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Summary

The molecular modulation technique was employed to observe the
kinetic behaviour of OH and HO, radicals in the 253.7 nm photolysis of
03;-Hy;0-03—Nj3 (or 03— HyO-0,—-He) mixtures at 1 atm pressure. The
radicals were monitored in absorption at 308.2 nm and 210 nm respectively.
The rate coefficient for reaction (6) OH + HO, - H,O + O, was determined
by computer simulation of the results; the value obtained was kg = (6.2*%9) X
107! cm?® molecule™® 57! which was independent of temperature in the
range 288 - 348 K. The possible role of polyoxide HO, complexes in reaction
(6) is discussed.

1. Introduction

Studies [1 - 5] of the Hartley band photolysis of dilute mixtures of Og
in the presence of water vapour have shown that the overall decomposition
of ozone occurs by a short chain reaction described by the following elemen-
tary steps:

O3 + hv > O('D) + O, kalOs]

o(D)+ M- O(°P) + M (M = Oy, N, ete.) (1)
initiation O('D) + H,0 -~ 20H (2)
chain OH + 03 g H02 + 02 (3)

HO, + Og - OH + 20, (4)
termination HOz + H02 = H202 + O, (5)

OH + HO, - Hy0 + O, (6)

Direct measurements of the rate constants of the elementary reactions in
isolation lend support to the plausibility of this mechanism.
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This system offers one of the few experimental systems which can
provide kinetic information on reaction (6). Relatively high values of the
concentration ratio [OH]/[HO;] can be obtained in steady state photolysis
because reaction (3) is slow. This results in a key role for reaction (6) in the
termination of the active chain carriers.

When H, or CO are present in excess, and when [O,] is relatively large,
OH is rapidly converted to HO,, e.g.

OH + H, (or CO) - H + HyO (or CO,) (7
H+02+M—>H02+M (8)

Under these conditions termination by reaction (5) predominates.

There have been a number of studies of the kinetics of reaction (6)
since it plays an important role in a variety of laboratory systems as well as
in combustion and atmospheric chemistry. Important differences have
emerged in the experimentally determined values of kg. Specifically, studies
in flames [6] and at low pressure (1 - 5 Torr) in discharge flow systems
[7 - 10} have yielded values of kg in the range (2 - 5) X 107** cm? molecule™?
s~! whereas steady state photolysis [5, 6], flash photolysis [11, 12] and pulse
radiolysis [13] studies at pressures above 1 atm indicate a high value of
(1-2)X1071° cm?® molecule™! s71, Clearly more measurements of kg under
a variety of different conditions may help to resolve this problem,

In the present work the 253.7 nm photolysis of O3—H;0-0, mixtures
was investigated using molecular modulation spectrometry to monitor directly
the concentration and lifetime of both OH and HO, radicals. O3 concentra-
tions were also monitored, using conventional absorption spectrometry, to
obtain overall O; decay quantum yields. The kinetic parameters were ob-
tained by computer simulation.

2. Experimental

The experiments were conducted in the molecular modulation apparatus
described previously [14]. The silica reaction cell (86 cm long) was irradiated
with up to six low pressure mercury lamps emitting radiation primarily near
253.7 nm (Philips TUV 30 W); the radiation was modulated with a square
wave at frequencies between 0.3 and 50 Hz. HO, absorption was monitored
at 210 nm using light from a stabilized deuterium lamp (Manufacturers
Supply Ltd.) which was resolved on a 0.25 m double monochromator (Spex
Doublemate) with a spectral slit width of 3 nm. OH was measured by reso-
nance absorption of radiation emitted from a microwave-powered discharge
lamp through which moist argon flowed at 1 Torr pressure. The monitoring
beam was dispersed in a 0.75 m monochromator (Spex model 1700) with a
spectral slit width of 0.1 nm centred on 308.2 nm, the maximum of the Q3
line in the A 25* — X 2J1 system of OH. The modulated absorption was de-
tected on a photomultiplier and was fed to a digital lock-in system which pro-
vided separate in-phase and in-quadrature components of absorption, P and @
respectively. The minimum detectable modulated absorption was about
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2 X 107°, corresponding to concentrations of approximately 5 X 10'° mole-
cules cm™2 and 2 X 10° molecules cm™2 for HO, and OH respectively. O,
concentration measurements were obtained from absorption measurements
at 240 nm.

Reaction mixtures containing O3 ((0.4 - 4) X 10'® molecules cm™3) and
H,O ((1 - 5) X 107 molecules cm™3) diluted in O,—N, or O,—He at a total
pressure of 1 atm flowed through the cell with a residence time of 15 - 45 s.
Measurements of radical absorption were made on the flowing mixture under
modulated photolysis after steady conditions had been attained, Typically
about 30% of the O3 was decomposed in the cell. Since O3 has a significant
absorption cross section (5.0 X 107'® cm? [15]) at 210 nm (the monitoring
wavelength for HO,), the O3 concentration changes in the cell gave rise to
additional modulated absorption which appeared mainly as an in-quadrature
component at low frequency. A correction was made to the observed value
of @ on the assumption that O; consumption occurred only during photoly-
sis; thisled to a “saw-tooth’’ waveform with an in-quadrature amplitude com-
ponent of AV7/8, where AV is the voltage change per cycle and 7 is the mod-
ulation period. Since the radical species which react with O3 have a finite life-
time, this assumption is not strictly true for all modulation periods. The errors
introduced were subsequently explored in computer simulations of the ex-
periments and were found to be small but significant. The Og absorption at
308.2 nm was too weak to influence the measurements of OH absorption.

