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The fundamental significance of the parameters and their in­
terrelationships are given in the following paper. 
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In the preceding paper we report experimental results and 
observations for the copper-catalyzed redox reaction between 
aqueous hydrogen peroxide and hydrazine. In this paper we show 
that the kinetic findings lead logically to the most probable 
mechanism of the reaction. We use the experimental data to 
evaluate the kinetic parameters in the proposed mechanism and 
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show that the resulting rate and integral expressions produce model 
results in close agreement with the experimental results. 

I. Proposed Reaction Mechanism and Justification 
The reaction mechanism which is most probable for the cop­

per-catalyzed redox reaction between aqueous hydrogen peroxide 
and hydrazine is shown in Scheme I. The proposed mechanism 
contains the following kinetic features which have been established 
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Abstract: The experimental findings presented in the preceding paper are shown to be fully explanable in terms of the following 
reaction mechanism: 

Initiation 

Cu1N2H4 + H2O2 -^* Cu(I) + N 2H 2 +2H2O (slow) 

Cu1N2H4 + N 2H 2 5== Cu(N2H3O2 - ^ Cu(I) + 2N2H3' 
** (cage) (slow) 

Propagation 

N2H3- + H2O2 -^- N2H2 + H2O + OH' 

OH* + N2H4 -^* H2O + N2H3-

Concerted SN2 Reaction 

N2H2 + H2O2 — N2 + 2H2O 

Termination 

2N2H3- -^- N2H2 + N2H4 

The mechanism is shown given the following theoretical expressions in accord with the experimental results: 

! d7VN2 _ k3k4
2K2[Cu]T[H202]e"' 

V it k6k7(b + e'/T) 

^ = I([H!0i.,HA1).!^[,_(^L)-] 
where 

K = *y *« b = [N2H3-], i 
2 k2, + k} T 2k2k4K2[Cu]T' [N2H3-]* 

and [N2H3']* and [N2H3-], are, respectively, the hydrazyl radical concentrations at the beginning and at the end of the induction 
period. Parameter values are reported, and the model results are shown to agree closely with the experimental results. 
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Scheme I. Proposed Mechanism for the Copper-Catalyzed Redox 
Reaction between Aqueous Hydrogen Peroxide and Hydrazine 

Initiation 

Cu+ + N2H4 5=s Cu+N2H4 

Cu+N2H4 + H2O2 —
1^ Cu+ + N2H2 + 2H2O (slow) (1) 

Cu+N2H4 + N2H2 5=s Cu+(N2H3-), (2) 
1 (cage) 

Cu+(N2H3^)2 — -̂ Cu+ + 2N2H3' (slow) (3) 

Propagation 

N2H3* + H2O2 —~ N2H2 + H2O + OH* (4) 

OH' + N2H4 —'•* H2O + N2H3' (5) 
Concerted SN2 Reaction 

N2H2 + H2O2 -^- N2 + 2H2O (6) 

Termination 

2N2H3' -^ - N2H2 + N2H4 (7) 

in the preceding paper: (i) the involvement of the hydrazyl radical 
and diimide, (ii) autocatalysis, and (iii) solvent cage effect. 

The three kinetic features are embodied in steps 2 and 3, which 
may be viewed as the heart of the mechanism. The two steps are 
based on the following considerations: (1) an induction period, 
(2) an inverse correlation of the induction period with the catalyst 
concentration, (3) sensitivity of reaction to ultrasonication and 
viscosity variation, and (4) sensitivity of reaction to radical sca­
vengers acting as cage breakers. 

The autocatalysis feature is similar to that which involves 
hydroperoxide in autoxidation reactions.1"5 In the latter reactions, 
hydroperoxide plays a similar role as that which is being proposed 
for diimide, namely, as an intermediate product and a radical 
initiator. Like diimide, the formation and decomposition of hy­
droperoxide is also catalyzed by copper (as well as other transition 
metals).1"5 Moreover, hydroperoxide decomposition is also known 
to exhibit a solvent cage effect.5 

Additional examples of cage effect are provided by homolytic 
decomposition reactions, such as that of azo compounds6 and of 
aqueous dithionite ion,7 in which geminate radicals are formed. 
Thus, aside from the evidence presented in the preceding paper, 
there are ample precedents to support the notion of cage effect 
in radical-forming reactions. In common with these reactions, 
step 2 is proposed to be reversible. 

Step 1 is believed to generate the first diimide molecules that 
first launch the propagation chain comprising of steps 4 and 5, 
but, immediately after the initiation of the reaction, it quickly 
becomes insignificant relative to step 4. The involvement of a 
copper(I)-hydrazine complex is presumed in steps 1 and 2 to 
account for the pseudo-zeroth-order kinetics with respect to hy-

(1) Hiatt, R. Hydroperoxides. Organic Peroxides; Swern, D., Ed.; Wiley: 
New York, 1971; Vol. 2, pp 1-151. 

