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Abstract

Photolysis of ozone at 253.7 nm in a flow system with helium carrier
gas was performed, both without and with added water vapor, and steady-
state ozone concentrations were measured by ultraviolet abso?ption at
315.0 nm.. 02(;Ag) is a primary product of UV ozone photélysis, and
in a pure ozone system each Oz(lA) is responsible fof the destruction
of ﬁwo additional ozone molecules. With water present, the O(lD) forméd
by O

photolyis reacts with H,O to form hydroxyl radicals, and these

3 2
.radicals initiate an ozone-destroying chain reaction carried by HO and
HOO radicals. The experimental results upon addition of water differed
qualitatively from predictions based on the 1981 reaction set, but these

differences could be explained in terms of inhibition of 02(1A) destruc-

tion of ozone by way of HOO quenching of Oz(lA)

rl

2 1 2 :
HOO("A") + 0, (CA ) > H ' =
( ) 2( ) 00( A 'S \)3 l) + 02 °

An experimental study under a variety of conditions and the interpre-

3

tation of the data indicate this rate constant to be 3.3 * 1.6 x

-11 -1

10 cm3 molecule'“1 s ~. The sensitivity of this result to the

uncertainty in the rate constant for radical termination (HO + HOO)

and vice versa was also investigated.



Introduction

The photolysis of ozone in the Hartley band has been shown to yield
Oz(lAg) and O(lDz) with a primary quantum yield of 0.91’2 and the other
0.1 is presumably OZ(BZg-) and O(3P). In a pure ozone system, further

0., destruction occurs

3
1 1 .
0, + hv (253.7) =+ 02( A) + 0('D) (1)
0(11)) +.0, >0+ 3/2 0, (all channels) (2)
1
oz(A)+o3—>202+o (3)
| 2(0 +.0, > 2 0,) : | (&)
net: 5 03 + hv > 7 1/2 02 _ . (5)

Considering the 0.9 primary quéntum yield for (1) and 0.1 quantum yield

for 02 + 0, one expects an overall quantum yield of 4.7 from this

mechanism. If 02 and other buffer gas M are present, additional

‘reactions need to be considered, which tend to lower the overall quantum

yield
0(11))' +M>0+M ‘ | (6)
oz(lA)i +M >0, + M @))
0+0,+M>0,+M . _ (8)

When excess water is added to ozone undergoing photolysis, a

chain reaction involving HO and HOO radicals is set up



INITIATION - ‘
O3 + hv > 02( A) + 0("D) (1) .
o*p) + H,0 + 2 HO - 9)

2
CHAIN (OF LENGTH L)

HO + 0, > HOO + 0, _ (10)
HOO + 0, > HO + 2 0, (11)
TERMINATION '
HO + HOO + H,0 + O, _ . (12)
HOO + HOO ~ H,0, + O, o (13)
HO + H,0, > H,0 + HOO : (14)
SIDE REACTION
1 . ,
02( 4) + 93 +-2 02 +0 (3)
0+0,>20, : ({;)
net: (3 + 2 L) 03 + hv > oxygen . (15)

A long chain length is favored by low radical conceétrations, and low
light intensitiés° When H202 reaches a steady state, the pair of reactions,
(13) and (14), act as a termination step with the same net chemistry as
reaction (12). The rate constants for reactions (1) - 4), (6) - (14)
are regarded as fairly well knqwn,3 except for (12) and (13). The
origiﬂal goal of the experiment was to obtain additional_information
about the rates of (12) and (13).

This experiment Yas.set up to measure the concentrétioné of HO, HOO,
HZO’ and H202 by a tunable diode laser and to measure the concentration
of 03 by 315 nm absorption in a long-path system in which flowing ozone

in helium was photolyzed alternately in the presence and absence of

water. This program was modified when it was found that observations of



‘has come from theoretical stﬁdies

steady state 0, did not agree with those pfedicted by a complete contempo-

3
rary (1981) photochemical model of this system, which is abbreviated by
the chain reaction above with (15) as net result. In order to explain

the qualitative as well as quantitative features of the results, the

nearly resonant energy-transfer reaction was added to the mechanism.

