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The reaction H02 + 0 3 -+OH + 202 has been studied using a discharge-flow system with laser 
magnetic resonance detection. The rate constant for the reaction was determined directly by 
monitoring the first-order decay of isotopically labeled H 180 2 in excess 160 3, The data give a 
curved Arrhenius plot over the temperature range 243 < T < 413 K: k( T) = (3.8 ± 2.4) 
X 10- 14 exp[ - (820 ± 190/n] cm3 S-I. A more representative fit is obtained with a three 
parameterexpression:k(n = (3.2±5.8)X1O- 13 exp[ - (1730±740)/T] + (1.2±0.5) 
X 10- 15 cm3 S-I. The error limits are the 95% confidence limits on the coefficients while the 
accuracy of the measurements is estimated to be about ± 20% at each temperature. An 
analysis ofthe OH radical product indicates that 160H is formed predominately (75 ± 10)%. 
The scrambling reactions H 180 2 + 160 3 -+ H 160 2 + 180180160 (lc) and 
H 180 2 + 1602-+H1602 + 180 2 (8) were also examined and found to be slow. Their rate 
constants are k Ie <2X 10- 17 cm3 S-1 at 297 and 333 K and k8 < 3 X 10- 17 cm3 S-1 at 297 and 
413 K. 

INTRODUCTION 

The reaction ofH02 with ozone plays an important role 
in a catalytic cycle for ozone destruction: 

(1) 

(2) 

Net: (3) 

Unlike most catalytic cycles involving hydrogen, nitrogen, 
or chlorine radicals, which require free oxygen atoms for 
their propagation, the present cycle does not. As a result, this 
cycle is important in the lower stratosphere and troposphere 
where the concentration of oxygen atoms is low due to their 
rapid three-body recombination with O2, The rate limiting 
step in the above cycle is reaction (1) and several modeling 
studies have demonstrated the importance of k1 in calculat­
ing ozone profiles for the stratosphere. 1-3 

There is only one published study in which k1 and its 
temperature dependence have been directly measured.4 The 
difficulty of measuring k 1 arises from the occurrence of reac­
tion (2) which is a factor of 30 times faster at room tempera­
ture. Thus under typical pseudo-first-order conditions, i.e., 
excess ozone, hydroxyl radicals generated by reaction (1) 
are rapidly consumed by reaction (2) to regenerate H02• 

This complication makes it very difficult to monitor the 
cbange in H02 concentration in a kinetic study, therefore 
most of the measurements of k 1 have been made indirect­
ly.5-7 In the direct measurement of k1 by Zahniser and How-
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AL2. 325 Broadway, Boulder, CO 80303. 

ard,4 C2F3CI was used to scavenge the OH radicals formed in 
reaction (1), thus preventing the hydroxyl radicals from 
participating in any secondary chemistry. The scavenger, 
chlorotrifluroethene, reacts rapidly with OH 
(k = 6 X 10- 12 cm3 S-I) but negligibly with H02 and ozone 
at room temperature.4 Using the scavenger technique, Zah­
niser and Howard measured the temperature dependence of 
k1 over the range 245-360 K. The temperature range of their 
study was limited by interference from products of the 
0 3 + C2F3CI reaction which became significant at tempera­
tures above 360 K. 

Because of the importance of reaction ( 1) we thought it 
would be worthwhile to carry out a second independent and 
direct measurement of k 1• Our goals for these experiments 
were threefold: (a) to increase the temperature range over 
which reaction (1) has been studied, (b) to eliminate the 
complications due to the use of a scavenger, and (c) to pro­
vide some insight into the mechanism of this reaction. In 
order to achieve these goals we have used isotopically labeled 
H 180 2 to study reaction ( 1). The experimental technique we 
have used is a discharge flow reactor coupled with laser mag­
netic resonance (LMR) detection. The LMR technique is 
particularly well suited for this study since it allows us to 
distinguish and detect with good sensitivity the various iso­
topic species e80H, 160H, H 160 160, H 180 180, etc.) in­
volved in this reaction: 