O3 decay quantum yields were determined from measurements of O,
decay in a static system. Experiments with excess H, present were also
conducted in a static system and a correction for the O3 absorption at 210 nm
on the HO, signals was made as described previously [16] for this type of
experiment. All processing of the signals from the digital lock-in system was
performed on-line using a small computer (Commodore PET 3200), and
radical absorption components were printed out together with other experi-
mental parameters.

O, (breathing grade BOC) was purified by passage over CuO at 633 K,
soda lime and an activated molecular sieve, CH, at 16 - 18 ppm remained as
the only detectable hydrogenous impurity. The amount of CO was less than
0.1 ppm. O; was produced in the O, stream either by UV irradiation (using
Philips OZ4 lamps) or, when higher O3:0, concentration ratios were required,
by passage through a small silent discharge ozonizer. The O,-0; flow was
then mixed with a stream of nitrogen or helium, part of which was saturated
with water vapour to provide the required composition. Experiments were
conducted at 288, 308 and 348 K.

3. Results

3.1. Photolysis of Hy;—03;—0; mixtures: determination of the O3 photolysis
rate

Mixtures of Hy, Oz and O3 (1.7 X 10'? molecules cm 2, 0.6 X 10'®
molecules cm™2 and 7 X 10 molecules cm™? respectively) were photolysed
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and the HO, absorption was measured over a range of modulation frequencies
from 0.3 to 25 Hz. In this system O(}D) reacts predominantly with H,:

O('D) + H, - H+ OH (9)

The fraction f' of O(*D) reacting by reaction (9) was 0.90 - 0.95, and the
subsequent chemistry is dominated by reactions (7), (8) and (5). The kinetic
behaviour of HO, is described by .

d[HO,]
dt

Here 2B is the total production rate of HO, when the lights are on and is
equal to 2f'k,[O3], where &, is the rate of photolysis of O3 to give O('D).
In the dark B = 0. The solution of the second-order kinetic equation (I) for
the square-wave-modulated system has been described previously [14]. The
measured parameters P and @ are functions of B, ks and the HO, absorption
cross section oyg, at the monitoring wavelength. Since the cross section is
known (4.3 X 10~ “18 em? at 210 nm [16]), B and k; can be evaluated.

Figure 1 shows data for P and @ as functions of 7 for different photo--
lytic intensities. The form of the curves is typical of a photochemically
modulated transient species, with large in-phase absorption at low frequency
when the radical concentration oscillates between a low value in the dark
and its steady state during illumination. As the photolysis period decreases
and becomes comparable with the radical lifetime, an increasing proportion

= 2B — 2ks[HO,)? )

HO2 Absorption =10*

< Period (s)

Fig. 1. In-phase (O, 0, O) and in-quadrature (®, 8, 4) absorption of HO3 at 210 nm in the
photolysis of O3—09—Hy mixtures at 308 K: O, ®, onelamp photolysis; ¢, ¢, four-lamp
photolysis; O, ®, six-iamp photolysis. The data were normalized as descnbed in the text
The curves show best-fit second-order curves using kg = 2.08 x 10~ 12 ¢m?3 molecule™

s ! (HOp + HOz ~> Hp0, + Oy).
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of the absorption appears in the in-quadrature component and the overall
magnitude of the modulation decreases.

The data in Fig. 1 were normalized by dividing the absorption com-
ponents and multiplying the period by n'/? (n is the number of photolysis
lamps). For second-order kinetics the normalized absorption components as
functions of 7 should then be represented by a single pair of curves. A pair of
second-order curves generated by a weighted least-squares fitting method are
seen to describe the data well, except the in-phase absorption at low fre-
guency where the large correction, due to Oy absorption, may be a source of
error. These curves correspond to kg = 2.08 X 10712 ¢cm?3 molecule ! 571,
kya=2.4X10"251 lamp™!.

The average values of k5 and k, from experiments at 308 and 348 K
with and without H,O present are summarized in Table 1. The value of &,
decreased with an increase in temperature owing to a decrease in the lamp
output at elevated temperatures. The values of kg agree closely with those
obtained previously [16] and confirm the negative temperature coefficient
for this reaction. The presence of H,O caused a slight increase in kg at both
temperatures but the increase was not significant.