2, ., 1 2,
+
HOO("A") + 0,( Ag) > HOO("A', v,

- 35 - ‘
=1) + 02( Zg ) (16)
Evidence for the 2A' first-excited state of HOO, predicted by Walsh,4

>” and from em:‘Lssion7-9 and .absorp-

1 ‘ :
1:ion'0 studies. Investigation of the near infrared emission of HOO by

2

Becker gg'gl{7 produced evidence that the 2A' > “A" emission was being

pumped by Oz(lA),'forxwhich excitétion to 2A'(\)3 = 1) was energetically

possible. This pumping mechanism was later used to probe for the

presénce of HOO in a flow tube by addition of metastable oxygen and
observing the 2A'(OOO) - 2A"(OOO) emission at 1.43 um;ll Although
it is stated11 that the HOO - Oz(lA) energy transfer is fast, no

quantitative study of this exchange appears to have been published.

The HOO radical destroys ozone in the chain (10, 11), but through

(16) it also destroys an ozone destroyer (3, 4). Under conditions of a

. short chain (10, 11) the addition of water to a photolyzed ozone flow

causes the steady-state ozone to increase. The experiments reported here

provide an estimate of the rate constant for reaction (16).

Experimental

A schematic diagram of the experimental apparatus is presented in

Fig. 1. The reaction cell is a cylindrical quartz tube which has an



inside diameter of 15 cm and a length of 178-cm. The tube is closed at
both eﬁds_by stainlgés-steel endcaps, which are mounted on a rigid steel
frame and sealed onto the quartz tﬁbe with silicone rubber O-rings.
Three 7.6 cm diameter mirrors with 1.85 m ra&iué of curvature are mounted
in the White configuration to give optical paths of 7.4, 14.8, 22.2, or A
29.6 meter. path length. The entrance and exit windows are calcium
fluoride. The reéction cell and optical train are mounted on a Newport
Research Corporaﬁion vibration-isolation table. |

A kinematically mounfed'mirror at the front end of the optical
train allows selection of any one of three spectroséépic light‘sources;
(1) A Sylvania DE 450A deuterium arc lamp; (2) a six volt tungsten
lamp for élignment; or (3) a Laser Analytic tunable diode laser. The
diode laser system has a Pbl—xCde emitter of a compogition to
produce emission between 3395:— 3445 cm_l. The emitter is cooled and
;hermcstated by a Cryodyne Model 70 closed cycle helium refrigerator.
Coarse tuning is attained by adjusting éhis temperagure and fine tuning
is done by varying the current through the diode. fhe diverging laser
beam is made parallel by an f/1 ZnSe lens, énd i£ goes through a four-
position carousel optionally to insert a He-Ne alignment laser, a
reference gas cell, or a 2.5 cm Ge etalpn into the beam. The carousel
is in the position labeled "etalon" in Fig. 1. The beam is focused and
chopped by a Bulova 1800 Hz tuning-fork, passes through the long-path
cell, and finally through a McPherson Model 2051 one-metér gfating
monochromator. The infrared beam was detected by a Santa Barbara
Research Center indium antimonide photovoltaic detector dperated at
liquid nitrogen temperature., The ultraviolet beam used for ozone

analysis was detected by an EMI 9783B photomultiplier tube.



The photolytic light for these experiments came from eight 30 watt

General Electric G30T8 low pressure mercury germicidal lamps,'which

emit most of their oﬁfpﬁt in the 253.7 ﬁm'Hg line. The cell wés surrounded
by high reflectance Alzak aluminum éheeting to increase light intensity

and uniforﬁity in the cell. Special constant-current circuits were

built to control the intensity of tﬁese lamps. - Theklight intensity outéide
the cell was measured by a UV enhanced silicon photodiode, and‘the light
inside was measured by ozone or by hydrogen peroxide photolysis.

This experiment was controlléd and data were recorded by a Digital
Equipment Corporation PDP 8/E minicomputer havinngé:K of memory. Data
were stored on the dual drive Dectape unit, and a &isplay scope allows
real-time viewing of the data as they are collected. Data could be
senﬁ.directly~to the Lawrence Berkeley Laboratory (LB;) computer for
detailed analysis and graphical disblay.

