 32-7 110
4-0 2:5 2-0 72:5 11-15 1-48 33:2 /b
4.0 2-5 2-0 72-5 11-15 1-48 33:2 N4

@ (Initial rate)/[Cull][O,].
! I = 0-20M using Na[NO,].

51 — 0-20M (Nay[SO,)).
¢ pH 9-6 using {H,N][NO,].

3 shows a plot of &’ against [NH,] for a given set of experi-
ments in which [Cull], [O,], and [S,04%"] were maintained
constant. Over an [NH,] range of 0-2—0-7m the initial
rates varied only slightly. However, at relatively low or
high [NH,] the rates were definitely much lower. It is of
interest that the maximum concentration of [Cu(NH,),]**
with respect to the Cull concentrations used in this study
would also occur over a range of ca. 0-2—0-7TM-NH;.1418
Thus, the active CuM species for [S;04]2~ formation probably
contains a planar tetra-ammine species.

(i) Maximum-rate vegion: [S;0.]2~ and [SO,)%~ formation
reactions. The kinetics of reactions occurring in the maxi-

¢ (Mannitol] = 5mM.
4 pH 10-0 using [HN][NOg].

# [Mannitol] = 10mm. ¢ pH 9-3 using [H,N][NO,].
¢ pH 11-2 using [H,N][NO,].

less than 0-020M was used. Since the number of moles of
O, consumed per mol of [S;04]*~ was also a function of
[S40,27], no simple analysis of the overall first-order plot
to extract the kinetics of the two concurrent oxidation
reactions was possible. However, the total rate of oxygen
consumption (ry) could be represented as the sum of the
rate of oxygen consumption for [S;0,]3~ production (rr) and
that for [SO,]*~ production (rr1). Under conditions of con-
stant [Cull], [O,], and [NH,], a rate equation of the form (7),

rp = kr* [5203214 + Eir* [52032_]" (7)

where kg* is associated with [S;04]2~ formation and k* is
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TABLE 3
Summary of kinetic data for the maximum-rate region at 30 °C

109[Cutt)  102[S,0,2-],  10[NH,] 104[0,] 1057 @ 105/, 1057y ¢
M M M M mol 11 s71 mol 171 s™ mol I 571
3-0 5-0 2-0 571 1-55 0-58 0-97
4-0 50 2-0 571 2-07 077 1-30
6-0 5:0 2-0 571 312 1-15 1-97
8-0 5-0 2-0 571 4-11 1-53 2-58
0-6 2-5 2:0 11-15 0-44 0-23 0-21
2-0 2-5 2-0 1115 1-60 0-75 Q-85
3-0 2-5 2-0 11-15 2:34 113 1-21
40 2-5 2-0 11-15 3-04 1-50 1-54
50 2-5 2-0 11-15 373 1-87 1-86
6-0 2:5 2-0 11-15 4-56 2-25 2-30
6-0 50 2-0 2-11 1:15 0-43 0-72
6-0 50 2-0 2-63 1-45 0-53 0-92
6-0 50 2-0 3-52 1-74 0-71 1-03
6-0 50 2-0 4-12 219 0-83 1-36
6-0 50 2-0 4-85 2-55 0-98 1-57
6-0 50 2-0 562 3-04 1-14 1-90
6-0 50 2:0 6:61 3-10 1-:34 1-76
6-0 50 2-0 9-00 3-64 1-82 1-82
6-0 50 20 11-30 4-20 2.-28 1.92
30 50 20 2:85 0-87 0-29 0:58
3-0 50 2-0 571 1-556 0-58 0-97
3-0 5-0 2:0 7-62 1-79 0-77 1-02
3-0 5-0 20 8:70 2-00 0-88 1-12
3-0 50 2-0 9-62 2:10 0-97 1-13
3-0 5-0 2-0 11-15 2:31 1-13 1-18
4-0 1-0 2-0 11:15 1-76 1-50 0-26
4-0 1-25 2-0 11-15 2-15 1-50 0-65
4-0 1-5 2-0 11:15 2-48 1-50 0-98
4-0 1.75 2-0 11-15 2-61 1-50 1.11
4-0 2-0 2-0 11-15 2:92 1-50 1-42
4-0 2:5 2-0 11-15 312 1-50 1.62
5-0 5-0 1-5 11-15 3-92 1-87 2-05
5-0 5-0 2:0 11-15 373 1-87 1-86
50 50 2:5 11:15 363 1-87 1.76
50 50 3-0 1115 3-50 1-87 1-63
4-0 2-5 2-0 11-16 1.75 1-50 0-254
4-0 2:5 2-0 11:15 1-20 1-20 0-00°¢