(2) Sosnovsky, G.; Rawlinson, D. J. The Chemistry of Hydroperoxides in 
the Presence of Metal Ions. Organic Peroxides; Swern, D., Ed.; Wiley: New 
York, 1971; Vol. 2, pp 153-268. 

(3) Howard, J. A. Homogeneous Liquid-Phase Autoxidations. Free 
Radicals; Kochi, J. K., Ed.; Wiley: New York, 1973; Vol. 2, pp 3-62. 

(4) Denisov, E. T.; Emanuel, N. M. Catalysis by Salts of Metals of Var­
iable Oxidation States in Liquid-Phase Oxidation Reactions. Russ. Chem. 
Rev. 1971, 40, 24-33. 

(5) Tkac, A.; Vesely, K.; Omelka, L. Radical Reactions in the Ligand Field 
of Metal Complexes. I. Electron Paramagnetic Resonance Spectra of Com­
plex-Bonded Radicals Formed by Reaction of Cobalt(II) Acetylacetonate with 
fe/7-Butyl Hydroperoxide. J. Phys. Chem. 1971, 75, 2575-2584. 

(6) Koenig, T.; Fischer, H. "Cage" Effect. Free-Radicals; Kochi, J. K., 
Ed.; Wiley: New York, 1973; Vol. 1, pp 157-189. 

(7) Rodberg, J. A.; Zhong, Y.; Lim, P. K. Metal-Radical Interactions: 
ESR and Kinetic Evidence of Cage-Effect Exchange Interactions in Aqueous 
Metal(II)-Dithionite Solutions., to be submitted to J. Phys. Chem., 1990. 

drazine. Consistent with the zeroth-order hydrazine kinetics, the 
stability constant of the copper-hydrazine complex is known to 
be quite high—a value of 10667 M"1 has been reported at 30 0C.8 

The reaction between peroxide and copper-hydrazine complex 
in step 1 involves the transfer of two electrons, which may occur 
in a single step or in two one-electron steps in rapid succession 
as follows: 

Cu+N2H4 + H2O2 — f * Cu2+OH" + N2H3' + H 2 O - T 1 1 * 
(slow) ' J •= (last) 

'— cage—' 

Cu* + N2H2 + 2H2O 

In the event that k{ is much greater than ^1, the two-step for­
mulation becomes equivalent to the one-step formulation. 

An alternative formulation to step 1 is the following two-step 
sequence: 

Cu+N2H4 + H2O2 -^- Cu
2+OH" + N2H3* + H2O (a) 

Cu2+OH" + N2H4 -^* Cu
+ + N2H3' + H2O (b) 

Whether the first or second formulation should be adopted depends 
on the relative magnitudes of k{ and kb. However, as far as the 
theoretical rate expression is concerned, both formulations are 
kinetically equivalent. In the interest of simplicity we choose the 
first formulation. 

Step 6 is proposed as the countervailing reaction to step 4 to 
keep the diimide concentration in check. The reaction is for­
mulated as an SN2 reaction partly on the basis of our pH results 
(see section III-F, preceding paper). A possible alternative might 
be the diimide disproportionation reaction, 

2N2H2 — N2 + N2H4 ' 

However, that possibility may be discounted, in part because it 
would have resulted in an experimentally inconsistent rate ex­
pression that is two-thirds order with respect to copper and 
four-thirds order with respect to peroxide. Moreover, the dis­
proportionation rate constant9,10 is such that it would require a 
significant build-up of diimide, and this was not observed. 

By analogy to hydrogenation reaction of diimide with unsat­
urated organics9"11 step 6 may be presumed to proceed in a single 
concerted step via a cis configuration. Because of its ability to 
take up a cis planar structure,12 diimide can undergo concerted 
reactions in which two or more bonds are made or broken si­
multaneously. Coupled with the ability of peroxide to rotate freely 
about the oxygen-oxygen bond, diimide may be presumed to react 
with peroxide through a cis planar transition state as follows: 

N - H J O ^ H N.-- ^ y Hi0 

II + I - ^ - Ii J. - ^ - N 2 + 
N : 6 <slow> N V-> (,ast> H2O 

N ^ H " - H - ' ^ H 

Once the intermediary roles of hydrazyl radical and diimide 
are accepted, the other steps in the proposed mechanism—namely, 
steps 4, 5, and 7—become quite self-evident. 

(8) Banerjea, D.; Singh, I. P. Studies on the Hydrazine Complexes of Some 
Bivalent Metal Ions in Aqueous Solution. Z. Anorg. Chem. 1967, 349, 
213-219. 

(9) Willis, C; Back, R. A. Diimide: Some Physical and Chemical Prop­
erties, and the Kinetics and Stoichiometry of the Gas-Phase Decomposition. 
Can. J. Chem. 1973, 57, 3605-3619. 