Ali gases used in this study were Supplied by LBL.- Tﬁe carrier gas
of extra pure helium flowed through a Matheson moisgure and particulate
filter and through a six to twelve mesh siliﬁa gel trap at liquid
nitrogeh temperature. Distilled water was:stored in a glass saturator
and vacuum degassed befofe use. Ozone was prepared from "high-dry"

- oxygen, which waé purified by passage through a quartz tube con;aining
copper.turnings at 900 K. and through a column of palladium on alumina

pellets at 620 K, and through columns of ascarite and P on glass

2%

beads to remove CO, and H,O. The purified oxygen went through an Ozone

2 2

Research and Equipment Company ozonator and into a high -capacity glass
trap'containing six to twelve mesh silica gel at 196 K to collect the

ozone. The oxygen was driven off by a stream of helium.



In the steady state flow systém there were four regions of uniform
pressure with three locations of sharp pressure drop. The helium carrier
gas first passed at 1;5 atmosbhere pressure through a Manostate Predict-
ability.flowmeter, an& the total flow rate was maintained at 3.38 STP
liters min-1. The carrier gas was then spliﬁ into three:parallel streams,
each one with a Nupro stainless steel needle valve on the upstream end té
dfop the pressure (to about 130 Torr) and to regulate the carrier flow
through the.circui;. A mass flowmeter measured the floé of 0.26 STP
liters min_'1 thrdugh ozone trapped on silica gel at Dry Ice temperature,
and a similar flowmeter measufed the flow (0.74 or 6:074 STP liters
min-l) through a water saturator at 293.0 K. The pressure was not
;ccurately measured at the water-safprator, and thus it was necessary to
measure the water concentration in the reaction cell rgther than to
calculate it from flow rates and vabor pressure. The three streams

"blended in a manifold before entering the reaction cell, The gases enter
and exit the reaction cell through two identical,vt;o-meter long_disperser
tubes running lengthwisé along the top and bottom of the 15 cm diameter
reactioﬁ cell. Considerable effort went i;to the design and construction
of these diéperser tubes so that they would give uniform emission along
the two-ﬁeter length of the tube. They are 3/8 inch o.d. thin-wall Pyrex
tubes Qith one cm long stainless steel capillary tuBes (0.61 mm i.d.)
protruding through the side every 8 cm. The pressure drop across each’
capillary was at leést.ten times the pressure drop along theifull length
of the disperser tube. The turbulence caused by the flow-in process
kept'the contents well mixed, so that the reaction ‘cell acted as a

stirred-flow reactor even though it is relatively long and narrow. The

preésure dropped through the disperser tube to a uniform value of



tration in the absence of photolysis was between 10 and 15 x 10

67.5 Torr in the reaction éell, as measured by a Baratron gauge. The
second dispersef tube provided uniform exit of the géses along the
length of the tube and into the evacuated manifold. The exit'gases
passed through a hot copper tube to’destroy the ozone and then through
the vacuum pump.

Thé oione‘éoncentration was measufed by optical absorption at 315
nm with the 1200 line rnrn-l grating installed in the monochromatér with

0.2 mm slits to give 0.167 nm resolution. The ozone spectrum was deter-

_mined in this apparatus at‘O.l nm intervals between 310 and 320 nm, and

the results (Table 1) agreed with published valués.12 The ozone concen-
' 15

molecules cm-3.

,Thé flow through water saturatpt could be rapidly bypassed, and the
increase in préssure in ;he cell was 2.07 forr at a flowrate of 0.74 STP
liters m:l'.n_1 through thé saturator or 0:21 Torr at a flowréte of 0.074
STP liters min-l. These pressure measurements gave a rough estimate of

the water concentration in the cell, but accurate measurements were made
: v

by highvresolutiOn infrared absorption spectrometry. A water line at

3406.675 c:m-'1 has beén well characterized;13 the integrated line

23

intensity is 6.90 x 10 cm2 molecule—»l cmfl.‘ The water line width

(FWHM) was about 0.015 cm-l, the width of the diode laser was about

10 cm-l, and the diode laser was used to scan the7watgr line at
- . B |

3406.675 cm l, Fig. 2. The concentration of water was 6.8 x 10 3

molecules cm-3 at the slow flowrate and 68 x 1015 molecules cm—3 at

the flowrate of 0.74 STP liters min_l.

