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[D]-Ru(bpy) were reproducible even on repeated use. We 
feel that [D]-Ru(bpy) should be at least as stable as [Ru- 
(bpy)J2+ in PVC. 

Conclusions 
[D]-Ru(bpy) and [D]-Ru(phen) are shown to be rela- 

tively inexpensive, easily prepared sensitizers for ‘02 
generation. The yields for ‘02 production from the Do- 
wex-bound sensitizers are comparable to homogeneous rose 
bengal and somewhat better than any other heterogeneous 
sensitizers. [D]-Ru(bpy)’s ability to efficiently generate 
lo2 in protic solvents, including water, should make it 
useful for the studies of ‘02 effects on biological systems 
and with ‘02 acceptors that are insoluble in organic sol- 
vents. 

We have successfully utilized the luminescence prop- 
erties of the bound [ R u ( b ~ y ) ~ ] ~ +  and deuterium isotope 
effects to probe the microscopic heterogeneity of these 
porous photosensitizers. Utilizing these data we were able 
to develop a successful two-solvent phase model for ex- 
plaining the general behavior of the hydrophilic photo- 
sensitizers in MeOH or in water-containing MeOH. The 

important role of solvent phase separation with concom- 
itant separation of reactants is demonstrated. 
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The solution-phase kinetics of the reaction of cuprous chloride with molecular oxygen in pyridine were studied 
by monitoring product formation. The reaction was found to be third order in cuprous chloride and first order 
in oxygen by initial rate studies and pseudo-first-order rate constant determinations. A single rate law was 
found for solutions in which initial cuprous chloride concentrations were varied by more than a factor of 350 
and initial oxygen concentrations were varied by more than a factor of 40. The integrated form of the resulting 
rate expression was found to precisely predict product vs. time curves. A more limited kinetic study of the 
reaction of cuprous acetate with oxygen in pyridine demonstrated that this reaction is first order in oxygen 
and second order in cuprous acetate. 

Introduction oxygena4 Reports by others further demonstrate the po- 
The “activation” of molecular oxygen by hmi t ion -med  tency of oxygen-copper(1) systems for oxidative and cou- 

systems has been the subject of intense investigation over pling reaCti0ns*5 
the past few years. The reasons for high interest in this The reaction of cuprous chloride with molecular oxygen 
area include its possible relevance to certain biological in pyridine has been shown to exhibit 4CuC1/02 stoi- 
oxidations’ and its potential application to the develop- 
ment of more efficient oxygen ei&trodes for fuel cells2 &d 
improved commercial oxidation pro~esses .~ 

In earlier accounts we have discussed the oxidative bond 
cleavage of o-benzoquinone, catechols, and phenols to 
muconic acid derivatives induced by certain copper(I1) 
reagents in both the presence and absence of molecular 

(1) 0. Hayaishi, “Molecular Mechanisms of Oxygen Activation*, Aca- 
demic Press, New York, 1974; E. J. Ochai, “Bioinorganic Chemistry”, 
Allyn and Bacon, Boston, MA, 1977, pp 262-78; M. T. Kahn and A. E. 
Martell, “Homogeneous Catalysis by Metal Complexes”, Academic Press, 
New York, 1974. 

(2) A. Damjanovic, Mod. Aspects Electrochem., 5, 369 (1969); A. J. 
Appelby, ibid., 9, 369 (1974). 

(3) ‘Kirk-Othmer Encyclopedia of Chemical Technology”, Wiley, New 
York, 1965. 

(4) (a) M. M. Rogic, T. R. Demmin, and W. B. Hammond, J. Am. 
Chem. Soc., 98,7441 (1976); (b) M. M. Rogic and T. R. Demmin, ibid., 
100, 5472 (1978); (c) M. M. Rogic and T. R. Demmin, “Aspects of 
Mechanism and Organometallic Chemistry”, J. H. Brewster, Ed., Plen- 
num Press, New York, 1978, pp 141-68; (d) T. R. Demmin and M. M. 
Rogic, J. Org. Chem., 45,1153 (1980); (e) T. R. Demmin and M. M. Rogic, 
ibid., 45 2737 (1980); (fj T. R. Demmin and M. M. Rogic, ibid., 45,4210 
(1980); (g) T. R. Demmin and M. M. Rogic, J. Am. Chem. SOC., 103,5795 
(1981). 

(5) (a) J. Tsuji and H. Takayangi, J. Am. Chem. Soc., 96,7349 (1974); 
(b) J. Tsuji, H. Takayanagi, and I. Sakai, Tetrahedron Lett., 1245 (1965); 
(c) A. S. Hay, H. S. Blanchard, G. F. Endres, and J. W. Eustance, J. Am. 
Chem. Soc., 81, 6335 (1959); (d) A. S. Hay, J. Polym. Chem., 58, 581 
(1962); (e) G. F. Endres, A. S. Hay, and J. W. Eustance, J. Org. Chem., 
28, 1300 (1963); (0 A. S. Hay and G. F. Endres, Polym. Lett . ,  3, 887 
(1965); (9) H. Finkbeiner, A. S. Hay, H. S. Blanchard, and G. F. Endres, 
J. Org. Chem., 31,594 (1966); (h) I. B d e k  and G. Davies, Inorg. Chem., 
17,1814 (1978); (i) D. E. Fenton, R. R. Schroeder, and R. L. Linvedt, J. 
Am. Chem. Soc., 100, 1931 (1978). 

