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The oxygen isotopic composition (16O, 17O, 18O) of the products produced in Hx, Ox reactions has been
investigated using a fast flow reactor. The products were trapped at liquid nitrogen temperature. Measurement
of all stable oxygen isotopes on reaction products enhanced distinction between mass-dependent and mass-
independent fractionation processes. It was observed that all product species were mass-independently
fractionated (MIF). Kinetic analysis suggests that MIF may derive from the H+ O2 + M reaction. Kinetic
analysis and discussion of the potential role of symmetry reactions are presented. The similarity of isotopic
behavior between this reaction and ozone formation suggests a common origin. Currently, no theory explains
the mass-independent fractionation observed in any gas-phase chemical reaction. Due to its atmospheric
importance, possible isotopic implications for the Earth’s atmosphere are discussed.

Introduction

The discovery in 1983 of an unusual enrichment in the
isotopes 17O, 18O in ozone was observed in an electrical
discharge in molecular oxygen2 and was later observed in
stratospheric ozone.3,4 These two works initiated experimental
and theoretical studies on this new isotope fractionation
process.5-11 The mechanism responsible for this effect, termed
mass-independent fractionation (MIF), remains elusive. Despite
this, numerous applications of MIF exist in atmospheric
chemical studies (see recent review by Thiemens12 and Weston13).

Conventional mass-dependent isotopic fractionations arise as
a result of small differences in mass between isotopomers which
subsequently produce small differences in translational velocity
and bond strength. The former is responsible for most of the
physicochemical differences between isotopic species (diffusion
rates, condensation, vapor pressure), and the latter for kinetic
and equilibrium isotope effects. Variations in isotope ratios are
defined using the conventionalδ notation,14 which for oxygen
isotopes is

whereδ represents the variation in parts per thousand of isotopic
ratio 17R ) 17O/16O and18R ) 18O/16O of a sample relative to
a standard material. Mass-dependent processes obey the relation

This is because the mass difference forδ18O is 2, and forδ17O
is 1, thus any alteration of the isotope ratio forδ18O concomi-
tantly produces a change∼1/2 that of δ17O. Experimental
measurements of terrestrial and lunar solid materials and water

samples have confirmed this relation.15 However, there are some
gas-phase chemical reactions which produce mass-independent
isotopic compositions2,5,7,11,16,17such thatδ17O * 0.5 δ18O. A
recent observation of a mass-independent composition in
rainwater hydrogen peroxide,18 a major atmospheric oxidant,
has initiated the following experiments. There exists a high
probability that this unique isotopic signature may be used to
trace, for instance, the many sulfur oxidation pathways in the
atmosphere of Earth and possibly Mars.

The major natural and anthropogenic source of atmospheric
H2O2 is generally thought to be the gas-phase recombination
of HO2 radicals19,20

Since most HO2 radicals derive from the photochemical
production of OH, any unusual isotopic signature of one of the
species H2O2, HO2, or OH may offer new insight into their
budgets, cycles, and interactions.

A great deal of effort has been devoted to the H2-O2 system,
primarly to probe reactions at explosion limits (for a exhaustive
review prior to 1967 see Venugopalan and Jones1). Reaction
kinetics were determined by measurement of stable products.
More recently, the emergence of the fields of atmospheric
chemistry and planetology have stimulated an intensive effort
to quantify the reactions involved in the H2-O2 system.21-26

Regardless of the initiating step in the oxidation of hydrogen
(e.g., thermal, photochemical, electrical discharge, radiochemical
reactions), the reaction of O2 with H2 leads to the formation of
three stable products at room temperature: O3, H2O2, and
H2O.27,28 The relative proportions of each species depend on
the ratio of H2/O2, the initiation reaction step, and more
generally, the design and experimental configuration.1 The
reaction between hydrogen and oxygen involves the formation
and disappearance of the species H, O, OH, and HO2, all
significant radicals in atmospheric chemistry29 and combustion
reactions.30,31Unstable hydrogen superoxides (hydrogen trioxide,
H2O3, and tetroxide, H2O4) have also been identified at
temperatures below 160 K.32-35 It is well established that* E-mail: joel@chem.ucsd.edu, mht@chem.ucsd.edu.

