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Abstract: The kinetics of the process 2NO2
- + 2 O r = 2NO 3

- + O2
2- has been studied in fused alkali nitrates at 

5050K, by detecting amperometrically the disappearance of superoxide as a function of time. The experimental 
curves obtained, representing the first known example of a continuously recorded kinetic process in molten salts, 
have been interpreted on the basis of the following autocatalytic mechanism: NO2" + O2

2" ^ NO3
- + O 2 - (a, 

forward; - a , reverse), O 2 - + O r ->- O2
2 - + O - (b), V2(O" + O - ->• O2

2-) (c). Working in excess nitrite, (a) re
presents the only rate-determining step at the beginning of the reaction, (b) becomes competitive with it after a cer
tain reaction per cent, and (c) summarizes fast steps following the production of O - free radicals. In the absence of 
an initial concentration of product, the autocatalytic process can be initiated by the slower, "direct" reaction between 
nitrite and superoxide (Or) which produces peroxide (O2

2-) in accordance with the reported overall process. On 
the basis of the proposed mechanism and the estimated rate constants, kinetic curves in good agreement with the 
experimental ones could be computed. 

The anionic dimeric oxygen species peroxide (O 2
2 - ) 

and superoxide (O 2
- ) , often pos tu la ted 1 - 3 as 

labile intermediates in various redox reactions, are 
reasonably stable in several4 - 1 0 ionic solvents, where 
they play4 - 8 roles of primary importance. Recently, 
voltammetric studies performed in molten (Na 5 K)NO 3 

eutectic as solvent have shown5 the existence and the 
chemical reversibility of the reaction nitrite + super
oxide = nitrate + peroxide. It is characterized by 
the following stoichiometry 

f 

2NO2
- + 2O2

- ^=±: 2NO3
- + O2

2" (1) 
r 

and its equilibrium quotient at 5020K is represented 
by the relation 

[O2-'-J[NO3
-] V [ N O r ] 2 [ 0 2

- ] 2 = K1 = 

1.5 X 1010 m o l - 1 kg (2) 

Mechanistic information on this homogeneous system 
has so far been lacking and can be expected to con
tribute to a better understanding of the chemical be
havior of peroxide and superoxide. For this reason 
a kinetic study of reaction 1 was performed. The 
experimental results obtained in the course of this study 
and the relevant mechanism derived from the results 
are presented and discussed in the present paper. 
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Experimental Section 

Chemicals. An equimolar mixture of reagent grade molten 
sodium and potassium nitrate containing 0.5 X 10-3-0.5 m nitrite 
was used as solvent. The potassium superoxide used contained 
not more than 2% potassium hydroxide. AU experiments were 
performed under an atmosphere of nitrogen purified by contact 
with Ascarite (for CO2), copper wool at 500° (for O2), Drierite, 
magnesium perchlorate, and molecular sieves, at —80° (for mois
ture). 

Apparatus and Procedures. The work was performed using the 
platinum-lined electrolysis cell previously11 described. The indica
tor device was a platinum rotating disk electrode (rde) of 1.7 X 
1O-2 cm2 in area. The aluminum block thermostat employed for 
the cell held a rotating magnet suitable for stirring the solution. 
A "three electrode" system was used to collect voltammetric and 
amperometric data. In this way the potential of the rde vs. the 
reference electrode (Ag|Ag+ 0.07 m) was potentiometrically de
tected. At the same time currents were measured in a circuit con
sisting of the same rde and of a large-area "counter electrode." 

Process 1 was studied from left to right and initiated by introduc
ing small crystals of potassium superoxide in the melt containing a 
certain excess of nitrite. This procedure was possible because the 
high solubility12 of superoxide permitted fast dissolution of KO2 
(5-10 sec under stirring conditions). 