4
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Results

Ten experiments were carried out with five different photolysis-
. . ‘o 14 -2 -
light intensities (2.5 - 15 x 107 photons cm ~ s ~ as controlled by
setting the current through mercury lamps) and with two water concentra-
. . . 15 -3
tions at each intensity (6.8 or 68 x 107~ molecules cm ~). In each
experiment measurements were made of Io (the light intensity through
the cell with only helium flowing), the concentration of ozone in the
cell with photolysis lamps off, the steady-state concentration of dry
" ozone with the photolysis lamps on, the ozone concentration as a function
of time when water was added to the flowing system, the ozone concentra-
tion as a function of time after the water was turned off, and finally
the concentration of dry ozone in the dark.
The ozone concentrations as a function of time from just before
. 15 -3 .
addition of water (6.8 x 10 molecules cm ) until about 300s later
are presented for a high-intensity run in Fig. 3 and for a low-intensity
run in Fig. 4. The concentration of ozone in the dark was about

5

12 x 101 molecules cm.—3 in each case, it was reduced to a steady-state

value of abéut 8 x 1015 by the low light intensity and of aﬁout 4 x 10;5
by the high light intensity. Addition of water caused a further reduction
of ozone at low intensity (Fig. 4), but at high iﬁtensity the ozone
concentration increased above its dry steady-state valﬁe upon addition
of water (Fig. 3). (The dip at about 30 seconds was éaused by transient
disturbance to the flgwing system as the water flow was switched on,

and it does not have photochemical significance.) The model-calculated

curves on Figs. 3 and 4 are discussed in a subsequent section.
. , .
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The results of'the ten runs are summarized in Table 2. At each of
five lamp intensities, ozone concentrations afe given'for‘dark conditions
and for the steady-state with dry photolysis, and the changes in the
steady-state concentrations of ozone are giveﬁ for low (6.8 x11015) or
high (68 x 1015 molecules cm-3) added wafer concentration. At high
light intensities ozone increased upon addition of water. At low light
intensities, which favors long chain lengths L in (15), the ozone

concentration decreased upon addition of water.

Discussion

~~ From Table 2 it can be. seen that upon addition of water to photolyzed
ozone, the steady-state concentration of ozone increased in most cases,
for example Fig. 3. If one solves the complex mechanisms (5) and (15)

by the usual steady-state algebraic methods using currently accepted

: - . . 3, .
values for the rate coefficients,” it is found that ozone decreases upon

addition of water in all cases. The concentration of ozone as a function

of time was calculated from an accurate numerical model (as described

- below) using the first 33.chemical reactions in Table 3, which are the

coﬁplete set according to the 1981 chemical model.3 The calculation

3 02, HZO, and He and for flow-out

of all'species_in the system. This photochemical model unconditionally

included expressions fér flow-in of O

predicts a decrease in ozone in all cases; the observed increase in
ozone is qualitatively inconsistent with the model. Thus observation
indicates that the 1981 chemical madel is incomplete in some sense,
that is, some important species or reagtion is not included. A§ notéd
in the introductibn, the resonant energy~transfer reaction (16) between

HOO and Oz(lAg)'is known to be fast, although the rate constant is not
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known. It can be seen qualitativéiy that (16) tends to remove reactions
(3) and (4)_from the mechanism of ozone photolysis in the presence of
water (15). Aﬁ approximate steady-state algebraic analysis shows the
;o.éppear only in ratio to the constants k aﬁd k, ..

16 12 13

So far as the ozone rate is concerned, one can mask the absence of (16)

- rate constant k

-

from the mechanism by an unduly large value of klz'or k13. This
intgresting interpretation can be made without a detailed numerical study,
but such a detailed analysis is required to reach quaﬁtitative conclusions.
Reaction (16) was added to the first 33 in Table 3 in the model calculations.
Inspection of the ozone measureménts made in tﬂé absénce of photolysis
showed that the flow rate of ozone from the saturator into the cell
;nderwent a long-term drift. It initially increased, leveled off, and
finally decreased with time. The initial increase ishattributed to
migration of adsorbed ozone in the éilica’gel trap toward the exit port,

while the later decrease is due to depletion of ozone on the silica gel.

These dark measurements of O3 were fit to the functional form

-a, t -(a, + a.)t.
_ 1 _ 1 2
[03] = Cle Cze ; . (17)

The change of ozone with time is summarized in Table 4, and the agreement
of the observations wiﬁh the calculated function (17) is usually better
than one percent. This function for the change of ozone with time during
the experiments was used in the numerical modeling of this system.