O022-3654/03/2Q07-4681$01.50/0 0 1903 American Chemical Society 



4682 

~ h i o m e t r y ~ ~ ~ ~ X ~  and results in irreversible oxidation of the 
copper(1) substrate. In spite of the great deal of attention 
that this system has received, the reaction products have 
not been fully ~ha rac t e r i zed .~~  When the concentrations 
of the reactants are such that the solubility limit of the 
product(s) is exceeded, bispyridine cupric chloride has been 
isolated as one of the reaction 

The literature contains more than 20 pertinent kinetic 
studies of the reaction of copper(1) species with molecular 
oxygen in a variety of solvents including dimethyl sulf- 
oxide,& nitromethane,‘jb acetic acid,h many mixed organ- 
ic/aqueous and water.6e In mixed aqueous/ 
nonaqueous media, the copper(1) species was frequently 
complexed by 2,2’-bipyridine or 2,2’,2”-terpyridine ligands. 
The reaction was found to be first order with respect to 
oxygen and first or second order with respect to the cop- 
per(1) substrate. 

Several groups have studied the kinetics of this trans- 
formation in pyridine by monitoring oxygen uptake and 
concluded that the reaction is first order in both oxygen 
and cuprous Qualitative observations made 
in our laboratory contradicted these conclusions. Mod- 
erately concentrated solutions of cuprous chloride ( M) 
reacted very rapidly with oxygen while many days were 
needed to significantly convert dilute M) solutions 
to products. These observations led us to the hypothesis 
that the reaction must be higher order in the copper(1) 
substrate and prompted us to undertake this kinetic study. 

Results and Discussion 
Oxygen-Uptake Experiments. Our initial experiments 

were to monitor simultaneously oxygen disappearance and 
copper(I1) appearance as a function of time. This was 
accomplished by injecting concentrated cuprous chloride 
solutions under nitrogen into oxygen-saturated pyridine. 
Oxygen uptake was measured with a gas buret and aliquots 
were withdrawn at  various intervals, quenched, and ana- 
lyzed by visible spectroscopy for copper(I1) appearance. 
Enough dissolved oxygen was present in solution to react 
with all the cuprous chloride. Most of the cuprous chloride 
was found to be converted from copper(I1) before signif- 
icant oxygen uptake was measured on the gas buret. After 
long lag times, the buret-measured oxygen uptake ap- 
proached a ratio of 4CuC1/02. The rate-limiting step in 
this two-phase system was concluded to be the mass 
transport of oxygen from the gas phase to solution. 

In order to study the reaction of cuprous chloride with 
dissolved oxygen, all subsequent determinations were made 
in closed systems not in contact with a gas phase. 

Reaction Order with Respect t o  Oxygen. The reaction 
order with respect to oxygen was determined by measuring 
initial rates of product formation for a series of solutions 
in which the initial concentration of oxygen, [O2lO, was 
varied and the initial concentration of cuprous chloride, 
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TABLE I: Initial Rates of Copper(I1) Formation for the 
Reaction of Cuprous Chloride with Oxygen in Pyridine 

~~ 

(6) For example, see: (a) G. Rainoni and A. D. Zuberbuhler, Chimia, 
28,67 (1974); (b) J. A. Arce, E. Spodine, and W. Zamudio, J. Inorg. Nucl. 
Chem., 37, 1304 (1975); (c) P. M. Henry, Znorg. Chem., 5,688 (1966); (d) 
R. D. Gray, J. Am. Chem. SOC., 91, 56 (1969); A. D. Zuberbuhler, Helu. 
Chim. Acta, 59, 1448 (1976); A. L. Crambliss and A. T. Poulos, Inorg. 
Chem., 14,1529 (1975); (e) I. Pect and M. Anabar, J. Chem. SOC. A,  1902 
(1968); A. S. Jhaveri and M. M. Sharma, Chem. Eng. Sci., 22, 1 (1967); 
N. V. Gorbunova, A. P. Parmal, Yu. I. Skurlatov, and S. 0. Travin, Int. 
J. Chem. Kinet.,  11, 983 (1977). 

(7) (a) G. Coudurier, H. Praliand, and M. V. Mathieu, Spectrochim. 
Acta, Part A,  30,1399 (1974); (b) H. Praliand, Y. Kodraoff, G. Coudurier, 
and M. V. Mathieu, ibid., 30, 1389 (1976); (c )  E. Ochiai, Tetrahedron, 20, 
1831 (1964); (d) C. E. Kramer, G. Davies, R. B. Davis, and R. W. Slaven, 
J. Chem. Soc., Chem. Commun., 606 (1975). 