H 180 2 + 160 3 -+ 160H + 160 160 + 180 180 (la) 

-+ 180H + 160 160 + 180 160 (lb) 

-+H 160 160 + 180180160. (1c) 

The use ofisotopically labeled H 180 2 has several advan­
tages. First, it eliminates interference from hydroxyl radicals 
without having to use the scavenger C2F3CI, since neither 
the 180H nor the 160H product is able to regenerate H 180 2 
via reaction with natural ozone. Thus, monitoring the 
[HI80 2 ] vs reaction time gives a direct measure of k\. Sec-
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ondly, the use of isotopic labeling allows us to obtain infor­
mation on the mechanism of the reaction from a measure­
ment of the branching ratio for the various channels. We 
have used this technique to directly measure k I (T) over the 
temperature range 245-413 K. 

EXPERIMENTAL 

The discharge flow/laser magnetic resonance (LMR) 
system has been described in detail before.8 Briefly, the 
LMR detection scheme works by Zeeman tuning a rota­
tional transition of a paramagnetic molecule into resonance 
with a fixed frequency far-infrared laser. The intracavity ab­
sorption oflaser radiation by the molecules causes a ~e~rea~e 
in the laser power. A small fraction of the laser radIatIOn IS 
coupled out of the laser cavity and is continuously moni­
tored by a liquid helium cooled, gallium doped germanium 
bolometer. The output of the bolometer is fed into a lock-in 
amplifier whose output is displayed on a recorder. The dc 
magnetic field, which tunes the molecule into resonance, can 
be varied up to 16 kG and is modulated with a small, typical­
ly < 100 G, ac field at a frequency near 1 kHz. Phase sensi­
tive detection at this frequency using the lock-in amplifier 
yields a first derivative absorption curve. 

Two different LMR spectrometers were used in these 
studies. The kinetic measurements, which required monitor­
ing the [H 180 2 ] concentration as a function of reaction time, 
were performed with a water vapor LMR spectrometer op­
erating on the 118.6 pm H 20 laser line.8 Unfortunately, 
none of the accessible lines of the water vapor laser are in 
near coincidence with a strong transition in 180H, although 
there are weak transitions that could be detected. Thus, in 
order to detect 180H and 160H with high sensitivity, as re­
quired for the product analysis, we also used an optically 
pumped LMR spectrometer.8 The particular laser lines used 
to detect the various radical species are summarized in 
Table I. 

A schematic of the H 20 LMR experimental apparatus is 
shown in Fig. 1. The 2.54 cm Ld. Pyrex flow tube reactor is 
jacketed along the 60 cm reaction zone to provide tempera­
ture control by circulating either silicone oil (T> 296 K) or 
ethanol (T < 296 K). The fluid is pumped rapidly through 
the jacket from a temperature regulated reservoir. Tempera­
ture is measured in the reservoir and at the flow tube by 

TABLE I. LMR detection information. 

Far 
infrared laser Relative Magnetic 

Radical gas/wavelength polarization" field (kG) 

160H HzO/IlS.6 pm 11" 14.4 
CH30H/163 pm a 3.7 

H I60 2 H 20/11S.6 pm 11" 11.9 
CH30H/163 pm a 2.2 

IBOH CH30H/165 pm 11" 20.2 

H IB0 2 H 20/11S.6 pm 11" 3.S 

CARRIER 
GASOIJ' 

MOVEABLE 
REACTANT TUBE 

/ 

FREE RADICAL 
SOURCE 

k 
PRESSURE PORT 

TEMPERATURE REGULATED 
JACKET 

I 
MAGNETIC 

FIELD 

pu~ ABSORPTION TUBE 
MOVEABL;r ~ LENGTH· 1.5 m 

MIRROR 

LASER DISCHARGE 
LENGTH·4 m 

FIG. I. Schematic of the flow tube and LMR detection system. 