The kinetic data reported are relevant to the decrease of [O2
-] 

or to the increase of [O2
2-] as a function of time. Superoxide and 

peroxide, interrelated by the electrochemical equation 

O 2
- + e = O2

2- (3) 

present in molten nitrates a well-defined polarographic wave, whose 
cathodic and anodic limiting currents have been found4-6 to be pro
portional to [O2

-] and [O2
2-], respectively. This polarographic 

behavior made possible the experiment reported in Figure 1. How
ever, in the course of the present work it was found that whenever 
the ratio [O2

-]Z[O2
2-] becomes very small, the anodic limiting cur

rent is, surprisingly, no longer proportional to [O2
2-]. Because 

of this effect, when working at high nitrite concentrations, only 
superoxide could be precisely determined at any moment in the 
course of the reaction. The cathodic current, proportional to 
[O2

-], was recorded at constant potential ( ——1.5 V vs. the men
tioned reference electrode) and continuous curves, such as those 
reported in Figures 2-4, were obtained. Temperature was main
tained at 505 ± 0.5 0K, i.e., close to the melting point of the solvent 
used. The choice of this temperature was predicated5 by a better 
resolution of the limiting current of superoxide. 

(11) P. G. Zambonin, Anal. Chem., 41, 868 (1969). 
(12) J. Sauka and V. Brunere, Late. PSR Zinat. Akad. Vestis, Kim. 

Ser., 6, 615(1966). 
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Figure 1. Kinetic curves relevant to the disappearance of O2
-

and production of O2
2- in a melt originally containing 5.7 X 1O-3 m 

nitrite and 3.16 X 10~3m superoxide. 

It was practically impossible to obtain significant kinetic informa
tion by following reaction 1 from the right to the left because of the 
rather low solubility (3-4 1O-3 m) of O2

2-. Thus the solubility 
process became the slow, rate-determining step of the reaction. 

Results and Discussion 

Data relevant to a preliminary study are reported in 
Figure 1. They represent the time-dependent vari
ations of the peroxide and superoxide concentrations 
whenever reaction occurs in the presence of com
parable concentrations of nitrite and superoxide. 
Superoxide concentrations decrease and peroxide con
centrations increase until the equilibrium conditions 
represented by eq 2 are reached. At any time during 
the reaction it has been verified that 

[Or] + 2[O2
2-] = constant (4) 

as required by the stoichiometry of process 1. The 
most interesting information, from a mechanistic point 
of view, is certainly the S shape of the curves, typical3 

of an autocatalytic reaction. Quantitative data were 
obtained working in the presence of a large excess of 
nitrite ion so that most of the superoxide added could 
be reduced to peroxide. This permitted one to follow 
the kinetics of the forward process practically in absence 
of the back reaction. Representative examples of these 
experiments performed in the molal concentration 
ranges 0.12 < [NO2-] < 0.5 and 1.5 X 10 -3 < [O2] < 
6 X 1O-3 are reported in Figures 2 and 3. Figure 2 
represents kinetic curves recorded at the same con
centration of nitrite, changing that of superoxide. 
Figure 3 reports examples of curves recorded at ap
proximately the same initial concentration of super
oxide, changing that of nitrite. These results show 
that the "time of reaction" is practically not influenced 
by the superoxide concentration (Figure 2), while, on 
the contrary, it is markedly dependent on that of nitrite 
(Figure 3). All the curves reported in Figures 1-3 were 
recorded in the absence of peroxide at the beginning of 
the reaction. Experiments performed in the presence 
of a certain initial concentration of O2

2 - (see Figure 4) 
have shown that, ceteris paribus, the induction phenom
enon was less pronunced the higher the ratio [O2

2-J0/ 

TIME (s»c.) 

Figure 2. Kinetic profiles relevant to the disappearance of various 
initial concentrations of superoxide in a melt containing 0.5 m 
nitrite: A, [OrIi = 1.7 X 10"3 m; B, [Or]0 = 2.5 X IfT3 m; 
CJOr] 0 = 4.2 X 1O-3 m. 

SOO 1000 2000 

TIME (sec . ) 

Figure 3. Kinetic profiles relevant to the disappearance of ap
proximately the same superoxide concentration in a melt containing 
various concentrations of nitrite: B, [NOr] = 0.5 m; B', [NOr] 
= 0.25 m; B", [NOr] = 0.12 m. 