δ17O(‰) ) [(17Rsample)

(17Rstd)
- 1] 1000

δ18O(‰) ) [(18Rsample)

(18Rstd)
- 1] 1000

δ17O ≈ 0.5δ18O

HO2 + HO2 f H2O2 + O2 (1)
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decomposition of these superoxides leads to the formation of
O2, H2O, and H2O2.1,36

The present paper examines the H2-O2 reaction system at
the isotopic level. The potential application and interpretation
of the observed atmospheric hydrogen peroxide isotopic mea-
surements is limited by the lack of relevant isotopic measure-
ments in the H2-O2-H2O2 system. The present measurements
alleviate this limitation and provide data which may be applied
to the atmospheric observations.

Experimental Section

A schematic representation of the experimental apparatus is
shown in Figure 1. The system initiates the oxidation of the
hydrogen molecules according to the reaction

with the hydrogen atoms produced by electron impact in an
hydrogen plasma. The stable products are collected for oxygen
isotopic analysis. Unless otherwise noted, all traps and molecular
sieves were cooled at liquid nitrogen temperature. Cryotransfer
was accomplished at this temperature.

For the experiments, high purity hydrogen (Matheson,
99.99%) and oxygen (Matheson, 99.993%) were used. Two
blank experiments were conducted to ensure that stable products
collected in the cold trap were the consequence of reaction 2.
For the first blank no discharge was applied and O2 and H2

were flowing at typical flow rates (mmol min-1 range) for half

an hour. For the second blank, only H2 was flowing through
the system and the discharge was ignited. In both cases, the
total condensable product at liquid nitrogen temperature was
less than 0.1µmol.

A double stage regulator on both tanks maintained inlet
pressure at 3.5 atm. Gas flow rates were measured using two
rotameters (Omega Inc.) and converted to STP by correction
for gas density and inlet pressure. Typical flow rates range from
0.9 µmol min-1 to 2.7 mmol min-1 for O2, corresponding to a
partial pressure between 0.1 and 6.7 Torr in the reaction
chamber. For H2, the flow rate was kept constant at 21 mmol
min-1. The discharge pressure zone, monitored by a capacitance
pressure gauge (MKS Baratron), was 20.0( 1.0 Torr and was
insensitive to O2 flow due to the presence of a venturi. Total
pressure in the reaction chamber was 7 Torr oxygen free, and
increased to a maximum pressure of 13.5 Torr with O2 present.

Precise valve control and a capillary were utilized to regulate
flow and restrict gas back diffusion during the mixing step. A
cold trap was placed just after the capillary to remove any trace
of water in the gas stream before entering the reaction chamber.

An expanded view of the reaction chamber is also shown in
Figure 1. The reaction chamber is quartz and consists of a U
trap (i.d. 10 mm) with two inlets, one for H2 and enclosed by
an RF discharge antenna. Hydrogen atoms were carried by the
H2 carrier gas out of the zone of high-voltage discharge through
the nozzle, and into the reaction chamber. The power of the
RF generator (ENI Power System Inc.) was constant at 20 W
for all experiments.

Figure 1. Experimental line design to study the oxygen isotopic ratios of the products of the H+ O2 + M reaction. The nozzle ensures a relative
pressure independency between compartments.

H + O2 + M f HO2 + M (2)
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The oxidation products of the hydrogen initiated reaction were
trapped directly in the reaction chamber and in three sequential
traps placed approximately 30 cm downstream. Collection
protocols were the same for all samples. At vacuum conditions
(<10-3 Torr), the collection traps are cooled and the gases
introduced at the desired flow rate. The system is then switched
to a double stage rough pump (10-3 Torr). After attaining
equilibrium, RF dissociation of H2 is initiated. The reaction
proceeds until sufficient product is formed for high precision
isotopic analysis (typically between 5 min to 1 h for∼20 µmol
of H2O2, depending on the rate of production). The injectors
are closed at reaction termination and the system evacuated. In
all experiments, condensable products were visible and formed
a layer at the liquid nitrogen level. No experiment produced
sufficient O3 to be visible. All traps are thawed and the products
transferred to two sample tubes at liquid nitrogen temperature.
One tube contained an acidic solution of excess potassium
permanganate, free of dissolved gas, to decompose H2O2. The
second one was eventually used for water isotope measurements.
After the water and hydrogen peroxide have been trapped, any
residual molecular oxygen from thermal decomposition of
unstable superoxide is transferred to a molecular sieve (13X)
at liquid nitrogen temperature. O2* denotes molecular oxygen
released from hydrogen superoxide decomposition. This notation
is to distinguish between this molecular oxygen and the flow
O2.