(8) (a) E. Tsuchida, M. Kaneko, and H. Nishide, Makromol. Chem., 
127, 221 (1972); E. Balogh-Hergovich and G. Speier, Transition Met.  
Chem., 3 ,  177 (1982). 

no. 

10 
11 
1 2  
13 
14  
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 

(d[Cu(II)  I ldt) ,?  
mol L-I s - ‘  

(4 .3  i 0.8) x 
(3 .8  t 0.7)  X 
(3 .7 t 0.5) X 10+ 
(2 .7 i 0.3)  X 

(0 .7 i 0.1) X 
(1 .2  i 0.5) x 
(7 .1  i 0.9) x 
(5.1 _+ 0.8) x 
(3 .8  i 0.9)  x 
(1.8 * 0 . 3 )  X 
(9.6 + 1.0) x 10-7 
(8 .2  i 0.8) X 
(5 .6  f 1.0) X 
(1 .2 t 0 . 5 )  X 

(2 .0  i 0.2)  x 10-6 
(1 .2  i 0.2)  x 1 0 ’ 6  

(4 .4 i 1 . 5 )  x 10-3 
(2 .1 i 0.8) x 10-3 
(2 .7 i 0.9) x 10-4 

(1.1 _+ 0.4) x 10-5 

( 2 . 3  1 . 0 )  x 10-7 
(5 .5  i 1.0) x 10-9 

(5.8 i 2.0) X 

(8.6 i 1.0)  X 
(2 .7 i 1.0) X 

10;3. 
103. 103. h ,  

[CUC110, [O,lO, L3 
mol mol 
L-’ L-I s - l  

5.1 4 . 0  8.1 
5.1 3.4 8.4 
5.1 2.9 9.4 
5.1 2 .3  8.8 
5 .1  1.7 8.9 
5.1 1.1 8.2 
5 .1  0.57 9.3 

25.2 1 .1  6.8 
10.2 1.1 6 . 1  

8.7 1.1 7.0  
7.4 1.1 8 .5  
5.8 1.1 8.4 
4 .5  1 .1  9.1 
4 .3  1.1 9.4 
1 .4  1.1 18.5 

161.7 1 . 7  1 . 7  
82.0 1.7 4.7 
67.0 1.7 4.1 
33.6 1.7 4.2 
23.1 0.11 4 .3  
20.2 0.26 5.1 
14.4 0.50 5.8 

2.2 2.9 8.7 
2.2 2.9 8.7 
0.46 4 .8  11.8 

a Determined b y  visible spectroscopy.  h = (d[Cu(II)]/ 
dt),/[CuC11,3[021. 

[CuCl],, was held constant. In these experiments air- or 
oxygen-saturated pyridine was syringed into septum-cov- 
ered tubes containing cuprous chloride-pyridine solutions 
under nitrogen. The final volume was such that there was 
virtually no gas phase above the solution. The tubes were 
then inserted into the visible spectrophotometer and the 
product-time curves were recorded. The initial rates of 
product formation, (d[Cu(II)] /dt),, were evaluated 
graphically form the product-time curves. These results 
are shown in Table I (experiments 1-7). The reaction 
order was determined from the data as follows. Equation 
1 is a generalized rate expression in which X is the reaction 

(d[Cu(II)]/dt), = k[CuCl]oX[O~]oY (1) 
order with respect to cuprous chloride and Y is the reaction 
order with respect to oxygen. Taking the logarithm of this 
expression results in the following equation: 
log (d[Cu(II)]/dt), = 

log k + x log [CUCl], + Y log [OZ], (2) 

A graph of log (d[Cu(II)]/dt)o vs. log [O2lO resulted in a 
line whose slope, the reaction order with respect to oxygen, 
was found to be 0.96 f 0.15. 

Reaction Order with Respect to Cuprous Chloride. 
Vapor pressure osmometry determinations have shown 
that cuprous chloride is “almost quantitatively” mononu- 
clear in pyridine with a molecular formula of CuC1Py,.8b 
Initial rates of product formation were measured for a 
series of solutions, in which the initial oxygen concentra- 
tion, [02],, was held constant and the initial cuprous 
chloride concentrations, [ CuCl],, were varied. These re- 
sults are shown in Table I (experiments 6, 8-15). The 
reaction order with respect to cuprous chloride was de- 
termined graphically from eq 2. A plot of log (d[Cu- 
(II)]/dt), vs. log [CuCl], resulted in a line whose slope, the 
reaction order with respect to cuprous chloride, was found 
to be 2.8 f 0.4. 
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TABLE I1 : Psuedo-First-Order Rate Constant 
Determinations for the Reaction of Cuprous Chloride 
with Oxygen in Pyridine Solutions 