3.2. The photolysis of O3—0,-H,0-N, mixtures

In these experiments concentrations of O;—N; were typically in 100-
fold excess over the concentration of H,O and the predominant fate of O(1D)
was deactivation to O(3P) by reaction (1) with the subsequent formation of
03 bY

O(P) +0, +M > O3 + M (10)

which is the only important reaction of O(®P) for all the experimental condi-
tions used here. The fraction f of O('D) reacting with H,O was 0.03 - 0.10,
as calculated from the relative rate coefficients for O(1D) reactions given in
the recent CODATA evaluation [17]. The overall effect is a net production
of HO, species and consequent O3 decay, involving reactions (3) - (6).
Measurements of the modulated absorption components of HO,; and OH as
functions of 7 were made at different radical production rates B obtained by
varying f (using different [H,O1]), k, (using different photolysis intensities)
and [Og4].

TABLE 1
Values of &, and kg, obtained from photolysis of Hy—02—03 mixtures

Temperature Py.0 kg, X 107 kg x 1072
(K) (Torr) (s 1lamp1) (em3 molecule™ 571)
308 0 2.44 £ 0.10 2.08 + 0.20
3.0 2.43 + 0.20 2.20 + 0.20
348 0 175« 0.30 1.34 + 0.156
10.5 1.67 + 0.27 1.58 + 0.16

The error limits of + 20 were obtained from the fitting procedure.
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A typical set of data illustrating the dependences of P and @ on 7 for
HO, at 308 K are shown in Fig. 2. The form of the curves is again typical of
a transient species. From such curves the period 74 corresponding to the
point where P = @ and the magnitude A, of the absorption at this point
could be determined. These quantities are a measure of the lifetime of HO,
and the concentration modulation of HO, respectively and are related to the
rate parameters of the elementary reactions controlling HO, kinetics. How-
ever, because of the complexity of the chemistry a simple analytical deriva-
tion of the relationships was not possible and computer simulation and
fitting techniques were used to obtain rate constants from the data.

The effect of experimental variables on 7, ! and A, is shown in Fig. 3
in which these parameters are plotted against (fk,[0] 3)'/2, i.e. BY/2, where B is
one-half of the total production rate of OH radicals when the lights are on.
The purpose of this plot is to explore possible pseudo-second-order kinetic
behaviour of HO,, which is expected in a chain reaction system where the
chain carrier radicals are initiated and terminated in pairs, There is some
scatter due partly to the random errors in the measurements of the rather
small absorptions but there is nevertheless an indication of an approximately
linear relationship between the kinetically significant parameters and the
square root function over the experimental range. The curves indicate trends
obtained by computer simulation and are discussed later. A significant effect
of temperature on the 7o and A, values is evident from Fig. 3. The lifetime
parameter 75 ! at a given value of B/2 shows a tendency to increase with
decreasing temperature whilst the A, parameter exhibits a trend in the
reverse direction.
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Fig. 2. In-phase (C) and in-quadrature (®) absorption of HOg at 210 nm as functions of

the photolysis period 7 in the six-lamp photolysis of Og (2.38 x 1015 molecules cm™3) in
the presence of H,0 (1.38 X 1017 molecules em3) and Os—Ns (1:1 mole ratio) at 1 atm
pressure and 308 K: — — —, computer fits to experimental data using equal weight to all data
points (I) and points weighted by 7/Tg or 7¢/7 where T is the period corresponding to the
curve crossing (II). The corresponding “best-fit” values of kg are indicated.
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Fig. 3. Plots of {a) the inverse of the period 7¢ and (b) the modulated absorption Aq, of
HO3 at 210 nm, the crossing of the in-phase and in-quadrature curves, against the quan-
tity (fka[O3])1/2 (see text): &, 288 K; ®, 308 K; O, 348 K; experimental errors are indi-
cated by error bars; - — —, approximate loci of the dependence of these parameters at 308 K
generated in computer simulations using the indicated values of kg in units of cubic
centimetres per molecule per second.

Figure 4 shows a typical set of OH absorption data plotted against 7.
Clearly the lifetime of OH is much shorter than that of HO, with the curve-
crossing region lying near the limit of the accessible frequency of the experi-
mental system. At 7> 0.5 s P is maximized and @ is nearly zero, i.e. the OH
concentration—time profile is a square wave in-phase with the photolysis
lamps. Under these conditions P is a measure of the steady state concentration
of OH achieved when the lights are on:

P(r> 0.5) = Looul[OH],,

where I is the path length and ooy is the absorption cross section for OH,
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Fig. 4. In-phase (O) and m-quadrature (®) absorptlon of OH at 308.2 nm in the six-lamp
photolysxs of 03(2.4 x 10'® molecules cm™ ) in the presence of H>0 (2.1 X 1017 mote-
cules cm™ ) and O ~N2 (1:1 mole ratio) at 1 atm pressure and 308 K: , computer
fits with kg = 2 4_1 0 x 10711 em? molecule™ s71 and Oog=(76+05)x 10 17 em2;
error bars, maximum spread of experimental points.