To makeδ17O measurements, all molecules must be con-
verted to O2. The hydrogen peroxide is decomposed by
potassium permanganate and the released oxygen transferred
to a sample tube after volumetric determination. It has been
demonstrated that oxygen released during this reaction derives
only from H2O2

37 and that no oxygen isotope exchange occurs
between H2O2 and the other compounds.37-39 Recently, this
method has been successful in the isotopic analysis of rainwater
H2O2.18,40 Water is reacted with BrF5 to quantitatively decom-
pose water to HF and O2. However, H2O2 and H2O cannot be
cryogenically separated, thus both are transferred to a Ni tube
along with an excess of BrF5. The Ni tube is closed and heated
to 575 K for 2 h. The tube is then frozen to 77 K, the released
molecular oxygen transferred to a molecular sieve at 77 K and
measured for yield and isotope ratios. Only experiments where
the production of H2O exceed H2O2 by a few orders of
magnitude were analyzed for isotopic ratios. In this case, the

contribution of the hydrogen peroxide to the oxygen isotopic
ratios can be neglected.

Accuracy of yield determination is estimated to be(10%.
The uncertainty of the isotopic ratios (( 2 ‰) was limited by
experimental reproducibility rather than the mass spectrometric
precision (( 0.2 ‰). Isotope ratio measurements were per-
formed on a dual inlet, triple collector isotope ratio mass
spectrometer (Finnigan MAT 251).

Results

Kinetic Observations.Table 1 presents the experimental data
for the production rate of H2O2 and O2* (released during the
warming stage), the ratios H2O2/O2*, and the oxygen yield for
both products. The total cell pressure does not influence
production rates. Table 1 shows that for experiments 1 through
6, total pressure varied only by 2.6%, while the H2O2 production
rate varies by a factor of 14. For the same experiments, the
flow of O2 in the system varies by a factor of 10, showing that
it is this parameter which controls the rate of hydrogen peroxide
formation. The quantitative yield of O2 recovery is very high
at low O2 flow. Taking into account only H2O2 and O2*, the
yield may be as high as 80%. During these experiments (runs
1 to 6) all oxygen is consumed, and the formation of water
accounts for the missing amount. At high flow O2 recovery is
only 2.5%, even if water is taken into account. From Table 1,
it is also evident that H2O2 and O2* production rates increase
with O2 flow to a maximum and then decrease. Figure 2
illustrates this behavior for H2O2. At low O2 flow, the rate of
formation is linear to the flow (Figure 2a) and 57% of the O2

injected is found in H2O2. Above an O2 flow rate of 10µmol
min-1, the production rate of H2O2 decreases exponentially
(Figure 2b). A similar feature has also been reported for water
production.41

O2* exhibits a different behavior than H2O2 at low flow, but
similar at high flow (not plotted). The amount of O2* released
during the warming stage increases exponentially at low flow,
and at enhanced flow exponentially decreases, as does H2O2.
The threshold between low and high flow is, however, not the
same for H2O2 and O2, and values are 20µmol min-1 and 43
µmol min-1, respectively.

Figure 3 displays the varying H2O2/O2* with oxygen flow.
For flows lower than 20µmol min-1, the ratios are above 1,
but converge to 1 for high flow conditions.

TABLE 1: Experimental Flow Conditions and Measured Production Rates of H2O2 and O2* (see text for O2* definition) along
with Their Ratio and O 2 Yield

run
tot press
(Torr)

O2 flow
(µmol min-1)STP time (min)

prod rate of H2O2

(µmol min-1)
prod rate of O2*
(µmol min-1) H2O2/O2*

yield of O2 recovered
from H2O2 and O2*

1 7.23 0.9 160 0.5 0.1 5.0 0.67
2 7.26 1.9 45 0.9 0.2 4.5 0.65
3 7.27 2.0 75 0.9 0.2 4.5 0.61
4 7.3 3.6 30 2.0
5 7.36 6.2 10 2.9
6 7.42 9.5 9 5.6
7 7.42 10.0 10 5.5 1.6 3.4 0.79
8 7.50 13.6 15 3.8 2.0 1.9 0.43
9 7.40 13.5 15 3.8

10 7.60 24.3 10 2.7 2.3 1.2 0.23
11 7.80 47.8 15 2.4 2.8 0.9 0.12
12 8.15 103.6 11 1.9 1.6 1.2 0.04
13 8.6 207.8 20 1.7 1.6 1.1 0.02
14 8.6 211.3 20 1.5 1.4 1.1 0.01
15 8.80 265.5 25 0.8 0.8 1.0 0.01
16 9.87 669.3 30 0.9 0.7 1.3 0.00
17 11.53 1595 40 0.3 0.3 1.0 0.00
18 13.51 3063 35 0.6

a For some experiments, O2* was not measured since the initial experiments were directed toward H2O2 analysis.
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Isotopic Chemistry. Oxygen isotopic ratios of the products
are given in Table 2 along with the ratios H2O2/O2*. Here,17∆
is a measure of the enrichment (or depletion) in17O relative to
the conventional mass-dependent isotopic fractionation pro-
cesses. It is defined as

and17∆ is thus the deviation from a mass dependent process.