@ Total oxygen-consumption rate in maximum-rate region. @O

xygen-consumption rate for [S;0,]?~ production in maximum-rate

region. ¢ Oxygen-consumption rate for [SO,]?~ production in maximum-rate region. 4 pH 10 using [H,N]J[NO,]. ¢ pH 9-2 using

[HN}[NO,].

associated with [SO,]?~ formation, can be written. Since
the overall uptake plot is first order in nature, the possible
values of a and b, respectively, are 1and 1,1 and 0, or 0 and 1.

n w ~

o <] =)

I I T
(o]

K/ 1mot™s™

-
S
]

0 ]
2 4 2.
10” [S,0, ]0/ M
FiGUrRe 2 Dependence of &’ on [S,042-], in 0-2M-NH; solution at

1 atm total pressure and 30 °C: (QO), [Culf] = 80 x 107%;
(A), [Cull] = 10-0 x 107%, I = 0-20m

All these cases suggest that a plot of the maximum rate #p,
which is the initial rate of the first-order region, against
[S;03%7]y should be linear. Whena = b = 1 an intercept of
zero should result for such a plot, whereas if eitheraor b = 0
a positive intercept should be obtained.

A series of experiments were made at [S,0,%27], <X 0-025Mm
for given [CuM], [O,], and [NH,] and the results obtained
are shown in Figure 4 and Table 3. A good linear relation
did occur for a plot of #p against [S,0,%27], for [S,0,27],
between 0-025 and 0-015m. Extrapolation to zero [S,04%7]
resulted in a positive intercept. This suggests that at the
point of maximum rate, for experiments in which [S,04%7],
was greater than 0-015M, one of the oxygen-consumption
reactions is first order in [S,0;27] while the other one is zero

30—
9]
- 201
°
E
o 10— 4
0 | ] | ] ]
0 2 4 6 8 10
10[NH;1/M

Ficure 3 Dependence of 2" on [NH;] at 1 atm total pressure,
30 °C, [Cull] = 5-0 X 104, and [S,0;* ], = 50 X 1072M

order. Since at high [S,0,%7], ¢.e. >>0-035M, the [S;04]*~
producing reaction definitely exhibited an inverse depen-
dence on [S,0,%7], it seems reasonable to expect that this
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reaction may tend to a zero-order dependence as [S,0,27]
decreases. It is highly unlikely that the [S;04]*~ produc-
tion process changes from the definite inverse dependence
observed to a first-order dependence as [S,0,%7] is gradually
decreased. Therefore, it appears that at [S,0,%7] en-
countered in the maximum-rate regions the [SO,]?~ produc-
ing reaction is first order with respect to [S,0,2~] while a zero-
order dependence on [S,0,*7] for the [S;0,4]2~ formation
reaction occurs.

On the basis of a zero-order dependence on [S,0,%7] for
[S306]%~ formation occurring at [S,0427] < 0-025M it is
possible to calculate a value of the experimental rate constant
defined by equation (8). The value of 2" was calculated to

B = kr*/[CulT][O,] (8)

be 33:6 1 mol™ st on the basis of the data provided in
Figure 4. This value can be compared with the limiting
value of 2" obtained from initial-rate data for experiments
having an initial curved region (Figure 2). The data shown

3l

o |-

- -

— -0

B2l

-~ - O

m-f' 4//

E
1 L ! I N
0 1 2 3

10218,0,%], /m

FiGure 4 Dependence of #r on [S;0427], in 0-2m-NH;,
solution at 1 atm total pressure, [Cull] = 4-0 x 107y, and 30 °C

in Figure 2 suggest a value of 2’ of ca. 38:0 1 mol™? s? at
0-025M. Thus, if a zero-order dependence on [S;0427] is in
effect at 0-025M, this value should be equal to that obtained
using equation (8). Considering that the transformation
from an inverse to zero-order [S,0,%] dependence is prob-
ably gradual and that the &’ value at 0-025M-{S,04]*" shown
in Figure 2 will have some contribution from the [SO,]*~
producing process, the agreement between the values of &’
is indeed very good.