Figure 5 shows a logarithmic plot of the steady state modulated absorp-
tion of OH as a function of the quantity fk,. It can be seen that the data for
O3;—N, as diluent are reasonably well defined by a line with a slope of unity,
indicating a nearly linear relationship between the variables. The [OH] steady
state, however, showed little or no dependence on [O3] as can be seen by a
comparison of the data represented as circles ([Ogz] in the range (1.5 - 2.5) X
10'® molecules cm™3) and as triangles ([O3] in the range (0.3 - 0.7) X 101°
molecules cm™?). In contrast, it was found that the OH lifetime parameter
7o ! increased markedly with [O3] but showed little dependence on fk,,
as illustrated in Fig. 6. Changes in [O3] influence not only the rate of photo-
chemical production of OH but also the rates of OH and HO, interconversion
by reactions (3) and (4). These results indicate that the OH concentration
and lifetime are influenced markedly by the rate of reaction (3). Trends
obtained by computer simulations are indicated by the broken curve and are
discussed later.

3.3. The photolysis of O3—02—H,0—-He mixtures

In these experiments the O, and H,O concentrations were typically
1 X 10*" molecules em™2 and 2 X 107 molecules cm™2 respectively, with the
helium diluent at 1 atm pressure. Since helium does not deactivate O(*D) to
a significant extent [18], the fraction of O(!D) reacting with H,O was rela-
tively high, f = 0.86 - 0.96. The rate of photolytic production of HO, species
was consequently increased by up to a factor of 30 over that in the experi-
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Fig. 5. A logarithmic plot of limiting low frequency in-phase absorption of OH at 308.2 nm
against the quantity fk, (see text) (data in the separate regions were obtained with the
different diluent gases as indicated): &, ®, six lamps; &, O, one lamp; @, two lamps; ®, three
lamps; @, four lamps; @, five lamps; 0, ®, 3,9, ®, ® [03] in the range (1.5 - 2.5) x 1015
molecules cm3; 4, A [03] in the range (0.3 - 0.7) X 1015 molecules em™3; I, change in
computed OH absorption with kg varied from 2 X 10711 ¢o0 25 x 10711 cm3 molecule™
§1and 0o =9 X 10717 em2; |, experimental error.
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Fig. 6. A plot of 7g! from OH absorptions at 308.2 nm against [O3]: ®, ®, diluent gas,
O3-Nj; 0, O, diluent gas, helium; ®, six lamps; @, ™, three lamps; D, one lamp; — — -, approx-
imate locus of computed functional dependence.
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ments with O,—N, diluent. As before, modulated absorption measurements
for HO, and OH were made over a range of photochemical production rates.

Figure 7 illustrates typical data for HO, absorption as a function of 7
using one- and three-lamp photolysis. The threefold change in light intensity
had only a small effect on the absorption components and hence on the HO,
concentration modulation; the magnitude of the absorption was only slightly
greater than in the O,-N, diluent (¢f. Fig. 2) despite the large increase in the
HO, procduction rate. However, the quantity A; showed a marked depen-
dence on O3 concentration as can be seen from a plot of these parameters
(Fig. 8). Itis concluded, therefore, that the behaviour of HO, in the O3—-H,0
system changed significantly when the O;—N, diluent was replaced by helium
with the consequent large increase in HO, production.

Figure 9 shows absorption data for OH as a function of 7 for one- and
three-lamp photolysis. The steady state concentrations of OH were about a
factor of 10 higher than in the presence of the O,—N, diluent, allowing
precise measurement of its kinetic behaviour. It can be seen from Figs. 5 and
6 that the kinetic behaviour of OH as reflected in the functional plots is
similar to that observed in the O,—N, diluent.

3.4. Measurements of O; decay quantum yields ®(—0;)
@ (—03) was obtained from a comparison of the average rate of Oj
decay over the first 30 s of reaction with the light absorption parameter B/2

{210 nm}
T

20—
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Period (s)

Fig. 7. In-phase (O, &) and in-quadrature (®, 4) absorption of HO5 at 210 nm as functions
of the photolysis period in the photolysis of O3 (2.5 x 1015 molecules cm™3) in the pre-
sence of HyO (2.1 X 1017 molecules cm—3) and helium at 1 atm pressure and 308 K: left-
hand side, O, ®, three-lamp photolysis; , computed curve for kg = (5.5 + 0.6} X 10711
cm3 molecule™1 s71; right-hand side, &, &, one-lamp photolysis; , computed curve
for kg = (6.3 + 0.5) x 10711 em? molecule™ s,
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Fig. 8. A plot of HO; absorption at the intersection of curves for in-phase and in-
quadrature absorption against [Og3] in the photolysis of O3—HsO—-He mixtures at 308 K:
O, one lamp; ®, three lamps; — — —, approximate locus of computed dependence for kg =
5.7 X 10711 ¢m3 molecule 1 571, the mean value obtained from these data.
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Fig. 9. In-phase (O,£) and in-quadrature (®, A) absorption of OH at 308.2 nm as functions
of the period 7 in the photolysis of O3—Hz0-He mixtures at 1 atm pressure and 308 K
([O3], 2.5 x 105 molecules cm3; [H,01, 2.1 x 1017 molecules cm—2): left-hand side