Chromel-Alumel thermocouples. For the high temperature 
studies, the bath is heated and regulated by an electronic 
servo mechanism which maintains the temperature to within 
± 1· of a preset value. For the low temperature studies, liq­

uid N2 is injected into a copper coil immersed in the ethanol 
bath. Manual regulation of the liquid N2 flow achieves tem­
perature control to ± 1·. 

In order to minimize the loss of radicals, the inner sur­
face of the flow tube was coated with halocarbon wax. How­
ever, studies at T> 383 K were conducted in an uncoated 
flow tube since the halocarbon wax melts at = 388 K. Heli­
um (> 99.999% purity) was used as a carrier gas, with a 
typical flow rate of =6.5 STP cm3 S-I (STP = 1 atm, 273 
K). The pressure in the flow tube was between 2.0 and 3.2 
Torr, while the average flow velocity ranged from 350 to 800 
cm S-I. The oxygen isotope gas was> 98% atomic 180. 

The H I80 2 radicals were generated in a side arm reactor 
using the following chemistry: 

CI + CH30H-+CH20H + HCI, (4) 

(5) 

Detection 
limit 

(molecule cm-3 )b 

5X107 

6X 107 

4Xlo" 
4XlOB 

4XlOB 

7X lOB 

• (T: Electric field of FIR laser perpendicular to magnetic field. 11": Electric field of FIR laser parallel to magnetic 
field. 

b Detection limit with SIN ::::: I at 1 s time constant. 
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where k4 = 6.3X 10- 11 cm3 S-19 and k5 = 9.5XJO- 12 

cm3 s - I. IO Chlorine atoms were generated by passing small 
amounts of Cl2 seeded in helium through a microwave dis­
charge. The H02 source flow rates were as follows: approxi­
mately 0.02 STP cm3 S-I of a 9% Cl2 in He mixture was 
carried through the microwave discharge by a 2.0 STP 
cm3 S-I flow of He, while the flow of 180 2 was 0.04 
STP cm3 S-I and the flow of CH30H was 0.015 STP 
cm3 S-I. Of the two types of hydrogen atoms on the metha­
nol, it is thermodynamically more favorable for the chlorine 
atoms to remove the hydrogen on the carbon moiety. II The 
H 2COH radicals thus generated, then undergo reaction with 
180 2 to produce H 180 2. The H I80 2 radical source was oper­
ated under conditions such as to ensure that reactions (4) 
and (5) had gone to completion within the side arm reactor. 
This was tested by changing the 180 2 flow rate. As 180 2 was 
added, a point was reached where a further increase in 180 2 
flow did not give an appreciable increase in the H I80 2 signal. 
This indicated that the source reaction had gone to comple­
tion. A small excess of 180 2 was always maintained during 
the kinetic run. 

The H I80 2 radical source was operated to produce 
H I80 2 concentrations on the order of 3 X 1011 cm -3 in the 
flow tube. A typical W 80 2 signal is shown in Fig. 2. The 
H I80 2 signals were calibrated relative to 160H by adding 
excess N I60 just before the detection zone to convert H I80 2 
to 160H by the reactions 

H I80 2 + N I60--+ 180H + 180NI60 , 

180H + N I60--+ 160H + N 180, 

(6) 

(7) 

where k6 = 8x 10- 12 cm3 S-I 9 and k7 = 2.1 X 10- 11 cm3 

8- 1.12 The 160H signals were calibrated by adding measured 
amounts ofNI60 2 to excess hydrogen atoms, so that [ 160H] 
formed is equal to the [NI60 2] added. 