In order to carry out a full kinetic analysis of the [SO,]*~
production reaction maximum-rate measurements were
carried out for a series of experiments in which [Cu'l], [O,],
and [NH,] were varied independently. Since the kinetics
of the [S,0,]?" producing reaction were available [equation
(8)], rates for [SO,]*~ production as a function of [Cull],
[0,], [S,04%7 ], and [NH,] could be readily calculated. The
results obtained are summarized in Table 3. Plots of
711 against [Cull] were linear over the range 0 X 1074—
80 x 1074m [CuM] indicating a first-order dependence on
[Cull] for the [SO,]*~ production process. The effect of
pressure (0—73 cmHg) on #yp was investigated at two
different [Cull] and the results obtained are given in Table 3.
The [SO,J?~ producing reaction showed a first-order de-
dependence on [O,] below ca. 5 x 107%1 above which a
tendency toward a zero-order dependence on [O,] was
apparent. As seen in Figure 4 and Table 3, the reaction
was first order in [S,0,27],. The effect of [NH;] on the 711
was studied over the range of 0-15—0-30m. The results
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(Table 3) indicate an inverse dependence on [NH,] over this
range. Although the maximum-rate region was attained
much sooner at lower pH, #1; was greatly decreased on lower-
ing the pH of the solution. For example, decreasing the pH
from 11-2 to 10-0 by addition of [H,NJ[INO,] caused 7y to
decrease by more than 809,. At a pH of 9-2, #»;; was not
observed, no [SO,]?” being produced.

DISCUSSION

The stoicheiometric and kinetic results obtained for
the oxidation of [S,04]3" ion by copper(i1) ammine com-
plexes in the presence of O, indicate that the reaction is
catalysed by the presence of O,. A comparison of the
initial rate of a given oxygen-consumption experiment
with the rate of the oxidation reaction in the absence of
O,, under otherwise comparable reaction conditions,
indicated that the initial rate of [S,04]2~ consumption in
the presence of O, was at least 40 times as great as that in
its absence. Consequently even the initial part of the
oxygen-consumption reactions are concerned with more
than a simple reoxidation of the Cul species known to
form when [S,04]%" reacts with copper(11) ammines in the
absence of 0,.8 In fact the direct reduction of Cul® by
[S;0,]2~ which occurs in the absence of O, would appear
to be of little importance, in view of the [Cu'] and overall
reaction times employed when the reaction is carried
out under O,.

In the presence of O, the reaction probably involves
mechanistic paths 17 in which copper—-oxygen complexes
are involved. In such intermediate complexes the O,
may activate copper for subsequent oxidation of [S,0,4]%~
or alternatively the copper could possibly activate the
oxygen molecule for subsequent transfer to a co-ordinated
[S;041% ion. A consideration of stoicheiometric, spectral,
and kinetic results obtained enables the formulation
of plausible mechanisms for formation of both [S;04]2~
and [SO,]?" resulting from the oxidation of [S,0,]*~
by copper(11) ammines in the presence of O,.

Mechanism for [S;04]> Formation.—For the experi-
ments carried out at the higher [S,0427] it was apparent
that the time necessary to attain the maximum rate of
0, consumption was greatest for the highest [S,0,%7].
Also the highest yields of {S;0,4]%~ were obtained for the
highest [S,0427] or lowest pH used. Spectral observa-
tions (see Results section) for the oxidation system in the
initial curved region of the oxygen-consumption plots
together with the kinetics observed in this region are
consistent with interaction of O, with a copper(i)
ammine complex containing at least one axial [S,04]2".
Although replacements and isomerizations in the copper
co-ordination sphere are known to be extremely fast
(equilibrium often being reached in terms of less than a
microsecond), the observed reaction-rate dependence on
[NH,] in conjunction with the distribution of copper(11)
ammines as a function of [NH;] would seem to suggest
that the most active species for the [S;04]2~ formation
reaction is a copper(11) tetra-ammine complex. At high
[NH,] significant amounts of the penta-amminecopper (1)
complex are likely. This would decrease the effective