O, ®, three-lamp photolysis; ——, computed curve for kg = (5.5 + 0.6) X 10711 cm3
molecule™® s71; gy = (1.18 + 0.03) X 10716 ¢m?2; right-hand side, 4, &, one-lamp photol-
ysis; ——, computed curve for kg = (6.3 + 0.5) X 10711 cm3 molecule™ s71; 0oy =
(1.02 + 0.05) x 10718 ¢m?2,
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over this period. A fixed photolysis frequency of 1 Hz was used for these
experiments since it was found that there was a small but significant increase
in ®(—O0yg) with increasing frequency. The data for a wide range of B are
plotted in Fig. 10 in the form ®(—O3) — 1 versus [O3]/B/2. The basis of
this plot is a steady state analysis similar to that described by DeMore [5]
for the H,—O3—0, system; a linear relationship is expected for unmodulated
photolysis. Although the present data exhibit considerable scatter, they are
not well described by a line through the origin. However, the steady state
analysis is invalid for modulated photolysis and consequently computer
simulation was again used to generate the expected form of the relationship
for the present system. The results are described in the following section.

3.5. Determination of kg

3.5.1. Steady state analysis

The differential equations governing the kinetics of HO, and OH in the
03-H,0 system involving reactions (1) - (6) are
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Fig. 10. A plot of & — 1 vs. [03]/B1’2 for modulated photolysis (T = 1 s) of O3 in the
presence of HyO, where @ is the quantum yield for Og removal (= d[O3]/dt divided by
oka[03]) and B = —;—ﬂea[ 0O3]: O, ®, diluent, O3—Ng; O, B, B, diluent, helium; ®, ®, six
amps; I, three lamps; O, O, one lamp; — — —, approximate loci of computed functional
dependence using indicated values of kg in units of cubic centimetres per molecule per
second.
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d{OH]
dt

= 2B + k4[O3] [HO2] — k3[OH] [O3] — ke[OH] [HO,] (1)

AHo.1 k3[03] [OH] — &,[03] [HO2] — 2k[HO;1? — k¢ [HO,] [OH]
dt (1I1)

Solution of these equations for the steady state can be obtained for the
following limiting conditions.

(1) When R3 = R, > Rg + Rg (R is the reaction rate), i.e. for a long
chain length, we obtain the relationship [OH] = (k4/k3)[HO,].

Solution of egns. (II) and (IIT) then gives

B 1/2

50sLas = (5 ;)
It follows that the concentration modulation of HO, and OH should be
proportional to (fk,[03])Y/2.

(2) When Rg = Rg > R, + Ry, i.e. when all HO, radicals are removed by
reaction with OH, then

(Iv)

[HO, 1. = ka,[:)a] V)
6
(oH],, = = V1)
=

It is clear from both the quantum yield measurements and the functional
plots of HO, and OH modulation (Figs. 3 and 5) that the long chain length
approximation is not strictly applicable under the present experimental
conditions. The approximately linear dependence of HO, absorption at 74 on
[O3] in the helium diluent experiments (Fig. 8) indicates that [HO,],, may
be approximated by egn. (V) under these conditions. Unfortunately the
steady state absorption of HO, could not be determined from the data,
since the limiting low frequency value of P was not approached. A lower
limit of [HO, ], could be determined from the absorptions observed at
r=1-.2 s, which were a factor of 2.7 + 0.2 greater than A, . Using the known
value of oy, a lower limit of (6.2 + 1.1) X 1074 is obtamed for the ratio
ks/ke from eqn (V). Use of a consensus value for kg of 7.2 X 10714 cm?
molecule™ ! 571 [17] gives

ke < (1.2 + 0.2) X 107° em?® molecule™® s

Although the functional dependence of OH (Fig. 5) is approximately con-
sistent with egn. (VI) over the experimental range, the data provide no
information on the value of kg. They can be used to obtain an estimate of
the absorption cross section of OH for the resonance radiation, i.e,

P.(OH) 2k
OoH = £-(01) ——[—3 ~ 9X 1017 cm® molecule™ 5~

rka

1
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In view of the approximation made, these estimates may be subject to con-
siderable error. Further quantitative analysis was performed using numerical
simulation techniques.

3.5.2. Computer analysis

The computer simulations of the results for the determination of kg
were carried out with the Harwell program FACSIMILE [19] which was
used to perform a double integration to obtain experimentally observed
variables as functions of the kinetic parameters. Integration of the differential
equations describing the time dependence of the chemistry was followed by
a second integration through the photolysis cycle to obtain P and @ at a
given value of 7. Since the experimental values of P and @ for OH and HO,
were average values over the length of the reaction cell, the mix ture composi-
tion was set initially at the mean composition present in the cell with photol-
ysis under steady state flow conditions. In the simulations the concentrations
of O, N, and H,O were held constant but the O3 concentration modulation
about its mean value was reproduced by the introduction of a time-
independent O3 production term, equal to ®(—03)B/2, which balanced the
photochemical removal of O3, This allowed the modulated absorption com-
ponents due to O3 to be computed.