For a mass-dependent fractionation,17∆ ) 0. The coefficient
0.513 has been experimentally determined by measurement of
different commercially available hydrogen peroxide solutions.42

The isotope ratios are expressed relative to the flow gas oxygen.

It may be observed in Table 2 that hydrogen peroxide and
product oxygen are both mass independently fractionated. The
δ18O andδ17O composition of the product H2O2, relative to
initial O2, ranges between-20‰ and 55‰. The observed
fractionation range is nearly the same as observed in ozone
formation.6,43 Figure 4 shows the isotopic composition of the
products in a three isotope plot ofδ17O versusδ18O. The best-
fit line of H2O2 data has a slope of 0.84 with ay-intercept at
-4.45 andr ) 0.99. The O2* data fit the best-fit slope of H2O2

data. The results are evidence of a mass-independent fraction-

Figure 2. Production rate of H2O2 as a function of O2 flow. Figure 2a
is a linearX-axis plot showing the linear dependency of H2O2 production
rate in the low flow regime of O2. Figure 2b is plotted in a logx-axis
to cover the total range.

Figure 3. Plot of H2O2/O2* versus O2 flow. The data display the two
flow regimes.

17∆ ) δ17O - 0.513 *δ18O

TABLE 2: Isotopic Ratios for H 2O2 and O2* Obtained
during the H + O2 + M Reactiona

H2O2 O2*

run H2O2/O2* δ18Otank δ17Otank
17∆ δ18Otank δ17Otank

17∆

1 5.0 -19.2 -21.8 -12.0 -7.3 -15.3 -11.3
2 4.5 -21.1 -22.4 -11.6 -9.7 -15.7 -10.7
3 4.5 -10.3 -15.7 -10.4 -6.7 -13.3 -9.8
4 -9.6 -14.6 -9.7
5 -19.6 -18.7 -8.6
6 -23.2 -18.5 -6.6
7 3.4 -3.5 -7.8 -6.0 -6.0 -8.1 -5.0
8 1.9 -6.8 -12.3 -8.8 -6.9 -11.8 -8.2
9 -1.8 -8.6 -7.6

10 1.2 11.8 5.3 -0.7 6.1 2.8 -0.3
11 0.9 16.0 10.6 2.4 22.9 14.0 2.3
12 1.2 24.8 18.3 5.6 32.2 21.9 5.4
13 1.1 29.6 19.6 4.5 31.0 20.2 4.3
14 1.1 29.6 19.2 4.1 38.4 25.1 5.4
15 1.0 31.6 21.3 5.1 45.3 36.2 13.0
16 1.6 35.9 29.2 10.8 50.1 40.8 15.1
17 1.0 53.9 40.8 13.1 58.0 44.7 15.0
18 55.4 41.9 13.5

a δxOtank are expressed using the composition of the O2 tank as the
standard reference.

Figure 4. Three oxygen isotope plot of H2O2 and O2*. The dotted
line represent the mass-dependent fraction line, while the full line
represents the best fit of H2O2 data. O2* data lies along the same
fractionation line.
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ation in a reaction other than ozone formation,2 CO oxidation
by O,7 CO oxidation by OH,11 and CO2 photodissociation.44

H2O2 is heavy isotope depleted relative to initial O2 (δ17O
and δ18O < 0) at low flow, while it is enriched at high flow
(δ17O andδ18O > 0). A similar behavior has been previously
reported in the static5 and dynamic formation of ozone.43

Discussion

Kinetic Chemistry. The interpretation of the isotopic data
is enhanced by decades of experimental studies of the H2-O2

system. In particular, the H+ O2 reaction has received
considerable attention. In the analysis of the isotopic data, the
following observations must be accounted for:

(1) Hydrogen peroxide formation is not observed when the
temperature of the cold trap exceeds 160 K.45 An experiment
was conducted for which the protocol was exactly the same as
a sample except the temperature of the collection traps was 173
K, not 77 K. No H2O2 formation was observed.