102. 103. 10-3k’i 
[CUC11,, [O*l,, [ cuc1101, 

mol mol [CuCl],/ ~3 m01-3 
L- L-l [O,l, k’,“ s-’ S-l 

.5 

. 6 -  
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- 

- 

/ 

16.2 1 . 7 1  95 8.8? 0.8 2.1 
16.2 0.34 476 8.7 ? 0.4 2.0 

8.2 1.71 48 2.3 ? 0.2 4.0 
8.2 0.34 227 2.3 + 0.2 4.2 
6.7 0.34 186 1.2 -c 0.1 4.0 

2.3 0.11 200 (7.8 i 0.3) X 6.5 
2.0 0.26 77 (4.0 -c 0.4) x 6.0 

a Determined by visible spectroscopy using a Durrum 
stopped-flow apparatus except as noted. Determined 
by visible spectroscopy in a conventional visible spectro- 
photometer. 

3.4 0.34 93 (2.2 * 0 . 1 )  x 10-l 4.8 

Pseudo-First-Order Rate Constant Determinations. 
Additional confirmation of the reaction order of both 
reactants was obtained from a series of reaction mixtures 
in which the initial cuprous chloride concentration was in 
large excess of the initial oxygen concentration. The re- 
action of relatively concentrated (>5 X M) solutions 
of cuprous chloride was too rapid to be conveniently 
studied by conventional visible spectrophotometry. A 
stopped-flow experiment, however, readily afforded kinetic 
data in this concentration range. 

According to eq 1, the observed pseudo-first-order rate 
constant, k’, should be a function of the cuprous chloride 
concentration. 

k’ = k[CuC1IX (3) 
Assuming that the concentration of intermediates is small, 
the following expressions result from the stoichiometry of 
the reaction: 

[0210  = f/4[Cu(II)Im (4) 

(5) 
Substituting eq 5 and 3 into eq 1 and rearranging yields 
eq 6. Equation 7 results from integrating eq 6. Plots of 

[ 0 2 I  = f/d([Cu(II)Im - [Cu(II)I) 

In ([Cu(II)], - [Cu(II)],) vs. time exhibited linearity for 
at least three half-reactions. This provided additional 
confirmation that the reaction is first order in oxygen. 
These results are shown in Table 11. The value of X was 
estimated by plotting log k’ against log [CuCl]. 

log k’  = X log [CuCl] + log k (8) 

The slope is 2.8 f 0.2 when the data point of the most 
concentrated solution is discarded. 

A fourth-order rate constant, k ,  can be derived by di- 
viding k ’ by [CuC1I3 as shown in Table 11. A trend of lower 
values a t  higher cuprous chloride concentrations, a devi- 
ation of the reaction order with respect to cuprous chloride, 
can be seen in these data. This is to be expected and 
simply reflects the fact that the data are analyzed as a 
function of total copper(1) and not monomeric cuprous 
chloride. Any significant reversible aggregation of cuprous 
chloride such as dimer formation will give this apparent 
lowering of the reaction order. The deviation in these data 

/ 

3.5 3.0 2.5 2.0 1.5 1.0 0.5 

- log [ C U C l J o  

Flgure 1. Plot of log (d[Cu(II)]ldt, - log [02],) vs. log [CuCI], for the 
reaction of cuprous chloride with oxygen in pyridine. 

from third order in cuprous chloride allows the calculation 
of a dimerization equilibrium constant and results in K 

Initial rates of reaction were also measured for these 
more concentrated cuprous chloride solutions. I t  is in- 
structive to compare these data (Table I, experiments 
16-21) and other data from more dilute cuprous chloride 
solutions (experiments 22-25) with experiments 1-15. 
Here the initial rates vary by 7 orders of magnitude with 
the initial cuprous chloride concentrations varying by a 
factor of 350. The initial oxygen concentrations are not 
all the same but may be factored out by subtracting log 
[O2lO from log (d[Cu(II)]/dt),,. A plot of log (d[Cu(II)]/dt), 
- log [O2lO vs. log [CuCl], results in a single straight line 
over the entire concentration range as shown in Figure 1. 
The slope of this line, the reaction order with respect to 
cuprous chloride, is 2.8 f 0.4. The fourth-order rate 
constant, k, can be derived by extrapolation of the line to 
[CuCl], = 1 or may be numerically evaluated for each run 
by dividing (d[Cu(II)]/dt), by [ C U C ~ ] ~ [ O , ] ~  as shown in 
Table I. Both procedures give the same answer: k = (7 f 

Comparison of Calculated and Observed Product-Time 
Curves. Equations 9 and 10 follow from the stoichiometry 
of the reaction. 

(9) 

(10) 

Using these ‘relationships with X = 3 and Y = 1, eq 1 
can be integrated giving eq 11 in which A = 1 / 4 [ C ~ C l ] ~  

= [CUC1]~/[CU2C1,] z 1. 

4) x 103 ~3 mol-3 s-1. 