A fitting routine was also incorporated which optimized selected kinetic
parameters to minimize the sum of the squares of the deviations between
observed and calculated values of P and Q. Simulations for different values
of 7, necessary to build up kinetic curves such as those shown in Figs. 1, 2
and 5, were performed simultaneously using FACSIMILE by describing the
variables, concentration and absorption as vectors rather than as scalars. For
example, instead of performing 10 integrations one after the other to cover a
range of frequencies, the variables were made vectors of length 10, each
representing a single frequency. Further synchronization of the calculation
to reduce the number of operations was achieved by scaling the time in each
experiment by the modulation frequency or some multiple of it. Under these
conditions concentration modulation waveforms for different frequencies
are all generated simultaneously and not sequentially. These techniques
reduced computation time sufficiently to allow repeated integrations to be
performed as required by the optimization routine and at a reasonable cost
in computer time (2 min CPU time on the IBM 3033 computer).

The complete reaction scheme included in the simulations is given in
Table 2, Reactions (13) and (14) involving H,O, and also reactions (12) and
(15) played only a very minor role but were included for completeness. The
reaction of O(?P) with HO, played an insignificant role and was therefore
omitted. Photolysis of O3 at 245 nm produces O,(1A) and O(*D) which
generates O,(12) in the system when it is quenched by O,. On the basis of
available rate coefficient data, the excited states of O, do not affect the
behaviour of HO, or OH nor do they lead to a significant effect on & (—O3).
The reaction of O,(*A) or O5(1x) with O4 does occur but the O(3P) produced
rapidly re-forms O3 via reaction (10). The rate coefficients in Table 2 were
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TABLE 2
Reaction mechanism for O3-H,0 photolysis

Reaction k®
(a) Og+hv -  O('D)+ 0,(1A) k,=2.38 x 1072 (s 1lamp™1)
(1) o(lD)+M - O(3P)+M (M=0g,Np) k;=4.6x10"11
(2) O(D)+H,0 - 20H3I) ko =2.8 x 10710
(3) OH+ 04 - HOy + 0y kg =17.25x10"14
(4) HO, + Og - OH+ 20, ky=2.0 X 10715
(5) HOg5 + HO» - HpO0p + Og kg (see text)
(6) OH + HOz - Hz,o + 02 ks (see text)
(10) O3P)+0a+M > Ozg+M (M= 0,, N3) kq0[M]=1.29x10714
(M = He) k1o [M]=0.76 x 10714
(11) OH+OH+M -~ Hy0,+M (M= 0y, N3) kq; [M]=14.56x1012
(M = He) kq; [M]=7.6x 10712
(12) OH + OH > H0+O0 kip=18 x 10712
(13) OH + Hy0, - HO, + HyO kig=1.6 x 10712
(14) Hz0, + hv -  20HZN) ki14= (6.3 x 1073)k, (s71)
(15) OH - wall kig=3.0(s™)

af is given in units of cubic centimetres pex molecule per second unless indicated other-
wise; temperature, 300 K; for three-body reactions k[M] is given for [M] = 1 atm pressure.

all taken from the CODATA evaluations [17] with the exceptions of kg, for
which the experimental values determined in this study in the presence of
H,O were used, and kg, which was varied in the optimization routine to fit
the results. The experimental data were averaged to provide pairs of P and @
values at 10 different periods and these were entered with an appropriate
weighting factor. When OH absorption data were entered, ooy was also
allowed to float to obtain a best-fit value.

Let us consider first the results of the simulations of the HO, data
shown in Fig. 2 for the O,—N, diluent. When all the data points were equally
weighted with a standard error of 2 X 10% units of absorption, the best-fit
value of k¢ = (7.6 = 0.9) X 107! cm?® molecule™ s™! was obtained. The
error limits are the 95% confidence limits estimated by the fitting procedure,
making no allowance for any systematic errors. The corresponding curves
are seen to give a good fit to the data at low frequency but a poor fit in the
curve-crossing region. Experimentally the curve-crossing region is optimum
for signal measurement and so this inconsistency is considered to be signifi-
cant. When optimization was performed with data weighted according to
To/7 (Or 7/79 fOr 7 < 7¢) a best-fit value of 4.9 X 1071 ¢cm?® molecule™ s
was obtained. The resulting curves fit the curve-crossing region moderately
well but severely overestimate the low frequency absorptions. Both curves
satisfy the criteria of a good fit inasmuch as the sum of the squares of the
residuals is within the range expected for the weighting factors applied.
Neither of the curves shows a good fit to the high frequency data.

Optimized curves for HO, data with helium as the diluent gas, uniformly
weighted with a standard error of 2 X 107°, are shown in Fig. 7. The best-fit
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values of kg given in Fig. 7 for three- and one-lamp data were intermediate
between the two values in Fig. 2 and were in good agreement with each
other. It can be seen from Fig. 7 that there is still a tendency for the model
to overestimate the low frequency absorption. The OH data were also
included in these optimization runs and the corresponding curves are shown
in Fig. 9. The fit is excellent except at the very high frequencies where
experimental precision is poor, particularly at r = 0.02 s (50 Hz). The best-fit
value of ooy is well defined and will be discussed later.

