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kcal./mole). However, reaction 2 is rather more 
complicated than (7), since it involves both carbon
ate replacement and H + transfer, precluding di
rect comparisons between them. E" = -Ee + 
AHt for both N4 and N6, making E% ~ 30 kcal./ 
mole for both ammines, in acceptable agreement 
with Bronsted's data for the corresponding reaction 
of the nitrato salt.26 For tn2, E' lies between E2 

and E2 + AiJ1, depending on how small Ki is. 
Similarly, E" lies between £3 and E3 + AJJi for tn2. 
AJJi is not known but is probably quite small, so 
that E2 =z £3 = 25 kcal./mole in this case. 
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A method for determining the origin of molecular oxygen in the catalytic decomposition of hydrogen peroxide is de
veloped and applied to the catalytic decomposition of hydrogen peroxide by catalase, polyamine-Fe(III) chelates and ferric 
hydroxide. In all cases studied, the oxygen molecule originates from the intact O-O bond in hydrogen peroxide. 

One method of approach to the study of catalysis 
is via the synthesis and investigation of relatively 
simple model molecules of known structure. By 
this means Wang2 discovered the remarkably high 
catalytic efficiency of triethylenetetramine-Fe(III) 
chelate for the decomposition of hydrogen perox
ide. The postulated mechanism of catalysis in
volves the metathetical displacement of a bound 
O H - by OOH~, followed by the displacement of 
another bound O H - by the second oxygen atom of 
the same OOH~ as illustrated below. 
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Since the 0 - 0 bond in compound II is under strain, 
it becomes more reactive and reacts subsequently 
with a second 0 O H - to produce O2 and regenerate 
the catalyst. 

There are two alternative mechanisms for this 
last reaction step to take place. These are depicted 
below as mechanisms (A) and (B), respectively. 
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It is of particular interest to find out whether the 
catalytic decomposition of hydrogen peroxide by 
triethylenetetramine-Fe(III) chelate takes place 
through mechanism (A) or (B). 

In general even for cases in which the detailed 
mechanism is unknown, it is still of interest to know 
whether the two O-atoms in each O2 liberated came 
from the same H2O2 molecule or from two separate 
H2O2 molecules. 

Principle of the Method 
Suppose 018-enriched hydrogen peroxide is made 

directly by an electric discharge through 018-en-
(1) National Science Foundation Predoctoral Fellow, 1957-1958. 
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riched water vapor. If the isotopic atom-fraction 
of O18 in the resulting H2O2 is X, the mole-fraction 
of HO18O18H should be approximately equal to X2. 
(Here it is assumed that the isotope-effect due to the 
difference in zero point energies of light and heavy 
O-atoms in H2O2 is negligible.) When this H2O2 is 
catalytically decomposed, the mole-fraction of 
Qi8Qi8 j n j - n e 0 X yg e n gas liberated should also be X2 

no matter whether the decomposition takes place 
through mechanism (A) or mechanism (B), because 
the isotopic distribution in this H2O2 is in accord
ance with natural probabilities. However, when 
each mole of this 018-enriched hydrogen peroxide is 
mixed with 3 moles of ordinary hydrogen peroxide, 
the isotopic atom-fraction of O18 and the mole-
fraction of HO18O18H in the mixed H2O2 become 
[X + g(0.0020) ]/(l + 3) and [X2 + g(0.0020)2]/ 
(1 + 3), respectively, where 0.0020 is the isotopic 
atom-fraction of O18 in ordinary H2O2. This last 
isotopic distribution is unnatural, for had this 
H2O2 been made directly from enriched water 
vapor with atom-fraction of O18 equal to [X + 
3(0.0020) ]/(l + q), then the mole-fraction of 
HO18O18H in the resulting H2O2 would be [Z + 
3(0.0020)]2/(l + S)2. Now if this 018-enriched 
H2O2 with unnatural isotopic distribution is cata
lytically decomposed by, say, triethylenetetra-
mine-Fe(III), the mole-fraction of O18O18 in the 
liberated O2 will be different for mechanisms (A) 
and (B), tespectively. Mechanism (B) involves a 
reshuffling of the O-atoms, i.e., restoration to the 
natural distribution of the isotopic species, and 
hence predicts a mole-fraction of [X + 3(0.0020) ] 2 / 
(1 + qY for O18O18 in the liberated O2 gas. But a 
mechanism such as (A), which produces all the O2 
from the intact 0 - 0 bonds, leaves the original iso
topic distribution undisturbed, and hence predicts 
the mole-fraction of O18O18 to be [X2 + s(0.0020)2]/ 
(i + g). 

HX = 0.10 and 3 = 1.0, we have [X2 + q 
(0.0020)2]/(l + 3) « 0.0050 and [X + 3(0.002O)]2/ 
(1 -f- q)2 « 0.0026. Consequently a mass-spec-
trometric analysis of the O2 produced by the cata
lytic decomposition of hydrogen peroxide could 
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distinguish between these two alternative mecha
nisms. 