(10) Back, R. A. The Preparation, Properties and Reactions of Diimide. 
Rev. Chem. Intermed. 1984, 5, 293-323. 

(11) Corey, E. J.; Pasto, D. J.; Mock, W. L. Chemistry of Diimide. II. 
Stereochemistry of Hydrogen Transfer to Carbon-Carbon Multiple Bonds. 
J. Am. Chem. Soc. 1961, 83, 2957-2958. 
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LHS. 
of Eq.(B-1) 
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Table I. Parameter Values of k^/kj, b, and kikiK1/k6 

R. H. S. 0fEq.(B-1) 

Figure 1. Results of Integral analysis: comparison of model and ex­
perimental results. 

II. Model Analysis and a Comparison of Model and 
Experimental Results 

(A) Theoretical Rate Equation and Integral Expressions. It is 
shown in the appendix that the mechanism presented in Scheme 
I leads to the following equations: 

V 

- y ^ [Cu]7-[H2O2] exp' 

dt 
b + expl 

t-t* 

^ 4
2 K 2 [ C u ] T-[H2O2] e'/' 

b+ e«T 

^N2 1 

(A) 

[H2O2]) 

[H2O2]O b+ 1 

b + exp| t-t" 

(*4/*7), 

[H H-(^n 
1 

2^7[N2H3-], 2k3k4K2[Cu]T 

[N2H3-], 
b = 

[N2H3 

K0 = 

1 > 0 

k7r + k, 

(B) 

(C) 

(D) 

(E) 

In the above equations, N^2 is the cumulative nitrogen formation 
at time t, V is the volume of the reaction solution, [N2H3*] * and 
[N2H3'] s are, respectively, the concentrations of the hydrazyl 
radical at the beginning (t = t*) and at the end of the introduction 
period re. 

Time t* corresponds to the time it takes diimide and hydrazyl 
radical to establish a pseudoequilibrium with each other while both 
are being built up to their respective "steady-state" concentrations 
during the induction period. Referring to steps 3 and 5 in the 
proposed mechanism, t* is the time which elapses before what 

[Cu]7-, 
T, K 10"* M [H2O2I0, M kjkn b 

k,ktK2/ks, 
(M s)-' 

298" 
298" 
298" 
298* 
285* 
323* 

2.93 
15.58 
4.14 
3.37 
3.37 
3.37 

0.0255 
0.0225 
0.0206 
0.031 
0.031 
0.031 

0.193 
0.206 
0.181 
0.183 
0.156 
0.244 

4.3 
6.2 
4.4 
5.18 
4.78 
6.05 

1034.2 
937.4 

1110.5 
1144.3 
778.8 

2770.1 
a[N2H4]0 = 0.137 M, pH = 10.2. "[N2H4],, = 0.500 M, pH = 10.9. 

Table II. Comparison of Model Results with Wellman's Data" 

[N2H4], 
10-2M 

[H2O2], 
10-2M 

[Cu]7-, 
10"6M 

Wellman's 
results, 
M/h 

model 
results, 
M/h 

relative 
difference, 

1.64 
3.27 

13.1 
3.27 
1.64 
3.30 
3.30 
3.30 

6.45 
6.54 
6.54 
3.27 
3.27 
6.54 
6.54 
6.54 

1.23 
1.23 
1.23 
1.23 
1.23 
0.329 
1.32 
1.64 

0.0597 
0.0606 
0.0606 
0.0295 
0.0295 
0.0160 
0.068 
0.085 

0.0585 
0.0585 
0.0585 
0.0292 
0.0292 
0.0156 
0.0630 
0.0782 

2.0 
3.5 
3.5 
1.0 
1.0 
2.5 
7.4 
8.0 

"T= 298 K, pH = 9.5-10.0. 

we will refer to as the long-chain approximation becomes ap­
plicable to diimide: 

(rate of N2H2 formation in the propagation chain sequence) 
=(rate of N2H2 consumption in the concerted SN2 reaction) 

or 

or 

MN2H3-HH2O2] = ^6[N2H2][H2O2] 

MN2H3-] = MN 2 H 2 ] (F) 

The results of a parameter analysis (see next section) suggest that 
t* is small relative to re. Accordingly, the exponential terms in 
the above equations may be replaced by e'lT for the sake of sim­
plicity. 

Note that the dimensionless parameter b is a constant for each 
run. It turns out (see later) that, at a given temperature, b is also 
a constant for different runs (with different catalyst and peroxide 
concentrations). 