The detailed numerical model used the 34 reactions of Table 3 and
a model of flow-in and flow-out of the reaction cell. Because of the
unifbrm injection and removal of gases from the dispersers along the

full length of the cell, the’flow model is that of a stirred-flow
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reactor. The approximate value of the photoiysis intensity I was known
from the measured lamp current and from calibrations with static ozone
decay or static H20 dgcay. This value was used in the model'to calculate
the steady-state ozone cqncentration under conditions of dry'photolysis,'
and the nominal value of I was refined iteratively to give agreement
bet&een observed and calculated steady state dry ozone. The rate
constanté used were those of a 1981 NASA evaluation.3 This evaluation

y 12 to be uncertain by a large factor and
probably to fall in the interval 4 to 20 x 10-ll cm:‘rmolec;.ule_1 sfl.

regarded the rate constant k

These calculations were carried out using values for k12 between 2 and
32 x 10_11. The calculations were made with a modified version of the

CHEMK program,M’15 based on Gear's method16 for numepically integrating

a system of differential equations, to obtain the concentration of all
species as a function of time. . : -
Figure 3 shows one set of observations and four model calculations
s . AL5 ' =3 .
for the situation after 6.8 x 107~ molecules cm ~ of water are added to
a steady-state ozone situation in a dry cell. The three lower curves

omit the energy-transfer reaction (16) between HOO and Oz(lAg), and the
11

values of k are (from bottomvup) 4, 8, and 16 x 10~ cm3 molecules—l

12
-1

s . In all cases the calculated ozone decreased upon addition of water,

whereas the observed ozone showed a substantial increase. The upper

solid-line calculated curve in Fig. 4 is for the case of k12 =
- - -1 -1
- x.lO'11 and k16 = 3 x 10 11 cm3 molecule s

initial pertﬁrbation caused by switching on the water flow, the calculated

. Aside from the

‘curve matches the observed cyrve both with respect to build-up as a .

function of time and thevstéady—state_value. Calculated curves give an
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equally good fit to the data for the following three pairs of rate

coefficients (units of 10-1l/cm3 molec:ule-l s-l)

k ' k

12 | 16

4.0 R o
» 8.0 3.0

16.0 - 2.4

The value one infers for klé.depends on the vélue one adopts for k12; and

conversely the smaller the value of k, adopted, the larger is the value

16

of kl2 needed to fit the data. Figure 4 presents calculated and observed

data at relatively low light intensity. The lower curve is for k,, =

12
8 x 10“ll and k. = 0, and it falls far below the observed data. The

16
, . 11 _ -11
upper calculated curve is for klZ and k16 =3 x 10 s

the same pair as in Fig. 3, and again there is a satisfactory agreement

=8 x 10

between calculated and observed ozone.

Using the reaction set in Table 3, the entire experimental sequence
(dark ozone, steady-staté photolysis of dr; ozone, steady-state photolysis
of wet ozone, steady-state photolysis of dry ozone, and.dark ozone) was
simulated for the ten expefimental conditions of Table 2, for values

of k =2, 4, 8, 16 and 32 x 10_11, and for values of k,, = 1, 2, 4, 8,

12 16
-11 3 -1 -1 . .
and 16 x 10 cm” molecule ~ s 7, so that 250 complete simultations
were calculated. The simulation results for each experiment and each
set of k12 and k16 values were averaged between 150 and -300 seconds
(combare Figs. 3 and 4), which correspond to the flow-photolysis steady

state. For each experiment I, the percent deviation PD(I), and percent
root-mean-square deviation (PRD) between calculated and observed ozone

were calculated by the formulas
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PD(I) = 100 <[03]CALC(I) - [OB]OBS(I)>/’[03]OBS(I) (18)

| 10 R b _

PRD = | (1/10) Z (n)2] V ] (19)
=1 :

2 16

verted to a finer mesh grid (41 x 4l)lusing bicubic spline interpola-

The resulting 5 x 5 grid.of PRD as a function of,kl' and k.  was cbn-

tion. This second grid was used to produce a contour map of PRD as a

function of k., and k16 (Fig. 5). There is a range. of correlated pairs

12

of k12 and kl6

_ -11 ., _ -11 _
results, from about k12 =4 x 10 with klé-— 4 x 10 to about k12
11