The observation of no H2O2 in the collection traps at
temperatures above 160 K is not due to trapping inefficiency
or decomposition of H2O2 on the wall by H reaction or collision.
McKinley and Garvin46 have distilled hydrogen peroxide
through their system at flow rates and pressures comparable to
our discharge experiments and have recovered the peroxide
completely in a trap at 193 K. Nor is the appearance of water
in the traps due to decomposition of trapped peroxide by reaction
with atomic hydrogen. Addition of ethylene at varying distances
from the mixing zone indicated that most peroxide is formed
on the cold wall of the trap.47 Therefore, gas-phase dispropor-
tionation of HO2 (reaction 1) as a significant source of hydrogen
peroxide is ruled out.

(2) Hydrogen trioxide (H2O3) and tetroxide (H2O4) production
are known to occur and should condense on the cold wall. Their
decomposition initiates at temperature above 160 K producing
H2O2 or H2O and O2*.1

(3) In certain circumstances, depending on the geometry and
flow condition of the system, the ratio of H2O2/O2* ) 1, which
suggests that the source of H2O2 in these systems is from
decomposition of H2O4.1

(4) Water is always a product, regardless of trap tempera-
ture,41 and water formation inside the pre-trap zone has been
established and also observed in previous experiments.46,47

These observations and the present isotopic measurements
may be accommodated by the following proposed reaction
scenario.

Chain initiation:

Alternative to reaction 2:

However, reaction 4 is considered unimportant for several
reasons. This reaction is well known to be one of the most
important reactions in combustion chemistry;48 however, it is
activated only at high temperature. The high activation energy
of reaction 4 (Ea ) 62.2 kJ)31 renders it improbable at room
temperature. A kinetic analysis shows that the total pressure in
the reaction chamber in the present experiments exceeds the
pressure limit where reaction 4 dominates reaction 2. Utilizing
the rate constantsk4 andk5 given by Baulch et al.31 and a total
pressure of 8 Torr, reaction 2 is 6× 106 times faster than

reaction 4. Finally, ozone was not detected in the products frozen
at liquid nitrogen temperature, suggesting that reactions produc-
ing O atoms are unimportant in this reducing environment.

Therefore, the reactions which occur in the reaction zone prior
to trapping may be as follows (assuming that O atoms are
unimportant):

No reaction producing H2O2 has been included based upon
previous work.45-47 Reactions 5a and 5b are expected since H
atoms occur in high concentration. If reaction 5b can be
disregarded for our proposes (in a bath of O2 and H2, this
reaction can be seen like a chain termination), reaction 5a is
required to explain the formation of OH radical, which, in turn
is necessary for water production. Reactions 6, 7, 8, and 9
complete the water scheme. Water formation is dominated by
reactions 6-8, which vary in importance depending upon the
amount of O2 injected in the system.

The reactions which become important in the cryotrap
include:

With the exception of reactions 11 and 12, all reactions are the
heterogeneous equivalent of the gas-phase reactions in the pre-
trap zone, with excess energy absorbed by the cold wall for
complex stabilization. Formation of product must occur at this
low temperature by a reaction of a negative activation energy.
Reactions 11 and 12 have been proposed to explain the
formation of hydrogen peroxide at temperatures initiating below
113 K,1 with H2O4 clearly identified by Raman spectrometry.32-35

Reaction 12 is of particular interest since it is this reaction that
is in part responsible for the O2 released and produces a ratio
of H2O2/O2* ) 1.

During the warming of the trap, the following reactions occur:

Reaction 16 is probably unimportant in our system. Indeed, the
ratios of H2O2/O2* are never lower than 0.9, demonstrating that
there is no source of O2* other than reaction 15.

Previous work from Badin et al.41 and the present results (see
Figure 2a) demonstrate that, in the low flow regime, accumula-
tion of H2O2 in the cold trap is a linear function of injected O2

H2 + e- f 2H + e- (plasma breakdown) (3)

H + O2 + M f HO2 + M (2)

H + O2 f OH + O (4)

H + HO2 f 2OH (90%) (5a)

H + HO2 f H2 + O2 (10%) (5b)

OH + H + M f H2O + M (6)

OH + H2 f H2O + H (7)

OH + HO2 f H2O + O2 (8)

H + H + M f H2 + M (9)

H + HO2 + wall f H2O2 + wall (10)

OH + OH + wall f H2O2 + wall (11)

HO2 + HO2 + wall f H2O4 + wall (12)