(B) Parameter Analysis and a Comparison of Model and Ex­
perimental Results. A comparison of the model equations with 
the corresponding experimental correlations (see the preceding 
paper) indicates a consistency in the functional form. Moreover, 
the comparison suggests the following relationships: 

T . = T = 

k = • 
k6kj 

h 
2M4K2[Cu]7-

 (SCC APP°ndlx> 

*6 

m = . , , „ 

(G) 

(H) 

(I) 

(J) 

In principle, only one complete set of data from one run is 
sufficient to determine the values of kjk-j, b, and A:3/c4A"2/A:6 at 
a given temperature. The parameter values may be most con­
veniently determined from the data using eq B and I. For the 
purpose on hand, eq B may be cast into the following more 
convenient form: 
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/ 2/VN2 \ k4 A] k* 
-In 1 -7^77-^-T I = T1 In b + exp\-\ - - M n (6 + 1) 

(B-I) 

kj ki 
= -r- --r In (b+ 1) f o r r > r (B-2) 

k7T K1 

By plotting the data after the induction period in the manner 
prescribed by eq B-2, a straight line should be obtained which 
has a slope and an intercept equal to kA/k-jr and -(k4/k-j) In (b 
+ 1), respectively. Since the induction period r is known from 
measurements, the values of /c4/fc7 and b may be determined. 
These values may then be used in eq B-I to verify that the com­
plete data, including the data taken during the induction period 
which have been left out in the first analysis, do, in fact, conform 
with eq B-I. 

The value of k4/k7 may then be used in eq H and J to provide 
two independent estimates of the value of k3k4K2/k6. A close 
agreement between the two estimates is expected if the analysis 
is wholly consistent. This was, in fact, found to be the case. 

Representative plots of the integral analysis are shown in Figure 
1 for different runs, and, as expected, the data fall collectively 
along the universal, 45°-line. The fact that the linearity extends 
all the way down to the very first data points of each run suggests 
that /* is, indeed, immeasurably small (as has been assumed) and 
may thus be neglected in the analysis. 

The values of k4/k1, b, and k3k4K2/'k6 which have been de­
termined from the plots of different runs are presented in Table 
I. The results of the different runs at 25 0C indicate that the 
parameter groups are, within the experimental uncertainties, 
constants at a given temperature. The set of parameter values 
at each temperature may then be used with eq B and C to generate 
a model reaction profile for any combination of catalyst, peroxide, 
and hydrazine concentrations. An example of the model reaction 
profile is shown in Figure 1 of the preceding paper; good agreement 
with the experimental data is evident. 

The model results may also be compared against the experi­
mental data reported by Wellman et al.13 As evident in Table 
II, the agreement between our model results and Wellman's data 
is good. 

(C) Decoupling of Parameters and a Reexamination of the 
Hayon and Simic Study. Note that for the purpose of testing the 
reaction mechanism for consistency with the experimental data, 
it is not necessary that the individual kinetic parameters be known. 
In fact, the data obtained in this study alone do not permit a 
separate determination of the parameters. In order to decouple 
the parameters, one would need additional data or would have 
to make some extraneous assumptions. Clearly, the results of the 
analysis will depend critically on the additional data or assump­
tions. 

The value of klt the self-termination rate constant of the hy-
drazyl radical, is important in this regard. Hk1 is known, one 
would be able to estimate kA from k4/k-, and k3K2/k6 from ke = 
k4(k]K2/ k(,)(k4/ k7). Moreover, one may then estimate the 
"steady-state" concentration of the hydrazyl radical ([N2H3']S) 
and the kinetic chain length of the reaction (u) as follows: 

[N2H3"ls = (^)(£) [CU]r (K) 
_ E4[N2H3-I1[H2O2] 

v Mr2[Cu]7-[N2H2] 

-filte (L) 
\k3K2) [Cu]7- *• ; 

Hayon and Simic14 have reported a Ikx (= Ik1) value of 2.4 

(12) Blau, E. J.; Hochheimer, B. F. Infrared Spectrum and Structure of 
Diimide. J. Chem. Phys. 1964, 41, 1174-1182. 

(13) Wellman, C. R.; Ward, J. R.; Kuhn, L. P. Kinetics of the Oxidation 
of Hydrazine by Hydrogen Peroxide, Catalyzed by Hydrated Copper(II). / . 
Am. Chem. Soc. 1976, 98, 1683-1684. 

X 109 (M s)~' for hydrazyl radical at 25 0C. The case will be 
made shortly that the reported value may be several orders of 
magnitude too high. However, if one accepts, for the time being, 
the reported value for the sake of the argument, one would cal­
culate k4 to be 2.28 X 108 (M s)"1 and k,K2/k6 to be 1.5 X 10"5 

at 25 0C. The last number leads to the order-of-magnitude 
estimates of 10"12 M and 109, respectively, for [N2H3']S and v. 
Compared to some known radical reactions, the above estimates 
seem way out of range. The longest chain reactions known to us 
are the autoxidation of aqueous sulfite, which has a chain length 
of 105-106,15 and the polymerization of vinyl acetate, which has 
a chain length of 104-105 and a chain-carrier concentration of 
about 10"9 M.16 Many radical reactions have chain lengths 
considerably shorter than 103.17 

Considering the reversible and autocatalytic nature of the 
hydrazyl radical formation in the proposed mechanism, a case 
could perhaps be made for a kinetic chain length in the high limit 
of the longest chain reaction known. However, it seems unlikely 
that that limit could be as high as 109! 