[CUCl] = [CuCl]o - [Cu(II)] 

[ 0 2 1  = [0210  - f/4[cu(II)] 

- [0210. 

kt = -- 1 - 1 1  - 

ib [ [CUCl], - 1 [Cu(II)] -‘I+ [CUCl] 

([CUCl], - [cu(II)])2 [Cucl]: 

[o,lo([cuc1l - [CU(II)I) 
- In (11) 
16A3 [C~C1lo([O~lo - f / , [c~( I I ) l )  

Equation 11 was tested by determining its ability to 
predict [Cu(II)]-time curves. In most cases excellent 
agreement was observed between calculated and observed 
curves. Such a comparison is shown in Figure 2. Less 
satisfactory agreement was found in one case where the 

1 
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2.0 

1 1.8 
E 1.6 

1.4 

- 
- 
D ;; 1.2 
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TABLE 111: Kinetic Data for  t h e  Reaction of Cuprous 
Acetate with Oxygen in Pyridinea 

lO- 'k ' /  
- 
- 

- 
- 

- 

1.5 
I c u  Ill) j x 10' 

( m o l t  I J 

1.0' 

5 ;::I ;.;*'a, , , , , , , , , 
0 

0.6 

0.4 
0.2 ' 

0 1 2  3 4 5 6 7 8 9 10 
Time X 10 (sec) 

Flgure 2. Comparison of experimental and calculated product-time 
curves. The initial oxygen concentratbn was 5.0 X lo4 M. The initial 
cuprous chloride concentratlon was 1.44 X lo-' M. The calculated 
values (X) were obtalned from eq 11 by wing a rate constant k = 6.5 
X lo3 L3 mol-3 s-'. The experimental points (0) were measured by 
visible spectroscopy. 

- . .  ' 
I . . . . . .  % .  

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 
Time X 1 0  3 (sec 1 

Flgure 3. Comparison of experimental and calculated product-time 
curves. The IniUal oxygen Concentration was 2.10 X lo4 M. The Inltial 
cuprous chloride concentration was 2.86 X M. The calculated 
values (X) were obtained from eq 1 1  by uslng a rate constant k = 8 
X lo3 L3 mol-3 s-'. The experimental points (0) were measured by 
visible spectroscopy. 

cuprous chloride and oxygen concentrations were both 
about 2 X M. This comparison is shown in Figure 3. 
Good agreement is seen up to the first half-reaction, but 
the observed reaction becomes slower than predicted by 
the model. However, this experiment took many tens of 
hours to complete two half-reactions. The pressure of 
oxygen inside the tube was higher than that of atmospheric 
oxygen so that some equilibration with the atmosphere 
may have occurred by diffusion of gas through the rubber 
septum. 

Kinetics of the Reaction of Cuprous Acetate with Ox- 
ygen in Pyridine. The reaction of cuprous acetate was 
found to exhibit 4CuOAc/02 stoichiometry as determined 
by oxygen-uptake experiments (see Experimental Section). 
Cuprous acetate, however, reacted much more rapidly with 
oxygen in pyridine than cuprous chloride under compa- 
rable conditions. This precluded convenient study of the 
kinetics over a wide range of cuprous acetate concentra- 
tions. We examined several oxygen/cuprous acetate 
mixtures in pyridine by visible spectroscopy in the stop- 
ped-flow experiment as before. These results are shown 
in Table 111. The mixtures with high [CuOAc]o/[02]o 
ratios allowed the determination of pseudo-fist-order rate 
constants. Plots of In ([Cu(II)], - [Cu(II)],) vs. time ex- 
hibited linearity for at  least three half-lives, indicating that 
the reaction is first order in oxygen. A plot of the loga- 
rithm of initial rates of product formation, (d[Cu(II)]/dt),, 
vs. the logarithm of initial concentrations of cuprous 

103. [ CuO Ac ] *, 
[ CuOAc],. (d [  C ~ ( 1 I ) ] / d t ) , , ~  Lz mol-2  

mol  L-l mol  L-I s-l k' ,d  s-' SS1 

20.0 (2 .1  t 0.4) X 10.' 310  t 20 7.7 
7.0 (3.3 i 0.2) X 10.' 48  i 4 8.4 
6.8 (2.4 f 0 .2)  X 10.' 35 t 4 7.6 
2.8 ( 4 . 3  i 0.2)  X e e 

L-'. Initial concentration of cuprous  acetate.  c Initial 
rates of copper(I1) format ion  as measured by visible 
spectroscopy. Observed pseudo-first-order rate con- 
stants.  
accurately determine a pseudo-first-order ra te  constant.  

a T h e  initial oxygen concentration was 1 . 7  X mol 

e T h e  [CuOAc] , / [O, ] ,  ratio was too small t o  

acetate, [CuOAcIo, resulted in a line whose slope, the re- 
action order with respect to cuprous acetate, is 2.0 f 0.2. 
Division of the observed pseudo-first-order rate constants, 
k', by [CuOAcI2 allows the calculation of an overall 
third-order rate constant and results in k 8 X lo5 L2 
m o P  s-l. 