Results and Discussion 
In the present study, water which is about 10 

atom % in O18 was converted to hydrogen peroxide 
in an electric discharge. The hydrogen peroxide so 
obtained contained about 1 mole % of HO18O18H. 
This was diluted with an approximately equal 
amount of ordinary hydrogen peroxide. T h e 
H2O2 in the resulting mixture contained about 0.5 
mole % of HO18O18H and about 5 a tom % of O18. 
This hydrogen peroxide with unnatura l isotopic dis
tribution was catalytically decomposed to comple
tion by tr iethylenetetramine-Fe(III) chelate, cata
lase, t r is-(^-aminoethyl)-amine-Fe(III) chelate, 
freshly prepared Fe(OH)3 , respectively., and by 
thermal means. The liberated oxygen gas was 
analyzed mass-spectrometrically. The isotopic 
atom-fraction of O18 and the mole-fraction of 
HO18O18H in the H2O2 were determined by com
plete oxidation with Ce(IV) solution,3 followed by 
mass-spectrometric analysis. The results are sum
marized in Table I. 

TABLE I 

[H2O2], 0.2 to 0.4 F; temp. 25 ± 5° 

Catalyst 
Triethylenetetramine-

Fe(III)" 
Triethylenetetramine-

Fe(III)" 
Triethylenetetramine-

Fe(III)" 
Catalase" 

Tris- ((3-aminoethyl) -
amine-Fe(III) ' i 

Fe(OH)I* 

Thermal decomposition 
(in Pyrex tube) * 

Atom 
% of 

O" in 
HJOS 

10.786 

1.071 

5.20 

5.22 

6.58 

7.22 

7.22 

Mole 
%of 

HO»-
O18H 

in 
H2Os 
1.18 

0.098 

.559 

.564 

.714 

.778 

.778 

Mole % of 0'8O19 in the 
liberated O2 

Ex
pected 
from 

intact 
O-O 
bonds 
1.18 

0.098 

.559 

.564 

.714 

.778 

.778 

Ex
pected 
from 

reshuf
fling 
of 0 -
atoms 
1.18 

0.012 

.27 

.27 

.43 

.52 

.52 

Found 
1.19 
1.19 
0.098 

.098 

.556 

.547 

.556 

.547 

.730 

.728 

.816 

.818 

.827 

.806 

" All triethylenetetramine-Fe(III) decompositions were 
carried out at pH 10.0 with [TETA 1 = 4.5 X lO"2^ and 
[Fe(III)] = 4.9 X 1O-6F. b No dilution of doubly labeled 
H2O2 to give unnatural isotopic distribution. ' Catalase in 
Sorensen's phosphate buffer, pH 7.0, with [catalase] = 
0.42 nM estimated spectroscopically. d [polyamine] = 
8.5 X lO^F, [Fe(III)] = 4.9 X WF, pH 10.0. « Fe-
(OH)1, freshly prepared at pK 10.0. I Temperature = 
84.5 ± 0.2°. 

The results in all cases investigated unambigu
ously show tha t the O2 evolved originates from in
tac t 0 - 0 bonds in hydrogen peroxide. This shows 
tha t the O2 is liberated thiough a hydrogen atom or 

Ci) A. E. Cahill and H. Taube, T H I S JOURNAL, 74, 2312 (1952). 

hydride ion-removal process in all of the above 
cases. I t does not mean, however, t ha t the com
plete reaction mechanism is the same in all these 
cases. In fact the complete mechanism for the 
catalytic decomposition of H2O2 by ferric ion,6'3 

ferric hydroxide4-2 and methemoglobin,2 and by tri-
ethylenetetramine-Fe(III) chelate2 and catalase,3'4>2 

respectively, have been shown to be quite different. 
Fur ther studies on the oxygen and hydrogen iso
tope-effects in the decomposition of hydrogen per
oxide by various catalysts will be reported in a 
later communication. 

Experimental 
Doubly 018-Labeled H2O2.—Water containing 10 atom 

% of O18 (Dajac Laboratories, Leominster, Mass.) was 
passed through an electric discharge, and the product was 
trapped on a liquid nitrogen-cooled glass surface.6 Alu
minum electrodes spaced 2 meters apart were used in a Pyrex 
glass tube, 28 mm. i.d. The electric field strength was 10 
v./cm., maintained by a neon-sign transformer. Two U-
tubes, 13 mm. i.d., cooled by liquid nitrogen, were used as 
traps. The first U-tube was sealed directly to the discharge 
tube about 10 cm. in front of the downstream electrode. 
The second U-tube was 50 cm. downstream from the first 
and served to prevent the diffusion of pump vapors into the 
discharge system. The system was evacuated by a Welsh 
Duo Seal Pump with a capacity of about 0.4 l./sec. at 0.2-
0.4 mm. 

Water vapor was admitted through a capillary about 
1A mm. in diameter and 5 cm. long. This size of capillary 
permitted convenient control of the flow rate of water vapor 
by regulating the temperature (25-45°) of the water intro
duction tube. 

The product H2O2 was pumped out of the first trap and 
collected in a small U-trap connected to the system by a 
10/30 joint and stopcock situated between the two larger 
traps. 

The amount of water admitted was often between 80 and 
200 mg. A typical charge is as follows: total water ad
mitted, 96 mg.; time required, 25 minutes; H2O2 collected, 
33 mg.; conversion, 35%. 

Mass-spectrometric Analysis.—AU mass-spectrometric 
analyses were made on a Consolidated Engineering Mass-
spectrometer Model 21-401. Standard techniques and pro
cedures were used. 

Reagents.—Ordinary H2O2, either Fisher or Merck, 30%, 
C.P.; catalase, crystalline, purchased through Delta 
Chemical Works; triethylenetetramine, Matheson, Cole
man and Bell, practical grade; tris-((3-aminoethyl)-amine, 
synthesized according to the method of Ristenpart.7 
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