For a while, the unusually large estimate of the chain length 
caused us concern, notwithstanding the fact that the proposed 
mechanism provides a satisfactory explanation of all our findings. 
Attempts to modify the mechanism such that it would avoid the 
large estimate of the chain length on one hand and, on the other 
hand, provide a full accounting of our findings were unsuccessful. 
It was only after a fruitless self-examination that we turned to 
the study of Hayon and Simic for an answer. 

A careful review of Hayon-Simic paper produces several points 
of contention which become evident only with today's hindsight. 
Of these, the most serious is the unsuspected need to take into 
account the effect of peroxide on the decay of the hydrazyl radical. 
By Hayon and Simic's own account, the radiolysis method which 
they used to generate the hydrazyl radical produced not only 
hydroxyl radical (for reaction with hydrazine) from the decom­
position of water but also hydrogen peroxide and other side 
products. The peroxide formation relative to hydroxyl radical was 
1:4, which is significant considering that the equivalence of 
peroxide is twice that of the radical. Without the benefit of our 
findings, the investigators have unwittingly overlooked the pos­
sibility that the hydrazyl radical can, in fact, react with peroxide 
with a rate constant comparable to its self-termination rate 
constant (k^/k-,, according to our analysis, is about 0.19). 

Judging from Hayon and Simic's data (Figure 3), the peroxide's 
contribution to the radical's decay must be quite substantial. If 
one were to accept the extinction coefficient they assigned to the 
hydrazyl radical (this is somewhat in doubt; see below), one would 
surmise that as much as 99% of the radical that could be generated 
(~20 mM) would have reacted by the time they started moni­
toring the radical's decay. It is not immediately obvious how the 
data obtained at the tail end of the reaction could be reliably 
treated, especially since there was evidence of product interference 
in the UV absorption spectra. However, if one nevertheless uses 
their data (Figure 3) and attempts a two-point integral analysis, 
one would arrive at the order-of-magnitude estimate of 100 cm/s 
for 2kJ(, which is well below 7 X 105 cm/s that is expected on 
the basis of their reported Ik1 and t. 

The radical's decay that escaped detection might be presumed 
to follow, exclusively, a bimolecular self-termination reaction. The 
presumption could account for the large Ikx and e reported by 
Hayon and Simic, but it is seriously in error because of the neglect 
of the peroxide reaction. The latter reaction might actually be 
the dominant reaction, if, as seems likely, the peroxide concen­
tration was within one or two orders of magnitude higher than 
that of the hydrazyl radical. 

(14) Hayon, E.; Simic, M. Intermediates Produced from the One-Electron 
Oxidation of Hydrazine: Evidence for the Formation and Decay of Tetrazane 
and Triazene. J. Am. Chem. Soc. 1972, 94, 42-47. 

(15) Jeu, K.-K.; Alyea, H. N. A Comparison of Organic Inhibitors in 
Chemical Reactions. J. Am. Chem. Soc. 1933, 55, 575-588. 

(16) Pryor, W. A. Free Radicals; McGraw-Hill: New York, 1966; p 242. 
(17) Semenoff, N. Chemical Kinetics and Chain Reactions; Oxford 

University Press: London, 1935. 
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Indirect support for the foregoing analysis may be found in the 
unusually large value, namely 6.0 X 108 M"1 s"1, Hayon and Simic 
assigned to 2kt of N2H4"

1" (the protonated form of the hydrazyl 
radical). Considering the like-charge repulsion effect in N2H4"+, 
the reported Ik1 value seems rather high. 

Moreover, the closeness of the apparent 2kt value of N2H4"+ 

to that of N2H3* may be taken to support the view that, the 
peroxide reaction, rather than the self-termination reaction, was 
the dominant decay reaction for the hydrazyl radical. Unlike the 
self-termination reaction, the peroxide reaction is not expected 
to show a charge effect at pH below the pAfa value of peroxide. 

Additional justification for setting aside the results of Hayon 
and Simic's analysis may be found by comparing the reported 2kt 

value for N2H3* with the well-founded 2kt value of 106-4 (M s)"1 

for peroxy (HO2') radical.18 Considering the similarity between 
the two radicals, e.g., the presence of a free electron pair adjacent 
to the spin site (that could exert a repulsion effect on the self-
termination reaction), an isoelectronic configuration, a comparable 
structure, a neutral charge and the presence of a dissociable proton, 
one should not expect a difference as large as three orders of 
magnitude between their Ik1 values. By itself, the comparison 
by molecular attributes may not be a sufficient basis to challenge 
Hayon and Simic's analysis, but, taken in conjunction with the 
other considerations, it reinforces the case for revising their results. 