1

20 x 10~ with kl6 = 1.8 x»1o"1 cm3 molecule-1 s—l. For the values

of kl2 of 4, 8, and 16 x,lO-ll, five closely spaced values of k16 as

suggested by Fig. 5 were calculated for each of the ten runs and the

-

that are équally capable of describing the experimental

PRD calculated as before. <Cubic spline interpolation of the resulting

"curves of PRD versus k 6 produced the following optimal values of k

1 16
for each of the three values of k12 (units .of 10-11)
k12_ kg | PRD/%
4.0 4.4 .. 2.02
8.0 3.0 1.47

16.0 ' 2.4 1.44

' - 17-22 |, .. . , :
Recent experimental values indicate that the value of k12 is about

7 x_lO_ll, which gives a best value of kl6 = 3.3 x 10—11.

If 02.ana HOO are assumed to be hard spheres with diameters of 0.34
. .

and 0.35 nm,z3 respectively, the calculated gas~kinetic rate constant
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for this electronic energy-transfer reaction is 2.3 x 10_10 cm3 molec:ule-’l
s » and in this seﬁse this process has a collision—efficiency of between
0.1 and 0.2. Comparison of the range of values obtained in this study
with a list of Oz(lA) quenching rate constants for other molecules24
indicates that this energy-transfer processlis about 107 timee faster
than quenching by a number of molecular species, presumably due to the
near resonance between Oz(lAg - 3Zg-) and HOO [2A'(OOl) - 2A"(OOO)].7

Even the relatively fast reaction of 0, with 02(1A) is 103 times slower

3
than this process.

The fate of electronically eicited perﬁydroxyl-radical HOO* is not
well characterized. The fluorescence rate has not been measured, but
the fluorescence‘rate.coefficient has been estimated theoretically6 to
be 132 s-l. No rate constants for reaction with or deactivatioh By
other molecules have been feported. The eduilibrium'eenstant K16

(= k16/k-l6) for the energy transfer reaction gives some information

[0,1{HOO* (v = 0)] -
~n 3 exp €/kT : (20)

K =
16 [Oz(lA)][HOO(v

0)1]
about the reverse process where 3 is from the electronic multiplicity of

02, the rotational partition functions for HOO and HOO* are assumed to

be about the same, and € is about 925 cm—l, the energy difference in the

zero vibrational state between reactants and products. If kl6 is taken

11 3

to be 3.3 x 10 cm3 molecules-1 s-l, the value of k_ is-l.2 1-:_10-1

' 16
at 298 K and 3 x 10-14 at 225 K. The rate coefficient for removal of

HOO* by the reverse reaction is k—16[02]’ and this rate coefficient

would equal the calculated6 fluorescence rate if [02] =1x 1015

15

4

molecules cm'-3 at 298 K or 4 x 10 at 225 K. 1In this experiment the
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1
concentration of ozone was 4 to 12 x 10 5, and the concentration of oxygen
from the photochemical destruction of ozone was of about the same magnitude.
The fact that this experiment detected a large effect outside the range

. 3. ..
of currently accepted reactions™ indicates that collisional deactivation

of HOO*
2, 2, |
HOO(“A') + M ~ HOO("A") + M (21)

has a raté constant substantiélly larger than 1.2 xlO-'13 cm3 molecules_l
s—l, the indicated value for k—16'

The implications of this result should be examined in several
‘.contgxts. Since HOO quenching of 02(1A) is so fas;, its effects should
be considered when analyzing the laborétory kinetics of Oy ; HO; systems.
When ozone is being.photol§zed below 300 pm to proddce 02(1A), neglect
of k16 may lead one to assign'spuriously high values of klZ as
illpstrated by this experiment (Figé. 3, 4, 5). This source of system;tic
error in kinetic studigs,is feduced if a l%rge concentration of oxygen
is‘pfeéent (noté the effect of reéctio; 8 following reaction 3). The

following considerations are much more speculative. It may be noted

that these reactions are exothermic:

1

HO + HOO + H,0 + oz(lA) , (22)