H + OH + wall f H2O + wall (13)

OH + HO2 + wall f H2O3 + wall (14)

H2O4 98
∆

H2O2 + O2 (15)

H2O3 98
∆

H2O + O2 (16)
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and the corresponding ratio H2O2/O2* exceeds 1 (Figure 3).
Therefore, reaction 12 and its subsequent thermal decomposition
(reaction 15) are not responsible for the formation of all H2O2

in the cold trap at these flows. Indeed, if reaction 12 was the
only source of H2O2, the production of H2O2 should be
proportional to the square of O2 injected and the ratio H2O2/
O2* equal to 1, which is clearly not the case. Considering that
oxygen recovery is around 80%, based only on H2O2 and O2*,
it is apparent that H atoms are in excess at the low pressure.
This is consistent with observations of McKinley and Garvin46

who have shown that complete oxygen recovery was obtained
only when at least a 2.5-fold excess of atomic hydrogen (relative
to O2) was present in the reaction chamber. Under conditions
where H atoms are abundant, it becomes apparent that reactions
10 and 11 are the other sources of H2O2 and that these sources
dominated all other since H2O2/O2* exceeds 1. The reaction
mechanism is then restricted to the following reactions at low
flow regime when H> O2:

Applying steady-state conditions for HO2 and OH, one arrives
at the simple expression

whereki is the kinetic constant ofith reaction, [W] the third
body wall, and [M] the third body gas. This indicates that, with
an excess of atomic hydrogen and constant wall conditions as
in the present experiments, the rate of peroxide formation is
proportional to oxygen concentration. This is demonstrated at
low oxygen concentration when the O2 flow is lower than 10
µmol min-1 (Figure 2a). Nevertheless, it is not possible to
distinguish which reaction, 10 or 11, dominates H2O2 formation
during low flow conditions.

At higher O2 flow (>20 µmol min-1), the ratio H2O2/O2* )
1, suggesting that reaction 12 followed by reaction 15 is the
only mechanism for H2O2 production. As H atoms become low
in number density, they are removed in the pre-trap chamber,
suppressing reactions 10 and 11 in the cold trap. Simultaneous
production of H2O2 strongly decreases with increasing O2. There
are two possibilities to account for this observation. Either
peroxide formation decreases when water formation increases,
or some H atoms are lost by reactions 5b and 9. In his original
paper, Badin41 observed a decrease in water formation and
suggested that reaction 9 dominates. However, the present water
experiments demonstrate that water formation increases with
enhanced O2. A possible explanation for the discrepancy
between Badin and the present results may be the trapping
efficiency. Badin41 used only one cold trap to condense water
and the present utilized three. In the present experiments, at
high O2 flow, the water product is always observed in the second
trap. Therefore, the decreased H2O2 production probably arises
from increased water production via formation of OH radicals.

Isotopic Chemistry. As observed in Figure 4, two main
features arise from the experiments. First, the chain reaction
sequence initiated by H+ O2 + M ultimately produces a mass-
independent fractionation in H2O2 and O2*. Second, the best

fit of the data does not pass through the initial isotopic
composition, thus requiring participation of at least two
fractionation processes of differingδ17O/δ18O. Individual reac-
tions must be considered to identify the mass-independent
source.

A possible candidate reaction is the thermal decomposition
of H2O4 (reaction 15); however, this reaction may be rejected
by mass balance considerations. Assuming a mass-dependent
composition for H2O4 (17∆H2O4 ) 0), if its thermal decomposi-
tion was a mass-independent process, one of the products should
be depleted in17O (17∆ < 0) while the other should be enriched
in the opposite direction (17∆ > 0) to maintain material isotopic
balance. From Table 2, this is clearly not the case.

The formation of H2O4 via reaction 12 is another candidate
to account for the observations. Figure 5 is a plot ofδ18O of
O2* versusδ18O of H2O2. For samples where H2O2/O2* ) 1,
δ18O for the two species are well correlated. This behavior is
expected since H2O2 and O2* are chemically linked by the
succession of reactions 12 and 15, thus, the fractionation
between H2O2 and O2* is constant, implying a linear relationship
between H2O2 and O2*. On the other hand when H2O2/O2* >
1, theδ18O of H2O2 is independent ofδ18O of O2*, the latter
possessing a constantδ18O. This observation suggests that at
low flow, the main source of H2O2 is not the H2O4 adduct,
therefore decoupling the isotopic signature of H2O2 and O2*.
As detailed in the previous section, reactions 10 and 11 are the
most probable sources of hydrogen peroxide. However, hydro-
gen peroxide lies on the same isotopic fractionation line whether
reactions 10 and 11 or reaction 12 are the source of the peroxide,
suggesting that H2O4 formation is not the source of the mass-
independent fractionation. This is consistent with other experi-
ments.49 Utilizing an 18O labeling technique to study H2O2

formation via the H2O4 adduct, their results demonstrated that
isotopic exchange does not occur between H16O16O and