Ozone is added to the flow tube through a moveable 
inlet. Ozone was generated by flowing O2 (> 99.95% puri­
ty) through a commercial ozonizer and collected in a silica 
gel filled trap at 190 K. After pumping off excess O2, the 
ozone was eluted into the flow tube with helium. The elution 

2.0 3.0 
KILOGAUSS 

4.0 

FIG. 2. Part of the LMR spectrum ofW 80 2 using the 118.6Ilm line of the 
H20 laser. The transition used in the kinetic study is indicated by an arrow. 

rate was controlled by varying both the helium flow rate and 
the temperature of the trap between 193 and 273 K. The 
partial pressure of ozone was determined by absorption at 
253.7 nm in a 0.89 cm long cell [u (253.7 nm) 
= 1.15 X 10- 17 cm2]. 13 Once the partial pressure of ozone 

is known, its flow rate is given by 

Fo, = FHePO,/(PT - Po,) , 

where PT is the total pressure in the absorption cell, F He is 
the flow of helium through the cell, and Po, is the partial 
pressure of ozone as determined by the absorption measure­
ment. Ozone concentrations in the flow tube were typically 
varied between (0.1-1) X 1016 cm - 3. 

RESULTS 

Temperature dependence 

Sample first-order H I80 2 decays as a function of reac­
tion time are shown in Fig. 3. The slopes of such decay plots 
yield the effective first-order rate constant k f. The bimo­
lecular rate constant k I is obtained from the slope of a plot of 
k f vs [03 ], Figure 4 shows several such plots for data taken 
at various temperatures. The plots are linear and the [03 ] 

was varied by about a factor of 8. Some data exhibit small 
positive intercepts C::: 1 S -I) which we feel are not signifi­
cant. The bimolecular rate constants are summarized in Ta­
ble II. The error limits indicated are two times the standard 
error obtained from a linear least squares fit to the data. We 

lOr----,----r----r---,----.----.----. 
9 
8 
7 
6 
5 

4 

g .8 

f .6 

~ 

.4 

.2 

45 81 99 

FIG. 3. Typical first-order decay plots for H I80 2 as a function of reaction 
time, for various values of [03 1. Conditions were: T= 333 K; v = 565 
em S-I; [H 180 2 1o = 3X 10" cm- 3; and [031 = 0 (D), 1.15 X 10" (0), 
4.46x 1015 (t.), and 7.86X 1015 em- 3 (e). 
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40 o 

3 6 9 12 
[03] (1015 molecule cm-3

) 

FIG. 4. Plot of k ~ vs [031 for reaction (1) at various temperatures. The 
lines shown are linear least square fits to the data. T= 413 K (0), 333 K 
(0), and 267 K (b.). 

estimate the overall accuracy of the measurements to be 
± 20% at the 95% confidence level. 

The measured values of k I from this experiment are 
plotted in Arrhenius form in Fig. 5 along with the results 
from other direct· studies. The temperature range of our 
study was from 245 to 413 K. As a consistency check, we 
have also remeasured the rate coefficient for the 
W 60 2 + 160 3 reaction at T = 298 K and T = 333 K using 
the C2F3CI scavenger. These data points are indicated by 
triangles in Fig. 5 and agree well with the other data. A 
weighted (weights = 1/ if) nonlinear least squares fit to the 
H 1S0 2 data gives 

k 1(T) = (3.82 ± 2.4) X to- 14 

Xexp[ - (820 ± 190)IT] cm3 S-I. 

The indicated error limits are the 95% confidence limits. As 
can be seen in Fig. 5, the Arrhenius plot for reaction (I) 
exhibits curvature over the temperature range studied. In 
order to provide better agreement with the observed data, we 
have also fit the temperature dependence using an empirical 
three parameter expression of the form 

k 1(T) = (3.2±5.8)XlO- 13 exp[ - (1730±740)IT] 

+ (1.2 ± 0.5) X to- 15 cm3 S-1 . 

TABLE II. Summary of experimental results for H IS0 2 + 160 3, 

Number of [03 1 range k· I 
T(K) experiments (lOIS cm- 3 ) (I0-IS cm3 s-l) 

413 22 0.44- 4.3 6.00 ± 0.32 
373 20 1.13- 7.1 3.95 ± 0.35 
333 21 1.15-12.0 3.15 ± 0.20 
297 37 1.35-11.81 2.14±0.14 
267 12 1.52-10.3 1.60 ± 0.10 
243 16 1.49-13.0 1.50 ±0.07 

• Error limits are two times the standard error from the least square fits. 