Finally, in the light of our findings and that of others, a more 
plausible explanation may be provided for the step observed at 
pH 11.5 in Hayon and Simic's UV absorbance curve (see the insert 
in their Figure 3). The step coincides squarely with the step in 
our rate-vs-pH curve (see Figure 6 of the preceding paper), and, 
as we have suggested in the preceding paper, it may be taken as 
evidence in support of the presence of diimide. According to this 
view, the pATa value of diimide may be deduced to be 11.5. 

In analyzing their UV absorbance data in connection with the 
hydrazyl decomposition reaction, Hayon and Simic were misled 
into thinking that diimide was not involved in the reaction. The 
misguided conclusion was based on the faulty premise that the 
intermediary of diimide would be indicated by the presence of 
hydrogen as a product of the decomposition reaction: 

N2H2 - N 2 - I - H 2 (M) 

However, it is now evident from the studies of Foner and Hudson19 

and Willis and Beck9 that diimide can decompose by the dis-
proportionation reaction 

2N2H2 -* N2 + N2H4 (N) 

without the formation of hydrogen. In a 1984 review,10 Back 
surveyed the available evidence (much of which appeared after 
Hayon and Simic's study) and concluded that, in liquid phase, 
the disproportionation reaction N is the only important loss process 
under most conditions. Only at high pH would reaction M become 
significant. Evidently, diimide dissociation at high pH (above the 
presumed PA3 value of 11.5) introduces a like-charge repulsion 
effect that slows the disproportionation reaction. 

Thus, in light of the new evidence, the important study of Hayon 
and Simic appears to need some major revisions. Specifically, 
the diimide intermediary may have to be reinstated, and, at the 
same time, the intermediary of triazene that had been postulated 
in its place may have to be discarded. The 2fct (and t) values of 
N2H3" and N2H4""

1" may have to be reduced substantially. Un­
fortunately, the paper does not provide sufficient information on 
peroxide to permit a reanalysis of the data. 

Until k7 is definitively determined, the values of kA, [N2H3"]S, 
and v can only be estimated by using some presumed k7 value. 
If one were to assume k-, s 106 (M s)"1 (which corresponds to 
the &, value of HO2* radical), then one would obtain the estimates 
of 2 X 105 (M s)"1, 10^ M, and 106, respectively, for kA, [N2H3"]S, 
and v. Compared to known radical reactions mentioned earlier, 
the new estimates appear reasonable. 

(18) Denisov, E. T. Liquid-Phase Reaction Rate Constants; Plenum 
Publishing Corp.: New York, 1974; p 413. 

(19) Foner, S. N.; Hudson, R. L. Diimide: Identification and Study by 
Mass Spectrometry. J. Chem. Phys. 1958, 28, 719-720. 

III. Conclusion 
The results of a kinetic study and a model analysis suggest that 

the copper-catalyzed redox reaction between aqueous peroxide 
and hydrazine may proceed by the mechanism shown in Scheme 
I. Values of the kinetic parameters in the mechanism are evaluated 
by using experimental data, and the model results are shown to 
agree closely with the experimental results. 
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Appendix: Model Expressions for Reaction Rate and 
Concentration Profile 

Referring to the postulated mechanism in Scheme I, 
I d7VN2 d(NN2/V) d[N2] 

v ^ T " — S T " s ^ T " WN1HJ[H1Oj (AD 
where V is the reaction-solution volume which is a constant for 
a given run, and [N2] is a hypothetical nitrogen concentration 
defined by 

[N2] ^ -y (A2) 

Let t* be the time (assumed « r e ) which elapses before the 
long-chain approximation becomes applicable to diimide, i.e., 
(rate of diimide formation in propagation chain) s (rate of 

diimide consumption in concerted reaction) 

for t > t* or 

K4[N2H3-I[H2O2] s K6[N2H2][H2O2] 

or 

[N2H2] s ^ [N 2 H 3 - ] 
K6 

(A3) 

for t > t*. The long-chain approximation may be justified by the 
observation that, if one were to solve numerically the system of 
differential equations based on the proposed mechanism, one would 
obtain the empirical result that [N2H2] and [N2H3 '] are in ap­
parent equilibrium with each other over wide ranges of rate 
constants. The computer analysis (using an IMSL subroutine 
package) shows that the apparent equilibrium, which is embodied 
in eq A3, holds even for most of the induction period (except at 
its very beginning). The empirical result may be rationalized by 
noting that, except for a very short time t* close to O, N2H3" is 
derived primarily from N2H2 that is formed in the propagation 
chain, rather than in reation 1 which is presumed slow. Thus, 
at ; > t* reaction 1 ceases to be important relative to reaction 
4. 