17 |, S. Mason, Ann. Rev. Biochem., 1964, 34, 595.
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concentration of a tetra-ammine complex having one
axial [S,0,4]%" and an axial O, ligand. All these results
and the observed dependences of reaction rate on [Cu™],
[0,], and [S,0,2-] are accommodated by the mechanism
shown in Scheme 1.
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where £’ is the experimental rate constant for the reaction
as defined in equation (6). A plot of 1/%" against [S;04%"]
(Figure 5) showed good linearity and yielded the values
£y~ 300 1 mol™® s and k_y/k, = 265 1 mol™l. Scheme 1
also accommodates the results obtained for intermediate
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ScuEMe 1 L = H,0, NH;, [SO,]*~, or OH-.

Application of a steady-state approximation for species

(D) in Scheme 1 results in the rate law (9). If it is
_dI0] _ ks [(C))[Oy] o)

dt k1 [S,0527] + &,

assumed at high [S;04%7] : [Cu™] ratios (i.e. greater than

50 : 1) that [(C)] is approximately equal to the total Cult

concentration,equation (9) can be written in the form (10)

1 kg |
7= A 50T+ (10)

[S;04%7] (z.e. 0-025—0-015M) where a zero-order depen-
dence on [S,0427] for [S;0,4]2~ formation is observed. At
these [S,04%7] the equilibrium shown in the second step of
Scheme 1 is of minor importance. Species (B) may be
involved in a rapid equilibrium with O, to generate (D)
as shown in equation (11). Spectral changes observed at

o
(B) + O, <= (D)

these concentrations of [S;04]2~ lend support to this

(11)
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postulated equilibrium. Under these conditions the rate
law which results can be expressed as (12).  This accounts

— d[O]/dt = kK" [(B)][O,] (12)

for the zero-order dependence observed for [S,0,27] over
the range 0-015—0-025M. The tendency towards a zero-
order dependence on [S,0,%7] probably begins once
[S5,0527] = ca. 0-035M.

Scheme 1 involves a tetra-amminecopper(11)~[S,05]2 "~
O, complex, (D), in which [S,0,4]2~and O, areaxially bound
to Culf, as the reactive species for oxidation of [S,04]2~
to [S,04]. Such an axial reduction process does not
seem to be of any consequence in the absence of O,.
Copper(11)-molecular-oxygen complexes have previously
been postulated in the oxidation of co-ordinated o-phenyl-
enediamine,!8 ascorbate,!® and tetraglycine.>

8
v-m o
— 6—
g A
T A4
-.S D
“:O— 2— el
.—’/’
o2 | I 1 |
0 2 4 6 8

2 -
10°18,0771, /M

FiGure 5 Dependence of initial rate of [S;0,]*~ formation in
0-2M-NHj, at 1 atm total pressure and 30 °C, plotted in accord
with equation (10): (O), [Cull] = 8:0 X 10™%; (A), [Cull] =
10-0 x 1074, I = 0-20M

The [S,04]~ species produced on oxidation of [S,04]2~
in Scheme 1 probably dimerizes rapidly to yield [S,04]%.
Such rapid dimerization reactions have previously been
postulated in [S,04]%" oxidation reactions.?:2 Since no
[S404]%™ is foundin the final reaction solutions, it seems
very likely that [S,O¢}%~ ions undergo subsequent dis-
proportion to [S;04]% and [S,04]>~.  The decomposition
of [S,04]% in aqueous solution to higher and lower
polythionate ions is well substantiated..?2 This
decomposition is highly catalysed by the presence of
[S,04]%~ and is represented by reactions (13)—(15) which
give rise to the overall reaction (16). Reaction (13)
results in [SO,]%~ formation and, since it is well known

[S406]%™ + [Sy03)%" —= [S;0¢]% + [SOz12~  (13)
[SO1%~ + [S4061%™ — [S306]2” + [S:05127  (14)
(550612 + 30H" —» [S,0,]2" + 3H,0  (15)

2[S,0g]2" + 30H" —» §[S,0,]2~ + [S;04]2" + %Hz())
(16

18 K. Withrich and S. Fallab, Helv. Chim. Acta, 1964, 47, 1940.

1% M. M Khan and A. E. Martell, J. Amer. Chem. Soc., 1967, 89,
4176.