T(K) 
500 333 250 200 

10 

9 

8 \ 
\ 

7 
\ 
\ 
\ 

6 1 
\ 
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~ 

4 
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If) 

r<l 

E 
u 

'" 3 

'0 .. \ 
\ 

~ \ 
\ 

2 }\ 
\ 

\ 

f 

I~--------~--------~--~----~ 
2.0 3.0 4.0 50 

1000/T (K- 1
) 

FIG. 5. Arrhenius plot for k l • This work: (e) H IS0 2 + 0 3 and (0) 
H I60 2 + 0 3; Zahniser and Howard (Ref. 4): (.); and Manzanares et al. 
(Ref. 15): (~). The error bars are the 2ulimits derived from thek~ vs [031 
plots. The H IS0 2 data were fit to an Arrhenius expression (solid line) and a 
three parameter expression (dashed line) as described in the text. 

This result is represented by the dashed line in Fig. 5. 
The use of isotopically labeled H 1S0 2 creates the possi­

bility of interference from the scrambling reactions: 

H IS0 2 + 1602_H1602 + IS02 

_H160 180 + 1601S0 

_H180 160 + 160 180, (8) 

since some 160 2 is always present in 160 3 , We have investi­
gated reaction (8) at 297 and 413 K by measuring the decay 
of H 180 2 as a function of reaction time in excess 160 2, No 
reaction was observed and from these measurements we con­
clude that ks < 3 X to- 17 cm3 S-I. Thus, reaction (8) will 
not influence the result of the present study. Also this shows 
that the reverse reaction cannot regenerate H 1S0 2 reactant 
from H 160 2 and IS02. 

Branching ratio determination 

The reaction ofH1s0 2 with ozone has at least three pos­
sible channels as shown in Eqs. (Ia)-(Ic). We have tested 
for H 160 2 production in channel (Ic), at 297 and 333 K by 
adding the scavenger C2F3CI to remove hydroxyl radicals. 
The scavenger blocks the formation of H I60 Z via the reac­
tion of OH with ozone. Thus, with the scavenger present, 
any H 160 2 detected must come from reaction (Ic). The only 
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2126 Sinha, Lovejoy, and Howard: Reaction of H02 with ozone 

significant reactions in this experiment are the reactions of 
0 3 with the two H02 species. The integrated rate equation is 

[H I60
2
L = [HI802]oe-k,[O,]t(I _e-klc[O,]t). 

Where [HI80 2]0 is the initial concentration for that species, 
t is the reaction time, and kl is the rate constant for reaction 
ofHI60 2 with ozone. Since we did not observe any H 160 2, its 
concentration must be less than our detection limit, 
<SX108 cm- 3

• This gives k lc <2X1017 cm3 s- l
• Other 

mixed isotope products such as H I80 160 and H I60 180 are 
also possible and these channels would contribute to the 
measured rate coefficient k l. The fact that kl for H I80 2 

agrees well with kl for H I60 2 and that these processes re­
quire an unlikely molecular rearrangement lead us to con­
clude that such reactions are not significant in our experi­
ment. 

The determination of the 180H vs 160H product 
branching ratio was difficult because of potential interfer­
ences from rapid secondary chemistry, particularly scram­
bling reactions. Efforts to detect 180H directly in prelimi­
nary experiments were unsuccessful and the magnet power 
supply failed to operate properly at the high magnetic field 
strengths required (H::::; 20 kG). Large [ 160H] were detect­
ed as a primary product; therefore, we concentrated our ef­
forts on making quantitative measurements of the 160H 
yield. 