[O2
-Jo, where [O2

2-J0 and [O2
-Jo indicate the concen

trations of peroxide and superoxide present at the 
beginning of the experiment. 

Treatment of Data and Proposed Mechanism. The 
autocatalytic nature of process 1, which becomes ap
parent from an examination of the reported experi
mental curves, has been fully substantiated by plotting 
the reaction rate, — d[02

-]/d?, vs. the concentration of 
peroxide produced. The boldface curve in Figure 5 
is a representative example of such diagrams. It is 
derived from the kinetic curve B in Figure 3 by reading 
the graphical slope at different times, [O2

2-] being 
calculated on the basis of eq 1 knowing the concen
tration of the superoxide which reacted. It is ap
parent that the initial portion of the curve can be 
represented by a straight line characterized by a positive 
intercept and a positive slope. 

By considering the intercepts obtained in experi
ments performed at initial zero peroxide concentration, 
the relation 

Z d [ O 2 1 A l = h. = 

V bt Ao,.-]-o[NO,-][Or]o 
5 ± 1 X 10 -4 mol - 1 kg sec - 1 (5) 

was verified, where [Or] 0 is the initial concentration of 
superoxide. This finding seems to indicate the con-
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Figure 4. Disappearance of 1.9 X 10-3 m superoxide in a melt 
containing 0.5 m nitrite and the specified initial concentration of 
peroxide. 

CONC. PEROXIDEIm mol..K0-1) 
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Figure 5. Comparison of rate vs. [O2
2-] diagrams relevant to the 

curves, A, B, C, B', and B", reported in Figures 3 and 4. 

comitance of a slow uncatalyzed reaction between 
nitrite and superoxide, for instance, according to the 
process 

NO2" + O2 N O r + O-
fast 

1A(O- + o - —>• O2
2-) 

(6) 

(7) 

which is in agreement with the experimental relation 5 
and the stoichiometry of reaction 1. 

The dependence of the slope on the concentration 
of the various reacting species can be derived, for 
instance, by comparing the series of curves reported 
in Figure 5. The slope of the straight portions is 
practically independent of the initial superoxide con
centration, while it depends on the concentration of 
nitrite. Within the specified superoxide and nitrite 
concentration ranges the relation 

5[O2-] 1 
= constant = 

Ot [0 2
2 - ] [N0 2 - ] 

1.8 ± 0.1 X IO-2 m o l - 1 kg sec- 1 (8) 

was verified. 
On the basis of this relation, the simplest way of 

expressing the autocatalytic nature of reaction 1 is 

J 

NO^O 2"- 1 - NOj*0~ NOVCT2 === NO"3'0= 

CT • Oi - ^ - O" • 0=
2
 J 

u {{o-* O-TjIrOi) 

ki<k a«k. a<kb<l<c 

Figure 6. Proposed mechanism for the autocatalytic reduction 
of O r by NO2" in molten (Na,K)N03 eutectic at 5050K. 

by the scheme 

NO2- + O2 ' -

o 2 - + O 2 - • 

NO3- + O2" 

• O2
2- + O-

V2(O- + o - • O2
2-) 

(9) 

(10) 

(7) 

The forward process, a, of reaction 9 represents the 
rate-determining step during the first part of the 
reaction, where the plot — d[Of]/bt vs. [O2

2"] is a 
straight line. It should be pointed out that the ex
istence, under the present experimental conditions, of 
the first step of the proposed mechanism, has been 
previously4 - 6 stated. The estimated6 equilibrium con
stant is 

[NO2-J[O2
 2 - ] / [N0 3 - ] [0 2 - ] = K9 = ^ = 3 (11) 