20 E. B. Paniago, D. C. Weatherburn, and D. W. Margerum,
Chem. Comm., 1971, 1427.

21 J. Baldea and G. Niac, Inorg. Chem., 1970, 9, 110.

22 M. I. Edmonds and K. E. Howlett, J. Chem. Soc. (4), 1970,

2866.
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that [SO,4}2~ undergoes rapid oxidation in aqueous solu-
tion by O, to give [SO,] 2,22 it may be expected that

[SO,4)% is also produced during the decomposition of
[S4012~. However, experiments carried out with
[S404 " and {S,04]?~ in aqueous ammonia under O,

but in the absence of Cul! resulted only in [S;04]%"
production. No oxygen consumption or [SO,J*~ pro-
duction occurred.

The addition of a free-radical inhibitor, namely manni-
tol, had no effect on the observed rate in the initial
region suggesting that the involvement of free radicals,
at least in the rate-determining step, is unlikely. TFur-
thermore, the total oxygen consumption was unaffected
by the presence of mannitol.

The manner in which species (E) in Scheme 1 under-
goes reaction with additional [S,0,4]%~ is not obvious.
However, complexes have previously been described #
which have co-ordinated [O,]~ and [O,)%" ions. Thus
(E) may undergo a subsequent rapid reaction with [S,0,4]2"
to provide additional [S,05]" and a tetra-ammine-
copper(11) species having a co-ordinated peroxo-ligand,
[0,]%". In aqueous basic media the co-ordinated [O,]2~
probably undergoes rapid hydrolysis to form [HO,]".
In dilute aqueous solution H,0, is more acidic than water
and dissociates according to equation (17). This dis-
sociation will be greatly favoured in basic solution and

H,0, —= H* + [HO,)" (K —

15 x 1072 mol It at 20 °C) (17)

[HO,]~ would appear to be a likely species for oxidation
of additional [S,0,]2~ since hydrogen peroxide is known
to oxidize [S,05]2~ to [S304]27.28 Alternatively [HO,]~
could decompose according to equation (18). However,

2{HO,]- —» 2 OH- + O, (18)

reaction (18) is known to be slow,?” especially in a basic
media saturated with O,,.

Results of experiments carried out to determine the
effect of added H,0, indicated that in the presence of an
O, atmosphere the sulphur-product distribution was
unchanged. Since some oxygen evolution from added
H,0, was found to occur, rate measurements via O,
consumption were not possible. In the absence of an
O, atmosphere (¢.e. under argon) the reaction in the pres-
ence of a large excess of H,O, resulted primarily in the
production of [S;04]%", with a small amount of [SO,]2"
being formed.

Mechanism for [SO4%* Formation.—\When [S,04]2~
had decreased to less than 0-025M, for experiments in
which [S5,04%7] was much higher, a maximum-rate
region for oxygen consumption was observed. This

2 A, Fava and S. Bresadolc, J. Amer. Chem. Soc., 1955, 77,
5792.

28 O. Foss, Acta Chem. Scand., 1961, 15, 1608.

25 E. C. Fuller and R. H. Crist, J. Amer. Chem. Soc., 1941, 63,
1644.

26 'W. A. Waters, ‘ The Chemistry of Free Radicals,” Oxford
University Press, 1964, p. 16.

27 Ref. 2, pp. 411 and 417.

28 1. Janickis, Accounts Chem. Res., 1969, 2, 316; Acta Chem.
Scand., 1950, 4, 866.
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region commenced immediately for experiments carried
out in which [5,0,27], was less than 0-025M. Analysis of
the oxygen stoicheiometry, suphur products formed, and

$203%~ $2032~
HaN ! NH3 p H3N : NH3a
(4
==
H3N TNH3 H3N T OH,
L L
(B) (il
i) |} ¥,
$203%° $2032°
H3N __! NH3 HaN ! NH3
(iir)
HaN 52032~ HiN ™ 0H2
02 02
ScHEME 2 (2), —[S,04]2; (43), +O, — L; (374), +[Sz04]%

observed reaction rate indicated that both [S;0¢]2~ and
[SO,)2~ were being formed concurrently. The kinetics
of the [SO,]%" producing reaction were examined by sub-
tracting the rate of oxygen consumption for [S;04]%~
formation from the total rate of oxygen consumption.
The observed reaction-rate dependences on [Cul], [O,],
[S;0427], and [NH,] for the [SO4%" formation reaction
led to formulation of the mechanism shown in Scheme 2.
Analysis of this mechanism for the rate of oxygen con-
sumption provides the rate law (19), where [Cullly =