In order to minimize the effects of the scrambling reac­
tions, we have determined the branching ratio by observing 
the initial appearance of 160H from reaction ( 1). By looking 
at very short times (t::::;9X 10-3 s) and using minimal 
[CH30H] ([CH30H] ::::;4 X 1013 cm- 3

), we can overcome 
the problems arising from secondary chemistry. This set of 
experiments was conducted in the following manner. The 
amount of 160H produced from a reference reaction, 
H I60 2 + 160 3, where the yield is 100%, is compared to the 
160H product yield produced from the reaction 
H I80 2 + 160 3 , This method is successful because reaction 
(1c) plays a negligible role in the isotope scrambling pro­
cess. Figure 6 shows the appearance curve for 160H pro-

'" 
C 
~ 

.0 
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~ 
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10.0 

5.0 

0 
0 

000 

/ ~
o 000 

/ / 

// "" .... 
/ / 

/ " / / 
/ / 

/ " / // 
/ / 

/ " 
/ " 

//" 
// 

1 

50 
1 1 

10.0 15.0 20.0 

t (10'3 5 ) 

-

FIG. 6. 160H appearance curves for reaction (I) product measurements. 
160H produced from the reference reaction H I60 2 + 160 3 (0). 160H pro­
duced from the reaction, H I80 2 + 160 3 (0). The experimental conditions 
were identical for the two data sets: P = 1.0 Torr, T = 297 K, v = 2390 
cm S-I, [03 ] = 8.91 X 1014

, [He] = 3.16X 1016, [CI2 ] = 1.1 X 1013
, 

[CH30H] = 4.45X 1013
, [

180 2 ] = 4.45X 1013
, [

160 2 ] = 4.45 X 1013
, 

[H02]o = 6X 1010. All concentrations are in units of cm- 3
• 

duced from the reaction of H I80 2 with 160 3 as well as from 
the reference reaction of H I60 2 with 160 3, Both reactions 
were conducted under identical conditions. In particular, 
care was taken to ensure that the [03]0 and [H02]0 were 
identical for both measurements. The [H02 ] was calibrated 
by converting both H I80 2 and H I60 2 to 160H by adding 
N I60 [see reactions (6) and (7)]. Equal amounts of 160H 
produced from [HI60 2]0 and [HI80 2]0' after adding N 160, 
signified that [HI60 2 ]0 = [HI80 2 ]O' By taking the ratio of 
the [160H] obtained from the two reactions (as shown in 
Fig. 6), we find that = 80% of reaction (1) proceeds via the 
160H channel. 

In making the branching ratio measurement we must 
account for possible rapid scrambling reactions. We have 
investigated the importance of reaction (9a) by measuring 
the total removal rate of 180H by ozone using the less sensi­
tive 79 pm H20 laser for 180H detection: 

180H + 160
3 

_ 160H + 180160160 

-H02 + O2 , 

(9a) 

(9b) 

The rate constant for reaction (9) was determined to be 
k9 = (S.4 ± 1.0) X 10- 14 cm3 S-I at room temperature, 
which is in good agreement with the reported value for reac­
tion (2) of k2 = (6.S ± 1.0) X 10- 14 cm3 S-I.4 This is too 
slow to playa significant role in the branching ratio measure­
ments. 

A second process which could potentially interfere in 
the OH branching ratio determination is 

180H + CH30H _ CH20H + H2
180 , (10) 

(11 ) 

where k lO =7.SXlO- 13 cm3 s- 19 and k l1 ::::;2.6XlO- 11 

cm3 s - 1.14 A computer model was used to assess the influ­
ence of these reactions. The reactions used in the model 
along with their rate coefficients are shown in Table III and 
the results of sample calculations are displayed in Fig. 7. The 
lowest curve in the figure represents the amount of 160H 
that is produced if reaction (1) were to proceed exclusively 
via the 180H channel, i.e., 0% 160H, with the 160H being 
produced only by reactions (10) and (11). The upper curve 
in the figure represents the amount of 160H that is produced 
if reaction (1) were to proceed exclusively via the 160H 
product channel. Figure 7 demonstrates that under the ex­
perimental conditions used, secondary chemistry is minor 
and that monitoring 160H appearance permits an accurate 
determination of the branching ratio. 