1 _
HOO + HOO ~ HZOZ + 02( A) (23)

where HOO* denotes HOO(ZA'); the values of AHOO are respectively -188

and -46 kJ mol-l. 1f reactions (22) and (23) occur, in a system containing

HO and HOO, there would be production of 02(1A) and thus HOO*, and
there might be unrecognized chemical reactions of HOO® in competition
with its deactivation (21). Such reactions may explain some of the

14

pressure'effects22 and discrepancies in the literature between reported

valges of k12 and.kl3.
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The magnitude of the effect of reaction (16) on stratospheric chem-

istry can be estimated. Recent measurements of HOO mixing ratio give

4.7 x 10719 at 37 Kkm.2®

At 37 km Krueger's 1976 U.S. Standard Atmosphere

Mid-Latitude Ozone Model indicates an ozone mixing ratio at this

altitude of 8.0 x 10—6. ‘The relative rates. of destruction of Oz(lA)

at this altitude are:

Species,
Q kQ {Q)/ M} Relative kQ[Q]
air 0 45x10Y 0 1.0 | 1.00
o, 4.6 x10° 80x10% T o.08
HOO 3.3x10 4.7 x 10710 0.03

Reaction (16) cbntributes é few peréent to the quenching of 02(1A) in
this region of the atmosphere. ‘

In the upper stratosphere the mole fraction of Oz(lA) isra few
parts per ﬁillion, and the ratio of Oz(lA) to'O2 is’ about 10-5. If
reaction (16) is maintained at chemical equilibrium (20), then HOO*
would be about one percent of HOO. Because of collisional quenching of
HOO*, its photochemical steady state is probably less than the chemical
equilibrium value, but even so some interesting excited-state chemistry

of HOO* may occur in this region or some emission from HOO* might be

detectable.
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‘Table 1. Absorption cross sections (cmz/molecule, base e) for ozone

-]
averaged over each A.

AR 10%% AR 10%% AR 10%%
3100 10.31 3134 - 7.02 3168 3.97
3101 10.28 3135 7.06 3169 .05
3102 10.26 3136 7.00 3170 4.13
3103 110.22 3137 © 6.86 3171 4.15
3104 10.10 3138 6.70 3172 4.09
3105 9.89 3139 6.55 3173 4.03
3106 1 9.70 3140 6.36 3174 4.00
3107 9.57 3141 6.20 3175 4.09
3108 © 9.51 3142 6.01 3176 424
3109 9.40 3143 5.78 3177 4.20
3110 9.37 3144 5.63 3178 4.05
3111 9.31 3145 5.49 3179 3.90
3112 9.26 3146 5.41 3180 - 3.77
3113 9.22 3147 5.36 3181 3.67
3114 9.21 3148 5.30 3182 3.55
3115 9.13 3149 5.27 3183  3.40
3116 8.94 3150 5.20 3184 3.24
3117 8.67 3151 5.12 3185 3.13
3118 8.38 3152  5.08 3186 3.06
3119 18.23 3153 5.14 3187 2.97
3120 8.06 3154 5.27 3188 2.91
3121 7.89 3155 5.43 3189 2.82
3122 . 7.77 3156 5.51 3190 2.75
3123 7.64 3157 5.43 3191 2.72
3124 7.51 3158 5.23 3192 2.77
3125 7.36 3159 5.04 3193 2.93
3126 7.21 3160 4.83 3194 3.09
3127 7.12 3161 4.67 3195 3.21
3128 7.04 3162 4.57 3196 3,17
3129 6.97 3163 4.47 3197 3.08
3130 6.91 3166 4.40 3198 3.02
3131 6.82 3165 4.26 3199 3.12
3132 6.85 3166 4.14 3200 3.22

3133 6.95 3167 4.04 3201 3.20
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Table 2. The effect of adding water on the steady-state concentration

of ozone under photolysis at 253.7 nm.