. d[O,] _ kK,K, [Cull]y [Og] [S;04527]
& = TNH T K, + KE,0j]

total copper concentration and —d[O,]/d¢é = r; = the
rate of oxygen consumption for [SO,]?~ formation.
Equation (19) can be expressed in the inverse form (20)

11, 1 [NH,]

ki kB RK,[O,] ' RK K,[O,]
where krr = ri/[Cull]r [S,0427]. Equation (20) suggests
that plots of 1/k;; against [NH,] atagiven [O,] or of 1/kr1

against 1/[O,] for a given [NHj] should be linear. A
plot of 1/k;; against [NH,] (Figure 6) was linear and from

(19)

(20)
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Ficure 6 Dependence of oxygen-consumption rate for [SO,]%~
production on [NH,] at 1 atm total pressure and 30 °C, plotted
in accord with equation (20): [Cull] = 50 x 107, [S,0,2],
=50 X 1072m

the intercept and gradient values for 2 and K, were de-
termined as 3-1 1 mol~1 s™* and 3-6 x 10%1 mol™ respec-
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tively, the value of K, being taken from the literature 15
as 892 x 103 mol I'L. Also plots of 1/&;; against 1/[O,]
(Figure 7) showed good linearity. Average values of %
and K, determined from the plots in Figure 7 were
2-:8 1 mol? sl and 3-9 X 10*1 mol™, respectively, in good
agreement with those obtained from Figure 6.

The large value obtained for K, according to the above
rate-law analysis suggests that the intermediate complex
[Cu(NH,)4(0H,)(S505)(0,)] in Scheme 2 may be present
in an appreciable concentration when the [S,04%7] is
such that primarily [SO,)%~ is the oxidation product.
Some change in the visible-absorption spectra of the
reaction solution might be expected due to some build-up
of this triammine dioxygen complex. Spectral examina-
tion of the reaction solutions for which [S,0,%"] < 0-02M
did in fact show a downward shift in »_,  of ca. 15 nm

20

I

10 (k") /ol 1's
=R

o

0 1 2 3 4 5
1078[0,] 7Y /M7

Ficure 7 Dependence of oxygen-consumption rate for [SO,j2-
production on [O,] in 0-2M-NHj solution at 30 °C, plotted in
accord with equation [20]: (Q), [Cull] = 6:0 x 10-4, [S,0,%],
=50 X 107%; (A), [Cull] = 3-0 X 107, [S,0,* ]y = 50 X
1072m

(see Results section). The rate-determining step is
similar to the one postulated for the reaction in the
absence of oxygen.® Oxidation of the equatorially bound
[S;041%~ may be visualized as taking place via a path
involving activation of [S,04]2~ and O, with subsequent
transfer of oxygen to thiosulphate. However, in view
of the ability of co-ordinated [S,0;]%~ to reduce Cul to
Cu! and the facile conversion of Cu! back to Cu'l by
oxygen, a redox mechanism would appear more reason-
able. Such transfers of electrons through metal ions
have often been suggested.1719%2® The final step of the
redox process at the copper site probably involves [0y}~
transfer to the co-ordinated [S,04]” to form disulphite,
[S,05]>". Although the manner in which this transfer
takes place is not clear, [S,0;]2~ would appear to be the
most reasonable sulphur product resulting from the pro-
posed active copper species shown in Scheme 2. If the
[S;04]~ species did not combine with [O,]~, it would
probably undergo dimerization to [S,04]%~ followed by
disproportionation to [S;04]%~ and [S,0,]2~. This would
not, however, account for the [SO4?~ produced. The

2 P. K. Adolf and G. A. Hamilton, J. Amer. Chem. Soc., 1971,
93, 3420.
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possibility of an outer-sphere reaction between [S,0,]%"
and [Cu(NHj;);(0OH,)(S,04)(0,)] in the rate-determining
step followed by transfer of an [O,]~ to unbound [S,05]~
to generate [S,0;]> cannot be ruled out on the basis of
the kinetic data.