H + O2 + M f HO2 + M (2)

H + HO2 f 2OH (5a)

H + HO2 + wall f H2O2 + wall (10)

OH + OH + wall f H2O2 + wall (11)

d[H2O2]

dt
)

(k3k1[W]2k2k1)

(k2k3[W])
[O2][M][H]

Figure 5. Correlation betweenδ18O of H2O2 andδ18O of O2*. This
plot reveals the two flow regimes: at the low regime, whereδ18O of
H2O2 andδ18O of O2* are well correlated when H2O2/O2* ≈ 1, and at
the high regime, whereδ18O of H2O2 andδ18O of O2* are not correlated
when H2O2/O2* > 1.
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H18O18O. Thus, even if the reaction proceeds via formation of
a complex as shown in Figure 6, the mechanism behaves as a
hydrogen abstraction by one of the two hydroperoxide radicals.
Niki et al.49 results imply that if HO2 radicals were mass-
dependently fractionated, the product H2O4 should also be mass-
dependent fractionated since no oxygen isotope exchange occurs.
Niki et al.49 and the present results imply that the mass-
independent fractionation observed in H2O2 and O2* derives
from the formation of HO2. Observation of Niki et al.49 and ab
initio calculations50 have suggested a possible symmetric dimer
structure for the transition state H2O4

# (point groupC2h). Since
the present results suggest that HO2 possesses the MIF, the
possible symmetric structure of H2O4

# does not appear to be
involved in the MIF. This is consistent with a recent investiga-
tion of ozone formation (point groupC2V), which has questioned
the role of molecular symmetry as the source of the mass-
independent effect.51 From the preceding analysis, it appears
that the mass-independent anomaly is carried by HO2, though
this is not a direct observation. It is still possible that the MIF
observed in the present study comes from unexpected reactions
not included in the present analysis. Thus, reaction 2 may be
the source of the mass-independent isotopic anomaly. This
possibility is reinforced by the water isotopic measurements.
For the water samples produced in the high flow regime, when
H2O production exceeded H2O2 by a few orders of magnitude
(i.e., no isotopic correction is needed), the isotopic ratios were
directly observed. The results are plotted in Figure 7, along with
the mass-dependent fractionation line and the mass-independent
fractionation line obtained for H2O2. The water produced during
these experiments is clearly mass independently fractionated,
similar to H2O2. Since water is produced via OH radicals, which
are produced from HO2 (reactions 5a and 6-8), the same mass-
independent anomaly is understandable if this anomaly is
attributed to reaction 2.

The quantum dynamics of H+ O2 have been intensively
studied [ref 52 and references therein] due to its importance in
atmospheric and combustion chemistry. The reaction has two
possible reactive channels (Figure 8). This spin-allowed reaction
has no activation energy in the entrance channel. Studies show
that the presence of even a small barrier in the incoming channel
deteriorates agreement between calculated thermal rate constants
and experiment.53 Channel 1 is endothermic by 0.58 eV with
respect to the asymptotic H+ O2 potential, making this reaction
unimportant for our experiment (see kinetic chemistry section),
while channel 2 is exothermic with a well depth minimum
energy of-2.39 eV for HO2. Two models of channel 2 have
recently been reported, one using collisional recombination rate
theory,54 while the other utilizes the Chaperon mechanism for
association rate constants.55 Since both models assume conven-
tional mass interaction (i.e., harmonic oscillator, collision rate)
for the kinetic constant calculation, neither of them reproduces

the present isotopic observations. Studies56,57 have shown that
the chain oxidation of organic compounds via repetitive
sequence of two kinetic chain propagation reactions, R+ O2