When optimization was performed on OH data alone, either the values
of kg were indeterminate or the solution gave wide confidence limits. It was
clear that under the conditions of our experiments the kinetic behaviour of
OH was insensitive to the value of kg. This is illustrated in Fig. 5 where the
thick vertical bar indicates the effect of varying k¢ from 2 X 107! to 25 X
107! cm® molecule™ s ! on the OH absorption calculated using ¢ = 9 X
1071 em?2. 7,(OH) also exhibited a very weak dependence on kg, but the
effect of varying [0O3] on 75 }(OH) predicted by the computer simulations
agreed well with experiment as can be seen from Fig. 6.

'Table 3 shows a summary of the values of kg and ooy obtained in the
optimization runs which were conducted with uniform weighting of the data
points. The average value of kg from the helium results was slightly lower
than that from the O, results, which also showed more spread. The problem
of the unsatisfactory fit to both the low frequency and mid-frequency
absorption data for HO, was also apparent in most of the runs; therefore the
values of kg represent a compromise between a high value needed to fit the
large in-phase absorption at low frequency and a lower value needed to fit
the data in the curve-crossing region. Thus the A, values for HO, in the
0,—-N, system, calculated from the mean value of kg obtained from this data
set, were significantly lower than those observed, as can be seen in Fig. 3.

In contrast, the A, values estimated for kg = 3.5 X 1071! ¢cm?® molecule™

s™! were hlgher than those observed and the corresponding low frequency
absorptions were incompatible with the observed values unless a serious
source of systematic error was present in these measurements. In the experi-
ments using helium diluent a better fit to the observed A, values was
obtained in the simulations but there was still a tendency to overestimate
low frequency in-phase absorption in all cases.

The average value from all the data at 308 K is

6 = (6.27°43) X 107! ¢cm? molecule™? 571

The estimated overall error limits include both experimental error and
possible systematic errors arising from the inability of the model to fit the
detailed behaviour of HO, accurately. The larger uncertainty on the high
side of the mean value reflects the requirement of a higher value of kg to
fit the low frequency HO, data satisfactorily.

The mean value of opy for absorption of the Q;3 line and nearby
features from the resonance lamp source was (1.03 + 0.25) X 1071 cm?
molecule™. This may be compared with a value of approximately 2 X 10716
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TABLE 3
Rate coefficients for the reaction of OH with HO5 obtained from computer simulations

[03] x 10715 [Hy0] x 10715 Number kg x 1011 . OouX 10'7 Data
(molecules (molecules of lamps  (¢cm3 molecule ! 571) (cm?2) fitted
em3) em™3)

02N diluent at 308 K

0.95 166 6 5.4+ 04 — HO,
1.38 466 6 35+ 04 - HO,
1.88 241 6 7.1+ 1.0 - HO,
1.94 465 1 7.0+ 0.7 — HO,
2.39 138 6 76+ 0.9 — HO,
2.79 142 1 9.6+ 0.7 — HO,
6.8 + 1.7 (mean value)

2.39 138 6 2.8*29 0.76 + 0.06 OH
Helium diluent at 308 K
1.10 3 54+ 0.5 — HO,
1.31 208 3 46+ 04 - HO,
1.33 250 1 6.7+ 0.6 - HO,
1.46 208 1 5.3+ 0.6 1.11 : 0.04 HO,, OH
2.43 210 3 5.5+ 0.6 1.04 + 0.04 HO,, OH
2.56 207 1 6.3+ 0.3 _ HO,
3.23 210 1 6.3+ 0.5 1.02 : 0.05 HO,, OH

207 5.7 + 0.3 (mean value)
0.43 209 3 7.3%3%7 1.24 + 0.04 OH
02—N2 diluent at 348 K
0.79 443 6 35%38 — HO,
1.65 319 6 5.7+ 0.8 - HO,
1.61 443 6 6.0z 1.0 - HO,
1.60 380 1 11.0%32 — HO,
O9—Njo diluent at 288 K
1.69 512 6 44103 — HO,

cm? molecule !, which is obtained from the calculations of Smith and
coworkers [ 20, 21] for a very similar experimental arrangement to that used
in the present study but with total gas pressures of approximately 50 Torr in
the reaction cell. Since the absorption lines are subject to collision broaden-
ing, a drop in the effective cross section can occur as the total gas pressure
increases. A reduction by a factor of about 2 over the range 50 - 760 Torr is
typical of that observed for OH absorption in flash photolysis—resonance
absorption systems which have similar optical configurations to those used in
the present work [22]; the present value of ooy is therefore entirely reason-
able for the experimental conditions employed.

Table 3 also shows values of kg obtained from computer fits to the data
obtained at 288 and 348 K. The mean value from the four experiments at
348 K was kg = (6.5745) X 107! cm? molecule™ 57! and the single experi-
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ment at 288 K gave kg = (4.4 + 0.3) X 107! em® molecule™® s71. The fit to
the experimental data, as reflected in the sum of the squares of the residuals,
was less good at 348 K than at 308 K but the fit to the 288 K data was
excellent over the whole range of photolysis frequencies. It is concluded
from these results that the average value of kg shows no significant tempera-
ture dependence over the rather limited temperature range investigated.