The existence of [S,0;]2~ in aqueous solution is known 30
and, in view of its unsymmetrical structure whichcontains
a S-S bond,® i.e. [0,5-SO,]%7, its formation from [Oy]~
and {S-SO,]~ at the copper site is reasonable. Subse-
quent oxidation of [S,05]2~ may occur via a mechanism
involving [S,0;]1%~ still bound to the copper site
and/or with uncomplexed [S,05]2~. In the absence of
copper(il) ammines and [S,05]%7, an aqueous-ammonia
solution of [S,0;]2~ was stable to oxidation by O, under
the normal reaction conditions employed (Table 3).
When [S,04]2~ was added to such a solution oxidation of
[S,05]%~ did occur but at a very slow rate compared to
the observed rates for [SO,]?~ formation in the presence
of Cu™® species (Table 3). This slow oxidation of [S,05]%~
in the presence of [S,0;]2~ may be represented by
equations (21) and (22) which involve dithonite,
[S,04]%7, as an intermediate. Dithionite was found to

[S,0;]2™ + [S,0,]2~ —»= 2{S,0,]%" (rate determining)
(21)

[S,0,%~ + 3 0, + 20H- —» 2[S0,]2~ + H,0 (r(a2p2i)d)

undergo very rapid oxidation by O, in aqueous-ammonia
solution at 30 °C.

Experiments carried out on [S,0,]%~ oxidation in the
presence of copper(ll) ammine complexes indicated,
however, that the most important mechanism by which
[SO,]?~ formation occurs from [S,05])2~ involves a copper-
catalysed step. Quantitative oxidation of [S,0,]%~ to
[SO,J%" in the presence of copper(il) ammines and O,
was extremely rapid compared to the rate-determining
step in Scheme 2. This mechanism may involve transfer
of Oy to [S,0;]2~ (or alternatively [O,]~ to [S,05]7) at the
copper site. The resulting sulphur product is probably

30 Ref. 2, pp. 447—448.

31 A. W. Herlinger and T. V. Long, Inoig. Chem., 1969, 8, 2661.

32 H. K. Hofmeister and J. R. van Wazer, Inorg. Chem., 1962,
1, 811.
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disulphate, [S,0,]2~. At 25 °C {S,0,]*" rapidly hydro-
lyses in water.32 1In basic solution quantitative conver-
sion of [S,0,]2~ to [SO,]*" takes place according to equa-
tion (23).

[S,0,]2~ + 20H- —» 2[SO,12~ + H,0  (23)

The effect of a free-radical inhibitor, namely mannitol,
on the rate of [SO,]*~ production was studied. The re-
sults obtained (Table 4) indicated that the amount and
rate of oxygen consumption are rather insensitive to the
presence of mannitol in the reaction system. Compared
to the effects of mannitol on reactions actually involving
free radicals, e.g. [SO;4)%~ oxidation,? the slight effects
shown in Table 4 are negligible with respect to the involve-
ment of free radicals in the main oxidation process. The
observed effects may be the result of some scavenging of
an [O,]~ species, possibly resulting in [S;04]2~ formation.

TABLE 4

Effect of mannitol on the oxidation of thiosulphate at
[Cull] = 4:0 X 1074, [S,0,%7], = 25 X 1072, [NH,] =
0-2, [O,] = 11-15 X 107%M, and 30-0 °C

10? [Mannitol]] __ Moles O, consumed 1053 */
M Moles [S,04]%~ consumed mol 171571
0 1-25 312
05 1-25 3-00
1-0 1-23 2-85
1-5 1.22 2-54
2-5 1-23 2:70

* Total oxygen-consumption rate in maximum-rate region.

With respect to the [SO,]?~ formation process, the role
of the Cu™ species is seen to be one of complexing both
oxidant and reductant in that it provides a mechanism
for electron transfer and allows O, to interact via an
ionic mechanism. Transfer of O, to oxidizable sub-
strates at a metal-ion site iz an ionic mechanism has
been suggested previously.?%33
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