As long as (a) remains the rate-determining step of the 
autocatalytic process, the reaction rate can be written 
(see relations 5, 8, and 9) 

rate 
d[0 2 - ] 

bt 
= I c J N O r I O 2

2 I + 

^i[NOr][O 2 - ] (12a) 

and by introducing [O2~]o, the value of the superoxide 
concentration at the beginning of the reaction, it 
follows that 

rate = -*m = (*. 
Ot 

2Zc1)[NOr][O2
2-] + 

^ [ N O f ] [ O r ] 0 (12b) 

which represents (the nitrite concentration is a constant 
under the present experimental conditions) the equation 
of the experimental straight lines. By comparing 
expressions 5, 8, and 12a, one derives 

/Ca = 1.7 ± 0.1 X 10"2 mol" 1 kg sec"1 (13) 

and then, on the basis of relation 11, an approximate 
value of k_a. The deviation from linearity of the 
derivative curves in Figure 5 indicates that (at least) 
one other determining step becomes competitive with 
(a) after a certain reaction period. The rates of the 
two processes will be comparable in the region of the 
maximum, while (see Figure 5) the influence of (a) 
rapidly decreases in the last per cents of reaction. 

A confirmation of the proposed autocatalytic mech
anism, summarized for convenience in Figure 6, can 
be obtained by a mathematical analysis of the reacting 
system. 

Stationary-State Technique. It was a priori sup
posed that process b is the step which becomes com
petitive with (a) in the course of the reaction. On the 
basis of this hypothesis, by applying (see Appendix) 

Journal of the American Chemical Society / 93:12 / June 16, 1971 



2857 

the steady-state condition to the reaction intermediate, 
O 2 - , the rate of the process can be expressed 

rate 
£afcb[N02-][02-][02

2-] 
+ fc_JNO,-] + fcb[0,-] 

/Ci[NOr][O2-] (14) 

By differentiating eq 14 with respect to [O2
2-] and 

setting the result equal to zero, the "maximum con
dition" for the derivative curves exemplified in Figure 
5 can be written 

[02
2"]M = 

BA ± VBA(EA - C) 
2A 

(15) 

where 

A = (kakh - 2hkh) 

B = [Or] 0 + (£_a/A;b)[N03-] 

C = /ca/cb[Or]o - 2fc;/cb{[O2-]0 + ( L a / y [ N 0 8 - ] ) 

and [ 0 2
2 - ] M is the concentration of peroxide corre

sponding to the maximum. 
In accordance with the experimental findings (see 

curves B, B', and B " in Figure 4) relation 15 indicates 
that the position of the maximum is independent of the 
nitrite concentration. By substituting in eq 15 the 
known values of [Or]0 , the corresponding experimental 
values of [02

2~]M> and the constants ku k&, and fc_a 

derived from relations 5, 11, and 13 one obtains 

kb = 4 ± 1 X 103 m o b 1 kg sec-1 (16) 

The numerical value represents the average of data 
obtained from experiments performed in the specified 
superoxide and nitrite concentration ranges. The low 
precision is probably due to the practical difficulty of 
determining the correct position of the maximum. 
The most reliable of the two kb values obtained from 
eq 15 was selected by using a "best-fitting" method 
based on eq 17 (vide infra). 

It should be noted that, at zero peroxide concen
tration, relation 14 becomes equal to eq 5. Further
more, as long as /c_a[N03-] remains negligible compared 
to &b[02-], eq 14 can be reduced to relation 12a. As 
seen, this relation explains the linear shape of the first 
part of the curves reported in Figure 5. These curves 
will begin to deviate from the initial linearity when the 
values of the two above-mentioned terms tend to be
come comparable (L1 1[NOr] is a constant and kh[02~] 
gets smaller and smaller in the course of the reaction). 

Simulated Kinetics. By integrating eq 14, one ob
tains 

/ = (a 5) In -r—- - — a In , (17) 
B + 7[Oa-]o [Or] 0 

where the constants a, B, y, and 8 have the values 
reported in the Appendix. 

Equation 17 was used to simulate a chemical process 
characterized by the proposed mechanism and by the 
reported rate constants. The computed kinetic curves 
fitted the corresponding experimental ones well, up to 
94-96% of reaction after which they tended toward 
higher slopes. This discrepancy can be indicative of a 
certain influence on the reaction rate of processes, 
such as those involving O - free radicals, or the dis-
proportionation of superoxide, which were neglected 

in the course of the mathematical formulation. How
ever, this could not be stated conclusively, either be
cause of the limitations of the analytical technique at 
low concentrations or because the discrepancy was 
partly due to the back-reaction, since the kinetic 
processes were incomplete to the extent of about 1 %. 