f RO2 and RO2 + RO2 f 2RO + O2 produces mass
independently fractionated oxygen. A nuclear spin (17O) selec-
tivity inducing molecular spin conversion of radical pairs was
found to be the source of the mass-independent fractionation.
However, in the present experiment, reaction 2 does not produce
results predicted by this theory. Also, such reactions involve
solution phase geminate recombination. Currently, no theory
explains the mass-independent fractionation observed in a gas-
phase chemical reaction. However, the similarity of isotopic
behavior between HO2 and ozone suggests a similar mechanistic
origin. Recently, Mauersberger et al.51 measured 15 of 18
possible reaction rates between O atoms and O2 using the three
stable oxygen isotopes. Their experiments question the role of
molecular symmetry, though its involvement is not strictly ruled
out. Collisions between light isotopes and heavy molecules can
have rate coefficients as great as 50% above other combinations.
Using the relative reaction rates, one can calculate a ratio of
k17/k18 ) 1.00 for the isotopically most probable atmospheric
reactions (i.e., only one heavy isotope involved in the reaction),
in agreement with previous experiments at normal abundances.2,5

This suggests that a similar isotope-dependent reaction rate

Figure 6. Schematic potential energy surface for self-reaction of HO2

(adapted from ref 49). Energies are in eV.

Figure 7. Water isotopic data in a three oxygen isotope plot along
with the mass-dependent and mass-independent fractionation lines
obtained from measurements displayed in Figure 4. The water data
have been obtained at the high flow regime when H2O . H2O2.

Figure 8. Schematic potential energy surface for H+ O2 (adapted
from ref 52). Energies are in eV.
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occurs in the H+ O2 reaction and, like ozone, the nature of the
collision process in a third body reaction generates the mass-
independent isotopic effect.

As observed by Bains-Sahota and Thiemens43 for ozone
formation in a flow system, a reverse isotopic effect at low flow
is observed withδ17O andδ18O depleted in products. The best
fit fractionation line does not pass through the initial isotopic
composition for both studies. Bains-Sahota and Thiemens43

suggested that diffusion, combined with heterogeneous wall
reaction of O, should be a mass-dependent process and produce
the observed shift of the data. This explanation is unlikely for
the present work as all are performed in turbulent flow
conditions, with both gases injected at high speed (105 m s-1

for H2 and 0.7 m s-1 for O2) and right angles. Since at low
flow almost all injected O2 is found in the products, it is possible
that the water determines the isotopic composition of H2O2 and
O2*. This mass balance vanishes at high flow when the amount
of O2 is no longer the limiting reagent. Measurement of water
samples produced from low flow condition experiments has
confirmed this idea. Under these conditions water was enriched
in 17O when H2O2 and O2* were depleted in17O.

Atmospheric Implications. HO2 is part of the HOx family,
a dominant species in the chemistry of planetary atmospheres.58

In the Earth’s upper atmosphere (above 50 km), HOx interacts
strongly with the water cycle via photodissociation and inter-
conversion. At these altitudes, reactions 5 and 8 are the main
sinks of HO2 and reaction 2, the source.59,60 Therefore, the
formation of HO2 at these altitudes should produce a MIF
component in the water vapor. In the troposphere, HO2 is formed
mainly by reaction 2 where the H atom derives from CO
oxidation by OH. Hydroperoxide radicals ensure rapid conver-
sion of NO to NO2 in polluted areas, thus promoting ozone
formation. In clean atmospheres, HO2 reacts with O3. The close
connection between HO2, O3, and NO2 and their ability to
transfer an oxygen atom to other species should promote and
propagate anomalous isotopic signatures in their byproducts,
such as HNO3. Disproportionation of HO2 radicals in the
atmosphere leads to the formation of hydrogen peroxide. Isotopic
measurement of dissolved H2O2 in rainwater has already
displayed a mass-independent character.42 In light of the present
experiments, the gas-phase production of H2O2 appears to be
the source of MIF found in H2O2 dissolved in rainwater. A better
understanding and characterization of this isotopic anomaly in
the atmosphere, combined with the present observations will
enhance understanding of oxygen chemistry in the atmosphere.

Summary and Conclusion

An oxygen isotopic study of Hx, Ox chemistry demonstrates
a mass-independent isotopic fractionation. The main chemical
behavior observed by Badin41 and McKinley and Garvin46 has
been reproduced in the present study. It is observed that all of
the products trapped at liquid nitrogen temperature are mass
independently fractionated. Kinetic analysis of the reactions and
variation of the reaction conditions lead to the suggestion that
the source of the isotope effect is the H+ O2 + M reaction,
perhaps analogous to O+ O2 + M, however, no direct evidence
of this suggestion is possible. The present results provide a new
piece of the mass-independent fractionation puzzle. Since the
discovery of this phenomenon in a chemical reaction in 1983,
no consistent theory has emerged.
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