An independent test of the OH product measurement 
was conducted with a different H I80 2 source. In the new 
source, H I80 2 was generated by the following three-body 
recombination reaction in a high pressure (P::::; 20 Torr) side 
arm reactor: 

(12) 

The characteristics of this source have been described pre­
viously.4 The source has the advantage of not using CH30H, 
although it does use large amounts of 180 2, Some results 
obtained with this H02 source are shown in Fig. 8. These 
measurements indicate that = 7S% of reaction ( 1) goes via 
the 160H channel. Computer simulations were carried out to 
confirm that under the conditions used, secondary chemis-
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TABLE III. Reactions used in modeling study.· 

Rate constantC 

Reaction (cm3s- l ) 

1. H I80 2 + 1603 ..... H180 + 160 2 + 180 160 varied in model 
2. H I80 2 + 1603 ..... H160 + 160 2 + 180 2 constrainedd 

3. H I"02 + 1603 ..... H160 + 160 2 + 160 2 2.IXIO- 15 

4. H I80 160 + 03 ..... H160 + 180 160+ 1"02 2.IXIO- 15 

5. H I80 2 + H I80 2 ..... H!802 + 180 2 1.7x 10- 12 

6. H I80 + 1603 ..... H180160 + 160 2 6.8X 10- 1• 
7. H I60 + 1603_H1602 + 160 2 6.8X 10- 1• 
8. H I80 + CH30H-CH20H + H!80 7.5X 10- 13 

9. H I60 + CH30H-CH20H + H!60 7.5x 10- 13 

10. H I80 + H I80 2_H!80 + 180 2 7.0X 10- 11 

II. H I60 + H I80 2_H!60 + 180 2 7.0XI0- 11 

12. CH20H + 1802_H1802 + H2CO 9.5X 10- 12 

13. CH20H + 1602_H1602 + H2CO 9.5x 10- 12 

14. CH20H + 1603_160H + 160 2 + H2CO 2.6X 10- 11 

IS. H I8O;;;.1I 5.0 

16. H I6O;;;all 5.0 

17. H 180 2;;;all 1.5 
18. H 160 2;;;all 1.5 

a Experimental conditions used are listed in the caption of Fig. 6. 

Reference 

this work 
this work 

9b 

4b 

4 
9b 

9 
9b 

9b 

lOb 

10 
14 

this workb 

this work 
this workb 

this work 

bThe rate constants for reactions involving species containing 180 have been taken to be equal to the rates for 
the 160 species. 

CUnits for first order reactions are S-I. 
d The value for this rate constant was constrained such that the sum of the rate constants for the 180H and 160H 

channels was 2.14x 10- 15 cm3 S-I. 

try was negligible. Thus, by measuring the initial appearance 
of 160H using two different H 180 2 sources we conclude that 
reaction (1) goes predominately via the 160H channel 
(75 ± 10)% at 297 K. 

DISCUSSION 

The use of isotopically labeled W 80 2 has allowed us to 
study the reaction H02 + O:~ with minimal interferences 
from secondary chemistry. Since the present measurements 
were made with a species which is different from the most 
abundant natural isotope of oxygen, the possibility of a ki­
netic isotope effect must be given some consideration. We 
expect the effect to be small because of the relatively small 

12.0 

10.0 
80 

'" 'E 
u .. 
Q 

I 
0 
!!! 

5.0 10.0 15.0 20.0 
t (10-3 5) 

FIG. 7. Computer simulations of 160H appearance curves. The reactions 
used in the simulation are listed in Table III. The experimental conditions 
are the same as in the caption to Fig. 6. The assumed yields of 160H from 
reaction (1) are indicated on the right. The lines show the computed 
[l60H]. 

isotope mass difference between 160 and 180. An assessment 
of the magnitude of the effect on the rate coefficient and its 
temperature coefficient requires information about the reac­
tion surface and transition state which are not known to us.4 

Two factors indicate that the effect is probably small: ( 1 ) the 
mechanism involves predominantly the transfer of an H 
atom and (2) the room temperature rate coefficients for 
both isotopes species are in good agreement. The results of 
the present study are in reasonable agreement with the ear­
lier work of Zahniser and Howard4 and the more recent 
room temperature measurement of Manzanares et al. IS as 