Moreover, since [H2O2]0 » [Cu]3-, the N2H2 that is formed 
in the propagation chain may be expected to react primarily with 
peroxide in reaction 6 (assuming k3 « £2r, which seems very 
likely). Thus, the validity of the long-chain approximation rests 
on the premise that, at any given time t > t*, the N2H2 used in 
the autocatalytic formation of N2H3" is derived primarily from, 
and is a small fraction of, the N2H2 which is formed in the 
propagation chain. The final justification for the long-chain 
assumption rests on a good agreement between the model and 
experimental results (see later). 

Ci[N2H3 

dr 
= 2MT2[CuN2H4][N2H2] 

Ik1 [N2H3"]2 where K1 = 

/ k3k,K2 
= 2k\ - - - [ C u N 2 H 4 

\ ^k1 

k->. + k-i 

[N2H3"] - [N2 H3I2J (using eq A3) (A4) 

At time t > re, the "steady-state" concentration of hydrazyl radical, 
[N2H3']S, is given by 
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Ci[N2H3'] 

dt 

Ik ,1 - ^ [ C u N 2 H 4 ] [ N 2 H 3 - ] , - [N2H3*],2 I = 

[N2H3-], = - ^ [ C u N 2 H 4 ] = 
K6K1 

Zt3Jt4AT1AT2[Cu]7-[N2H4] Jt3Jt4AT2 
[Cu]7 (A5) 

^ , (1+AT 1 [N 2 H 4 ] ) - k6k, 

where [Cu]7- is the total concentration of catalyst added to the 
solution, and AT1 is the stability constant of copper-hydrazine 
complex which has reported to be 106-67 M"1,8 and AT1[N2H4] is 
very much greater than 1. 

Equations A4 and A5 give 

d[N2H3 '] 
= 2M[N2H3-UN2H3-] - [N2H3-]2) 

or 

dt 

d[N2H 2 n 3 

[N2H3-K[N2H3-],-[N2H3-]) 

V [N2H3-

1 

] [N2H3-], - [N2 

= 2/t7d? 

V[N 2 H 3 - ] 

H 3 I / [ N 2 H 3 - ] , 

(A6) 

Integrating both sides of eq A6 implicitly between the time in­
tervals /* and t, 

l n [N2H3-] i n / [N2H3-], - [N2H3-] \ _ 

" [N 2 H 3 - ]* " \ [N 2 H 3 ' ] , - [N 2 H 3 - ]* / 
(t - t*) 

Ik1[N2H1-Ut - t*) = - (A7) 
T 

where [N2H3 ']* is the concentration of hydrazyl radical at time 
t* and 

* 6 = 1 _ 

2Jt7[N2H3-], 2^4AT2[Cu]7-

using eq A5. Equation A7 may be rearranged to give 
(t-t*\ 

(A8) 

[N2H3-], exp| 

[N2H3-] = 
[N2H3-], / , - , * 

- 1 + expf 

or using eq A5 

[N2H3 

—— [Cu]7-exp| 
K6K1 

b + expl t-r 

where 

b _ [N2H3-], i 

[N2H3 ']* 

(A9) 

(AlO) 

Equations Al, A3, and A9 give 

K1K4 /C 2 

d[N2] i diVN2 k6k7 
[Cu]7-[H2O2] exp| t-r 

dt V dt 
b + expl t-r 

*4 it-t* 
- [ H 2 O 2 ] „ p ( — 

b + exp| t- r 
(Al l ) 
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Peroxide balance gives 

[H2O2I0 - [H2O2] = 2[N2] + [N2H2] + [^ll (A12) 

s 2[N2] (A13) 

where [H2O2]0 is the initial peroxide concentration. Equations 
AlO and Al3 give, upon rearrangement, 

d[N2 

t-r 
2 ^ e x p l " T 

[H2O2J0 - 2[N2] iff 
b + exp) 

dt = 

2Jt7 
1 - • 

b + exp| t- r 
dt (A14) 

Integrating both sides of eq Al4 implicitly between the time 
intervals ?* and t, 

-0.5 In 
[H 2O 2I 0-2[N 2] 

[H2O2]O-2[N2]* 

2*7 
{t-t*)-b C *L 

'* b + expl — expl -

2Jt7 
(t-t*)-b t-r 

b + exp| 

In 

t - r 

b+\ 

t-r 
, b + exp 

~ Ik1 6 + 1 
(Al 5) 

where [N2]*, the nitrogen concentration at t* (close to O), may 
be assumed to be negligibly small. Equation Al5 thus reduces 
to 

1 
2[N2 

[H2O2Io 

or upon rearrangement 

^ N 2 [H2O2], 

b+ 1 

b + expl t-r 

Wk1) 

[ N 2 ] . - J T = 2 

b + 

b+ 1 

exp| 
* ) 

(W*7) 

[H2O2] = [H2O2]O - 2[N2] = [H2O2I0 

b + 

b+ 1 

exp( r ) 

(A16) 

(kt/k-i) 

(A17) 