Reproducibility and Consistency of Results. The 
reproducibility and consistency of the results reported 
in the present communication were critically contin
gent on the use of a perfectly dry melt. Small concen
trations of water, obtained, for example, by flowing 
commercial UPP nitrogen (used without further 
purification), were sufficient to produce an ap
preciable slowing of the rate. By considering the re
action scheme reported in Figure 6, this phenomenon 
seems due to the process 

O2" + H2O = 2OH- (18) 

It can occur, either by the direct reaction between O 2 -

and water, or by the alternate indirect path according to 

O2
2- + H2O = 2OH- + 1AO2 (19) 

1AO2 + O2- = O2
2- (20) 

O2" + H2O = 2OH- (18) 

The estimated6 equilibrium constant for reaction 20 
is, in fact, quite high 

[O2
2-] V[O2][O

2"]2 = Ki0 = 3 X 1016 mol-1 kg (21) 

and it is known9 that O 2 - can easily react with molecular 
oxygen in ionic solvents. 

A preferential reaction of water with O 2
- according to 

202~ + H2O = 2OH- + 3AO2 (22) 

seems to be excluded. In this case, one would expect 
the disappearance of superoxide either to be accel
erated or, perhaps, to remain uninfluenced but not to 
be inhibited by the presence of moisture, as found 
experimentally. 

Another process which could influence the reaction 
mechanism is the disproportionation5 of superoxide 

2O2- = O2 + O2
2" (23) 

[02
2 i[02]/[02-]2 = A8, = 3 X 10-6 

However, recent4-10 findings seem to indicate that 
superoxide, in ionic solvents, is stable for quite long 
periods, even under flux of an inert gas or under vacuum 
which can favor the elimination of oxygen. It cannot 
be excluded, however, that some peroxide can be 
produced according to eq 23, especially when solid 
KO2 is introduced in the melt. Reaction 23 (which is, 
likely, a second-order process) can, in fact, be favored 
by the very high concentrations of O 2

- present before 
the complete dissolution of KO2. From this point of 
view fcj in relation 5 should be considered the maximum 
(rather than the absolute) value of the kinetic constant 
for process 6. An initial concentration of O2

2 - would, 
in fact, contribute (according to process 9) to the in
tercept's value of the straight line in Figure 5, which 
was used to obtain relation 5. 

As a final remark it might be interesting to note that 
the prevalence of an autocatalytic process for reaction 
1 appears to be due to the higher reactivity OfNO2- with 
O2

2- ( L = 1.7 X 10-2 mol-1 kg sec"1) rather than with 
O2- (ki ^ 5 X 1O-4 mol - 1 kg sec-1), notwithstanding 
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the stronger oxidizing nature of this last species. The 
oxygen-oxygen bond (stronger13 in O 2

- than in O2
2-) 

can have, in this case (as often in redox processes) a 
certain influence on the reaction rates. This hypothesis 
seems in agreement with the extremely low rates ob
served, in preliminary experiments, for reactions be
tween nitrite and molecular oxygen whose O-O bond 
is certainly stronger13 than those of its negative ions 
O2

- and O 2
2 - . Further pertinent work to elucidate 

this question is in progress. 
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Appendix 

Derivation of Eq 14. By applying the stationary-
state condition to the species O 2 - involved in the auto-

(13) C. A. Coulson, "Valence," Oxford University Press, London, 
1961. 

Since the work of Roberts confirmed the intermediacy 
of the species o-benzyne (1,2-dehydrobenzene) in 

the amination of aryl halides by metal amides in liquid 
ammonia,2 o-benzyne has been proposed as an inter
mediate in a number of reactions.3 Generally, it is 
assumed that the ground state of o-benzyne is of singlet 
multiplicity, but no definitive proof of this assertion 
has as yet been given. In fact, the contrary assump-

(1) Research supported by National Science Foundation Grant No. 
GP-7875. 