20.0r-------,~---__,_----_.----_, 

15.0 

~ 
c: 
::J 

.0 
10.0 0 

B 
I 
0 

'!! 
5.0 

O~---~~---~-----~----~ o 10.0 15.0 20.0 25.0 

I ( 10-3 5 ) 

FIG. 8. 160H appearance curve for reaction (I) using the high pressure 
(H + O2 + M) source. 160H produced from the reference reaction 
H I60 2 + 160 3 (0). 160H produced from H I80 2 + 160 3 (0). The experi­
mental conditions were: v = 2370 cm s - I, T = 298 K, P = 1.0 Torr, 
[H02]o = 5X 1010

, [03] = LOX lOIS, [He] = 2.72x 1016, [02] = 4.26 
X lOIS. All concentrations are in units ofcm-3. 
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shown in Fig. 5. We feel that the curvature of the Arrhenius 
plot of Fig. 5 may be real. This trend is not as evident in the 
work of Zahniser and Howard since the temperature range 
of their study is smaller, but their lowest temperature mea­
surements are parallel to the present results. Clearly, more 
data are needed at temperatures below 240 K in order to 
evaluate this apparent curvature. Because of the high H02 

wall loss at temperatures below 240 K, we were not able to 
obtain reliable kinetic data in this region. 

For the purposes of atmospheric modeling, our three 
parameter expression should be tested. A four parameter 
expression with an activation energy on the second term was 
also fitted to the data, but the activation energy derived from 
the fit was not significant. In atmospheric model calcula­
tions the difference between the two parameter and the three 
parameter fits will be the greatest at low temperatures. The 
value of kl extrapolated to 200 K, for example, is 6.3 X 10- 16 

cm3 s- 1 from the Arrhenius equation and 1.3X1O- 15 

cm3 s -I from the three parameter expression. This demon­
strates that uncertainties are very large beyond our measure­
ment range. Reaction (I) is important in the upper tropo­
sphere, lower stratosphere, and in the polar regions where 
very low temperatures obtain. 

One concern from the previous study4 of reaction (I) 
was that the Arrhenius A factor was anomalously low, 
A = l.4x 10- 14 cm3 

S-I. This was shown to be consistent 
with a very tight cyclic transition state.4 In the present 
study, the A coefficient from the two parameter fit is about a 
factor of 3 times larger than the previous value and the first 
term of the three parameter fit gives an A coefficient that is 
close to what a conventional transition state model would 
predict. Unfortunately, the three parameter fit creates a new 
problem of explaining the second, temperature independent 
term. It is possible that it is due to the existence of two inde­
pendent reaction channels. This possibility is consistent with 
the product analysis which indicates a two channel mecha­
nism at 297 K. A study of the temperature dependence of the 
product channels would improve our understanding of the 
mechanism. 

The theoretical work of Dupuis et al. 16 has shown that 
in radical reactions involving ozone, e.g., H + 0 3 and 
NO + 0 3, the 11' orbitals from the terminal oxygen atoms 
which point out of the plane of the 0 3 playa central role in 
determining the geometry ofreactant approach. We postu­
late that in the reaction under study, the H02 radical must 

approach the 0 3 molecule from above or below the 0 3 plane. 
Such a constrained approach geometry is consistent with a 
low A factor. This hypothesis needs to be explored by accu­
rate ab initio calculations. 

We expect that the reaction D02 + 0 3 may show a sub­
stantial kinetic isotope effect, since the transfer of a hydro­
gen atom is found to be the primary step in reaction (I). 
Although very little is known about the reactions of other 
peroxy radicals with 0 3 , they also may be quite slow because 
the analogous hydrogen atom transfer channel is not possi­
ble. For example, Simonaitis and Heicklen 17 reported an 
upper limit of 2.4 X 1017 cm3 

S-I for CH30 2 + 0 3, 
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