Relationship between T and re. The characteristic time constant 
T, which is introduced and defined in eq A8, may be shown to 
be identically equal to the induction period rc as follows. Referring 
to Figure 1 in the preceding paper, it is seen that re and tm, the 
reaction time at which the reaction attains a maximum rate, are 
related by 

Zd[N2] \ _ [N2]Ln, 
(A18) 

where 
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and ;m are given by 
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\ / IT 

d2[N2 

dt2 = 0 

Equation A l l gives 

d2[N2 

d?2 

Thus, tm is given by 

fc4[H202]e'/* / Ic4 \ 

•2^Hw^^\b'""-ie"VAm 

be1'/' - -re'*/' = 0 
Ic1 

or 

-Tl„(j^)-,. + H n ( £ b ) (A20) 

At t = tm, eq A16 and A17 give 

[N2]|,m = ^([H2O2]0 - [ H 2 O 2 ] J = 

[H2O2], 

Equation A l l gives 

b+ 1 

ft+ r-b 

(Ar4/*,) 

ki Ic7 

^ r : [H2O2] | ( m - b Zd[N2]X _ 2 ^ ^ 

\ dt J Ic1 
\ / max i , ' b + -^b 

fc4 

[H2O2]0 

>H> 
6 + 1 

b + r-b 

(Au/*,) 

(A22) 

Equations Al8, A21, and A22 give 

= t* + T In teM'-a 
* 7 

6 + 1 

W*: 

(A23) 

For Te to be equal to T, it is required that t* be small relative to 
r and 

In (M+O+S) 
fc4 

ft+ 1 

* 4 / * -

= 1.0 (A24) 

(A21) Experimentally, k4/k7 and ft are found to be about 0.19 and 5.28, 
respectively. With these values, RHS of eq A23 = t* + r. The 
results establish that, provided that t* is negligibly small, T = re. 

Registry No. N2H4, 302-01-2; H2O2, 7722-84-1; Cu, 7440-50-8. 

Vanadium(V)/Vanadium(III) Redox Couple in Acidic Organic 
Media. Structure of a Vanadium(III)-Tetraethylene Glycol 
Pentagonal-Bipyramidal Complex ([V(teg)(Br)2]+Br) 
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Contribution from the Casali Institute of Applied Chemistry, The Hebrew University of 
Jerusalem, Jerusalem, Israel 91904. Received May 8, 1989 

Abstract: The vanadium(V)/vanadium(III) redox couple was investigated in an acidic organic medium by reduction of sodium 
metavanadate by hydrogen bromide with 1,2-dichloroethane as solvent in the presence of tetraglyme as a complexing agent. 
In the absence of dioxygen a vanadium(III)-tetraethylene glycol (teg) pentagonal-bipyramidal complex, [V(teg)(Br)2]

+Br~, 
is formed. In the presence of dioxygen a catalytical cycle is initiated whereby vanadium(V) oxidizes hydrogen bromide to 
molecular bromine. The reduced vanadium(III) species thereby formed is reoxidized by dioxygen to vanadium(V) as confirmed 
by ESR and UV-vis of the organic phase. 

The coordination and oxidation chemistry of vanadium com­
pounds in liquid organic media has recently received a great deal 
of research interest. This research has been fueled by the discovery 
of biological implications of vanadium chemistry. Thus a low-
valent vanadium compound is found at the active site of nit-
rogenase in the bacterium Azobactor chroococcumm} and a 
vanadium(V) complex is present in a bromoxidase enzyme in the 
marine algae Ascophyllum nodosum.1 The bromoxidase enzyme 

(1) Robson, R. L.; Eady, R. R.; Richardson, T. H.; Miller, R. W.; Haw­
kins, M.; Postgate, J. R. Nature 1986, 322, 388. 

(2) (a) de Boer, E.; van Kooyk, Y.; Tromp, M. G. M.; Plat, H.; Wever, 
R. Biochim. Biophys. Ada 1986, 869, 48. (b) de Boer, E.; Tromp, M. G. M.; 
Plat, H.; Krenn, G. E.; Wever, R. Biochim. Biophys. Acta 1986, 872, 104. 

is capable of catalyzing bromination reactions whereby bromide 
anions are oxidized by hydrogen peroxide, eq 1. Vanadium is 

SH + B r + H2O2 + H + - SBr + 2H2O (D 
also sequestered from sea water in the marine organisms known 
as "sea squirts" or tunicates.3 These tunicates are exceptional 
in their ability to accumulate vanadium(III)4 at concentrations 
of up to 1-2 M by reduction of anionic vanadium(V) species found 

(3) Kustin, K.; McLeod, G. C; Gilbert, T. R.; Briggs, Le B. R. Struct. 
Bonding (Berlin) 1983, 53, 139. 

(4) Lee, S.; Kustin, K.; Robinson, W. E.; Frankel, R. B.; Spartalian, K. 
J. Inorg. Biochem. 1988, 33, 183. 
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