(2) J. D. Roberts, H. E. Simmons, L. A. Carlsmith, and C. W. 
Vaughan, / . Amer. Chem. Soc, 75, 3290 (1953). 

(3) For a comprehensive review of benzyne chemistry, see R. W. Hoff
mann, Ed., "Dehydrobenzene and Cycloalkynes," Academic Press, New 
York, N. Y., 1967. 

catalytic mechanism presented in Figure 6 

d[02-]/d? = UNO2
-][O2

 2~] - /c_a[N03
-][02-] -

^[O2 -][O2
-] = O (I) 

one obtains [O2
2-]. The rate of disappearance of 

superoxide is 

-d[0,-]/d* = /cb[02-][Or] (II) 

Equation 14 can be derived from (II) by adding the 
term ^[NO2

-][O2
-] which expresses the contribution 

of the parallel "direct" reaction between N O 2
- and O 2

- . 
Derivation of Eq 17. Equation 14 can be reduced 

(by substituting [O2
2-] with ([Or]0 - [Or])/2) to 

B + Dx 
~ x[(Ax0 + BC) + (CD - A)x] dx ( I H ) 

where A = ZcA[NO2
-]/2, B = &_a[N03

-], C = Kr 

[NO2
-], D = /cb, X0 = [OjT]0, and x = [O2

-]. Upon 
integration, the value of the integration constant can 
be calculated from the limiting condition t = O. Equa
tion 17 can be readily obtained by setting a = B/ 
(Ax0 + BC), 3 = Ax0 + BC, y = CD - A, and 5 = 
Dj(CD - A). 

tion, that the ground state of o-benzyne is a triplet, 
has also been proposed.4 

Several semiempirical calculations concerning the 
nature of the ground electronic state of o-benzyne 
have been reported recently.5-8 Also, the correspond-

(4) (a) E. Mueller and G. Roscheissen, Chem. Ztg., 80, 101 (1956); 
(b) C. D. Campbell and C. W. Rees, Chem. Commun., 192 (1965); 
(c) I. Tabushi, R. Oda, and K. Okazaki, Tetrahedron Lett., 3743 (1968). 

(5) T. Yonezawa, H. Konishi, and H. Kato, Bull. Chem. Soc. Jap., 
42, 933 (1969). 

(6) R. W. Atkin and T. A. Claxton, Trans. Faraday Soc, 66, 257 
(1970). 

(7) R. Hoffmann, A. Imamura, and W. J. Hehre, J. Amer. Chem. 
Soc., 90, 1499 (1968). 

(8) M. D. Gheorghiu and R. Hoffmann, Rev. Roum. Chim., 14, 947 
(1969). 

Theoretical Studies of the Ground and Excited Electronic States 
of the Benzynes by Ab Initio Self-Consistent-Field and 
Configuration-Interaction Methods1 

D. L. Wilhite* and J. L. Whitten 

Contribution from the Department of Chemistry, State University of New York 
at Stony Brook, Stony Brook, New York 11790. Received August 15, 1970 

Abstract: Ab initio self-consistent-field (SCF) and configuration-interaction (CI) calculations on o-, m-, and p-
benzyne are reported for the molecules in a geometry constrained to be that of benzene. The results predict con
clusively that the ground electronic state of o-benzyne is a singlet. The meta and para isomers are found to have 
triplet ground states in the geometries considered; however, the singlet-triplet energy separations are quite small. 
Electronic spectral calculations for o-benzyne show the existence of both n -*• n* and T -* IT* states near the region 
of the experimentally observed intense absorption; also a 7r -»• n* transition is found at longer wavelength. An im
portant conceptual aspect of the study is the failure of a single-determinant SCF wave function to describe adequately 
the weak additional bond between the dehydrocarbon atoms in the case of a singlet state. It is shown that for 
a proper description at least a two-determinant (CI) wave function is required both in principle and in practice. 
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