Mechanistic Implications of the Cuprous Chloride- 
Oxygen Rate Law. The kinetic stoichiometry implies that 
the transition state of the rate-determining reaction has 
the composition Cu3C1302 but, of course, gives no infor- 
mation about the mechanism whereby the elements are 
assembled. A family of degenerate mechanisms which are 
chemically plausible can be formulated in which rapid 
equilibration among species such as CuC102, Cu2Cl20,, and 
CuzC12 is assumed. It  is tempting to postulate that the 
rate-limiting step involves reaction of CuCl with a p-peroxo 
species containing two copper atoms. 

2cuc1+ 0 2  * c l c u o ~ c u c l  (12) 

(13) 

The immediate products of reaction 13 might be species 
such as ClCuO and C12Cu20 although we have no way of 
knowing with certainty. Oxidation of another CuCl and 
equilibration of ligands among Cu(I1) species would follow 
rapidly. Equation 12 could, of course, be formulated in 
terms of pairwise equilibrium reactions involving reversible 
binding of oxygen. 

Conclusions 
The kinetics of the reaction of cuprous chloride with 

oxygen in pyridine were studied for reaction mixtures in 
which the initial oxygen concentrations were varied by a 
factor of more than 40 and the initial cuprous chloride 
concentrations were varied by more than 350. A single rate 
law was found to hold over this entire concentration range. 
Initial rate studies demonstrated that the reaction is first 
order in oxygen and third order in cuprous chloride. These 
reaction orders were confirmed by pseudo-first-order rate 
constant determinations for reaction mixtures in which the 
concentration of cuprous chloride was in large excess of 
the initial oxygen concentrations. The integrated form of 
the resulting rate expression was found to precisely predict 
product vs. time curves. These results are in conflict with 
earlier reports that this reaction is first order in both ox- 
ygen and cuprous chloride. These earlier studies, however, 
were conducted in a two-phase system in which the uptake 
of oxygen from the gas phase to the pyridine solution was 
used to monitor the reaction kinetics. Our results show 
that the mass transport of oxygen from the gas phase to 
the solution phase is rate limiting in this system. Com- 
parison should also be made with numerous other reports 
of the reduction of oxygen by copper(1) substrates in sim- 

ClCu02CuC1 + CuCl - products 
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ilar systems in which a maximum copper(1) reaction order 
of 2 was observed. 

A limited kinetic study of the reaction of cuprous acetate 
with oxygen in pyridine demonstrated that this reaction 
is first order in oxygen and second order in cuprous acetate. 

Experimental Section 
Solvents,  Reagents,  and Znstrumentation Used. 

Reagent-grade pyridine was freshly distilled from calcium 
oxide under a dry nitrogen atmosphere before use and was 
stored over activated 4A molecular sieves. All other sol- 
vents were distilled prior to use. 

Commercially available cuprous chloride was reduced 
with dilute sulfurous acid: dried, and stored under ni- 
trogen at 5 "C. Cuprous acetate was prepared by reaction 
of dry copper metal and anhydrous cupric acetate, followed 
by vacuum sublimation of the cuprous acetate.'O 

All air- or moisture-sensitive compounds and solutions 
were kept under a positive pressure of high-purity, dry- 
grade nitrogen. All transfers of air-sensitive solutions were 
made under nitrogen via glass or Teflon tubing or nitro- 
gen-purged, precision-fit glass syringes equipped with 
stainless steel needles. 

Reaction flasks (where access for sample withdrawal, 
etc., was necessary) were sealed with fresh neoprene rubber 
septa. All glassware and other equipment were oven dried 
for a minimum of 24 h at  130 OC before use. Such 
equipment was kept under a positive nitrogen atmosphere 
immediately after removal from the oven. 

Ultraviolet-visible spectrophotometric measurements 
were recorded on a Cary-219 instrument. A D m  Model 
D-100 series stopped-flow instrument connected to a 
Hewlett-Packard 1223-A oscilloscope was used for rapid 
kinetic studies. 

Pyridine solutions of cuprous chloride were prepared in 
either of two ways: (1) A sample of cuprous chloride was 
weighed into an empty flask kept under nitrogen, and then 
rigorously nitrogen-deaerated pyridine was admitted under 
nitrogen. (2) A weighed sample of cuprous chloride was 
added to a rigorously deaerated volumetric flask of pyri- 
dine kept under a stream of nitrogen. All pyridine samples 
were deaerated with a nitrogen stream for a minimum of 
60 min before reagents were added. All cuprous acetate 
manipulations and preparation of pyridine solutions of 
cuprous acetate by either of the above procedures were 
done in a drybox under a nitrogen atmosphere. 