. 1
Photolysis 15 -3 Change in [03]/10_5
. [03]/10 molecules cm ~ : 15 -
Intensity . upon added [HZO]/IO
1014 photons - AH_O AH.O
cm—z -1 Lamps Lamps on, 2 2
s " off dry . 6.8 68
14.2 15.1 5.05 . .40.29 +0.58
10.8 11.6 4.23 +0.30%  +0.48
7.68 9.9 4.30 +0.26 +0.39
4.78 13.8 8.15 -0.17°  -0.38
2.19 15.1 12.1 - -0.61 -1.30

aFigure 3.

bFigure»4.
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Table 3. Mechanism and rate coefficients used in simulation studies.

o(cm~?/molecule)

03 + hv > 0,¢') + o('D) | * 1.0E-17
03 + hv - >0, +0 ‘ © . 1.0E-18 .
H,02 + hv | - OH + HO | 7.4E-20
| L
0(!D) + 0, >0, + 0, SR 1.2E-10
o('D) + 03 ) +0,+0+0 2.3E-10
0(!D) + H20 | > OH + OH o 7 2.3E-10
o(!p) + 0, | >0 + 0,('%) 3.6E-11
o('D) + He +0+H - © 1.0E-15
o('D) + H,0. ‘ - OH + HO, : 5.2E-10
0,(') + 0, >0, +0, +0 o . 4.4E-15
0,(1A) + H,0 50, + HO ' 4.0E-18
- 02(1A) + 0, + 0y + 03 . 1.7E-18
02 ('A) + He > 0, + He : 8.0E-21
0 + 03 >0, + 0, . " 8.8E-15
0+ 0, +H0 > 03 + H0 ' . 5.6E-33"
0+ 0, + He > 03 + He 3.4E534b
0+ 0; +0, | 05 +0, | 6.4E-34°
0 + 0, + O3 > 03 + O3 L 1.7E-33P
0 + OH | >H+ 0y ~ 4.0E-11
0+ HO, - >OH+0, 3.5E-11
0 + H,0, > OH + HO, - 2.2E-15
OH + 03 ’ + HO, + O0; 6.8E~14
OH + OH + Hy0 + O .-1.9E-12
OH + OH + M > H0, + M y  2.6E-31°
OH + H,0; > HOp + H20 1.7E-12
HO, + O3 +OH + 0, + 0, 1.6E-15
HO2 + HO; o + Hp02 + 02 3.6E-12
H + 0, > O0H+ 0, S 2.9E-11
H+ 0, + He > HOp + He 1.8E-32°
H + 0, + Hy0 > HO, + H20 " 4.sE-31P
H+ 02 + 02 - .+ HO, + 0 S 5.6E-32"
OH + HO» + H,0 + 02 , _ parameter
CZ(IA) + HO, _ -+ 0, + HO, ' 7 parameter

. 3 -1 -1 '
qUnits cm’ molecule s except as noted.

Units cm® molecule™? s~!.
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Table 4. Changing ozone concentration with time in ébsence of photolyzing

light; units of 1015 molecules cm-3.

Time s égg?b o 2221. ' A[Z3].
o 14.72 14.72 0.0
3390 | 15.64 : 15.64 0.0
6660 | 14.57 © 14.54 -0.2
9840 12.86 12.85 - -0.1.
10500 12.38 12.48 0.8

13740 | 10.81 10.69 S -1.1

16920 9.04 _ 9.08 0.4
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‘Figure Captions

Figure 1.

Figure 2.

Figure 3.

Figure 4.

Figure 5.

Schematic diagram of experimental apparatus.

Absorption profile measurements of the 3406.675 cm-l H20

transition. Trace A is the result of the first (broad) scan

over the HZO line. Trace B is the result of the second

(narrow) scan over the H, O line. (Note the separate baseline

2

for the two scans.) .

Calculated and observed changes in the steady-state concentra-
tion of photolyzed ozone as water is added to a dry system.

The three lower curves are (from top down) klZ
10_11 c:m3.molecules-.1 s-l and k16 = 0; the upper calculated

curve is for ky, = 8 x 107! and k= 3 x 107, High

= 16, 8, 4 x

12

photolysis lamp intensity.

’

Similar to Figure 2. The lower curve is calculated with

3

= 0; the upper curve with

_ ' -11
k12 8 x lQ and k16
Ta—ll ~11 , ,
k., =8 x 10 and k., = 3 x 10 . Low photolysis lamp
12 16 _ v
intensity.

Contour map of percent rms deviation between calculated and
observed steady-state ozone for ten experiments as a
function of assumed values for rate constants k12 (HO + HO0)

1
and k16 [HOO + 02( AN].

4
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