Oxygen- Uptake  Experiments. Reactions of Cuprous 
Chloride or Cuprous Acetate with Oxygen-Saturated 
Pyridine. A three-neck, l -L round-bottom flask was used 
as the reaction vessel. This flask was filled with freshly 
distilled pyridine. One neck was closed with a septum for 
syringe addition and withdrawal of samples. A Teflon- 
coated stirrer bar was added for vigorous stirring of the 
solutions. The middle neck of the flask held the outlet 
(medium-frit gas dispersion tube) from a ceramic pump 
which pumped gas at a volume of 100 mL mir-l. The third 
outlet of the flask was connected to a l-L gas reservoir 
which was connected to a gas buret which utilized di-n- 
butyl phthalate as leveling fluid. The entire system was 
kept in a thermostated bath at 25 f 0.2 OC. The system 
was saturated with a stream of oxygen for a minimum of 
2 h prior to reaction. 

Concentrated nitrogen-deaerated cuprous compound in 
pyridine solution was syringed into the setup to initiate 
oxygen absorption. Aliquots (1 mL) were removed under 

(9) R. N. Kellar and H. D. Wycoff, Inorg. Synth., 2, 1 (1946). 
(10) S. J. Kirchner, S. A. Schubert, R. D. Mounts, and A. Fernando, 

Inorg. Chim. Acta, 27, 180 (1978). 
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nitrogen and added to a nitrogen-deaerated 1:2 (v/v) so- 
lution of concentrated aqueous ammonia/pyridine. Visible 
absorption spectra were determined in cuvettes kept under 
a positive nitrogen atmosphere. Absorption of Cu(NH3):+ 
at  640 nm was monitored." Since the copper(1) salts have 
no absorption in this region in this solvent system, cop- 
per(I1) could be directly measured. 

The results of several such measurements indicated that 
Cu(I1) formation in concentrated solutions occurred much 
more rapidly than was indicated by buret-measured oxygen 
uptake. The rates of formation of Cu(I1) in concentrated 
solutions were too rapid for accurate spectrophotometric 
determination. After large lag times the buret-measured 
uptake of oxygen approached final ratios of 4Cu(I)/02 for 
both cuprous chloride and cuprous acetate. 

Primary determination of oxygen solubility in pyridine 
was done by potassium iodide/sodium hydroxide oxida- 
tion, followed by titration of the liberated iodide with 
sodium thiosulfate to starch indicator end point.12 

Direct Spectrophotometric Determination of Initial 
Rates of Formation of Oxidation Products. The visible 
spectrophotometer was initially zeroed with 15 X 75 mm 
glass tubes filled with pyridine. Stock solutions of nitro- 
gen-deaerated cuprous chloride in pyridine were prepared 
and kept under a positive nitrogen pressure in septum- 
covered flasks. Likewise, septum-covered stock solutions 
of oxygen-saturated pyridine were prepared (minimum of 
60 min of oxygen bubbling under a positive oxygen pres- 
sure). Similar nitrogen-saturated solutions of pyridine 
were prepared. 

The glass tubes used for the kinetic runs were oven 
dried, closed with a septum, and nitrogen deaerated for 
a t  least 20 min before solutions were added. Kinetic runs 
were made by completely filling the tubes to final volumes 
with pyridine solutions so that no head space remained. 
Appropriate volumes of cuprous chloride/pyridine were 
first syringed into the tubes under nitrogen. If nitrogen- 
saturated pyridine was used as a diluent, it was added next. 
The nitrogen bubbler was removed and the appropriate 
volume of oxygen-saturated pyridine was added to com- 
pletely fill the tube. The tube was immediately sealed, 
shaken, and placed in the spectrophotometer at ambient 
temperature for absorption vs. time monitoring at 736 nm 
(t = 105 L mol-' cm-'). The molar absorptivity, t, is based 
on the concentration of reactant CuC1. The sequence of 
mixing and positioning in the spectrophotometer was 
completed in less than 8 s. This allowed study of initial 
rates over a moderate concentration range. 

Stoichiometry was also confi ied by this technique since 
the concentration of either cuprous chloride or oxygen 
could be made reaction limiting. In all cases the 4CuC1/02 
stoichiometry was observed. Likewise the stoichiometry 
of the reaction of cuprous acetate with oxygen in pyridine 
was verified in this way. The reaction product was mon- 
itored at  632 nm (t  = 76 L mol-' cm-'). The molar ab- 
sorptivity, E, is based on the concentration of reactant 
CuOAc. For both CuCl and CuOAc, pyridine solutions 
within the concentration ranges given in the tables ex- 
hibited no absorption at the wavelengths monitored. 

Stopped-Flow Determination of Pseudo-First-Order 
Rate  Constants. Concentrated solutions of cuprous 
chloride/pyridine under nitrogen, and oxygen-saturated 
or air-saturated pyridine, were charged into the syringes 
of the instrument. The instrument was flushed and 

(11) S. A. Shrager and G. Norwitz, J. Appl .  Chem., 9, 1, 384 (1951). 
(12) "Official Standardized and Recommended Methods of Analysis", 

compiled and edited by the Analytical Methods Committee of the Society 
for Analytical Chemistry by S. C. Jolly, W. Heffer and Sons, Ltc., Cam- 
bridge, U.K., 1963, pp 175-99. 



4688 

charged with reactants as soon as possible to minimize 
extraneous leakage of oxygen into or out of the solutions. 
Visible absorption changes vs. time were monitored at 736 
nm. 

The same procedure was followed in studying the ki- 
netics of oxidation of cuprous acetate in pyridine, except 
that visible absorption changes vs. time were monitored 

J. Phys. Chem. 1983, 87, 4686-4689 
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Oxalate complexes of manganese(II1) decompose by a net process that can be generalized as 2Mn(III) + C204'- - 2Mn(II) + 2C02. The rate-determining step is a unimolecular reaction of a single Mn(II1) complex to form 
Mn(I1) and a radical intermediate assigned the formula .COZ-. That radical may then react either with COZ- 
or with Mn(II1). Adding acrylic acid as a radical scavenger has little effect on the rate of Mn(II1) consumption, 
and we reach a somewhat qualified conclusion that 2.COZ- - C2042- is a more important radical consumption 
reaction than is COz- + Mn(II1) - COz + Mn(I1) even though [Mn(III)] >> [-CO;]. In the presence of air, 
the decomposition of manganic oxalate induces the reaction O2 + C2Od2- + 2H+ - 2C02 + H202. However, 
as Kolthoff showed almost 60 years ago, this induced reaction does not affect the quantitative stoichiometry 
of the overall reaction between permanganate and oxalate. 

Introduction 
Oxalate is oxidized by permanganate. Under certain 

conditions, the stoichiometry of process T is obeyed so 
2Mn04- + 5C2042- + 16H+ - 2Mn2+ + loco2 + 8H20 

(T) 
precisely that the reaction serves as an excellent stand- 
ardization procedure for quantitative volumetric analysis. 

Although kinetic study of the reaction was initiated well 
over a century ago,' some aspects of the mechanism are 
still unclear. If sufficient manganous ion and oxalate are 
both present initially, the stoichiometry of the fast initial 
process is well described by process A. Intermediate 

Mn(VI1) + 4Mn(II) - 5Mn(III) (A) 
oxidation states of manganese are certainly involved, and 
oxalate can compete with manganese(I1) for the reduction 
of some of them. The dynamics of this complex overall 
process are not of concern to the present paper. 

The manganese(II1) produced in process A is present as 
complexes that can be generalized as Mn(Cz04)n3-2n where 
n may be 1,2, or 3. The subsequent behavior obeys the 
stoichiometry of process B. The overall stoichiometry is 
then generated by (T) 
2Mn(C204),,-2n -+ 2Mn2+ + (2n - l)Cz042- + 2C02 (B) 

Kinetic studies, including those by Taube2 and by Adler 
and no ye^,^ show that process B is cleanly first order in 
manganese(II1); therefore, only one manganese is present 
in the transition state of the rate-determining step. There 
is general agreement that this step initiates process B by 
producing a radical intermediate such as COz- or .C204- 

2(A) + 5(B). 

(1) Harcourt, A. V.; Esson, W. Philos. Trans. R .  SOC. London 1866, 

(2) Taube, H. J. Am Chem. SOC. 1948, 70, 1216-20. 
(3) Adler, S. J.; Noyes, R. M. J.  Am. Chem. SOC. 1955, 77, 2036-42. 

156, 193. 

derived by a 1-equiv oxidation of oxalate. The rate is 
slower the larger the value of n and the more compressed 
the transition state. We interpret this trend to indicate 
that the C-C bond is broken in the rate-determining step 
B1. This assignment of the structure of the radical in- 
Mn(Cz04)n3-2n - Mn2+ + (n  - 1)C20d2- + COP + .COP- 

(B1) 
termediate is not essential to the argument that follows. 

The radical intermediate must react further and could 
conceivably do so either by step B2a or by step B2@. 

(B2a) 

2.C02- .+ Cz042- (B2P) 
If the mechanism involves step B2a, (B) = (Bl) + (B2a) 

and the experimentally observable rate of process B is 
equal to the rate of step B1. If the mechanism involves 
step B28, (B) = 2(B1) + (Bl@) and the observed rate of 
process B is equal to half the rate of step B1. 

A mechanistic decision between steps B2a and B2g 
could be made by introducing a scavenger S so that process 
C competed efficiently with the appropriate step B2. If 

co2- + s - P (C) 
the mechanism in the absence of scavenger involves step 
B2a, introduction of S will reduce the observed -d In 
[Mn(III)]/dt by a factor of up to 2. If the mechanism 
involves step B28, introduction of S will have no effect on 
-d In [Mn(III)]/dt. 

The scavenger species S must satisfy several require- 
ments. I t  must not react directly with Mn(II1) species, it 
must be sufficiently reactive with COz- that process C can 
compete with step B2a, and any further reactions of 
species P must not involve reduction of manganese(II1). 
In the experiments reported here, we have attempted to 
use a polymerizable vinyl monomer for species S. 

Mn(II1) + C02- - Mn2+ + C 0 2  
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