Simulations were performed to check the sensitivity of the optimized
parameter kg to the values of the fixed parameters. The experimentally
determined parameters k2, and ®(—O3;) were considered to be accurate to
within +10%. A 10% decrease in k, caused only a 5% decrease in kg whereas
a similar change in ® (—Oj3) resulted in a 15% increase in kg. This reflects the
importance of accurately describing the modulation of O3 over a photolysis
cycle. The effect of kg, ky, kg and ky; on the optimized value of kg in
selected data sets was checked by varying the rate coefficients within the
uncertainty limits recommended in the CODATA evaluation [17]. The
following results were obtained: Ak; = +41% gave Akg = + 55%; Ak, = —50%
gave Akg = —21%; Aky = +61% gave Akg = --12%; ARy, = —50% gave Akg =
+10%. Clearly the parameter to which kg shows most sensitivity is k3, but
the error introduced from this source is considered to be unlikely to lead to
a value of kg that is very far outside the error limits already stated.

Finally, the computed values for the functional plot of ®(—03) —1
versus [O3]/B/? are compared with experimental data for a photolysis fre-
quency of 1 Hz in Fig. 10. The trend in the data is well defined over the
range. The computed data points using 2 = 8.5 X 107! cm? molecule™ s
generally overestimate the observed quantum yields, whereas with a value of
kg of 1 X 1071° ¢m?® molecule™ s7! the predicted quantum yields are lower
than those observed. Computations also predict a small increase in ®(—0O3)
with increasing photolysis frequencies, in accordance with observation.

-1

4, Discussion

This computer analysis shows that the chemical model in Table 2 pre-
dicts satisfactorily the trends observed in the measured experimental param-
eters as functions of the radical production rate B and the O3 concentration.
This implies that the basic model for the photolysis of O3—H,0O mixtures is
correct inasmuch as the radicals are terminated mainly by a rapid reaction
removing OH and HO, radicals simultaneously. However, the time depen-
dence of the HO, absorption, which is the parameter showing greatest
sensitivity to the rate of the OH + HO, reaction, is not accurately described
throughout a photolysis cycle by a single value of kg. This implies that either
(a) there is a systematic error in the measurement of the HO, absorption or
(b) the model for the behaviour of HO, is incomplete and/or the measured
rate coefficient for the OH + HO, reaction in the present system is not simply
that for the elementary bimolecular reaction step

OH + HO, » H,0 + O, (6)
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Measurements with our apparatus on systems with simple kinetics have
exhibited model behaviour; thus systematic experimental errors of measure-
ment are not a likely explanation. However, the presence of an additional
transient species which absorbs at 210 nm could lead to a systematic error in
monitoring HO; and this cannot be ruled out. Another possible source of
systematic error in the determination of the behaviour of HO. could arise
from inaccuracies in the description of [O3] modulation, which contributes
markedly to the low frequency absorption components.

Before discussing possibility (b), it is of interest to consider previous
measurements of kg which are listed in Table 4. Clearly the values measured
at low pressure in discharge flow systems are lower than those obtained from
both direct and steady state measurements at high pressure in systems which
also all contained water vapour. These differences have been discussed in
some detail by Howard [23] who has suggested that the overall reaction may
proceed via two channels, namely a pressure-independent component in which
OH abstracts the weakly bound hydrogen atom of HO, with a rate coefficient
of 3 X101 ecm?® molecule™® s and a pressure-dependent and possibly
[H,O]-dependent component which may proceed via an HO—OOH inter-
mediate. The mean value of kg of 6.2 X 107! cm?® molecule™ s obtained
at 760 Torr pressure and 308 K in the present work is considerably lower
than the other values obtained under similar conditions, implying that a
simple pressure dependence cannot be invoked to explain the observations.
However, our data are certainly not consistent with the lower values of kg
obtained in discharge flow systems and we conclude that some kind of com-
plex mechanism must be operative.

Several possible complex mechanisms involving polyoxides of hydrogen
can be postulated for the OH + HO, reaction. Three polyoxides have been
discussed recently in papers concerned with HO, reactions. These are

TABLE 4
Measurements of the rate coefficient for the OH + HOj reaction at 300 K

k (cm® molecule™ 371) Total pressure [HoO) Method® Reference
{Torr) (Torr)

(6.1+1.6)x1011 2-3 — DF-LMR 7,10

(3:1)x1011 2 - DF-LMR 8

(2-3)x1011 2-4 — DF-RF 9

1.6 x 10710 700 1-3 ss 4

(1.2 :+ 0.26) x 10710 760 4.6 SS 5

(1.16 + 0.25) x 10710 760 21 FP-absorption 12b

9.9+ 1.2)x1011 1200 2-16 PR-absorption 13

(6.2¥3-8) x 1011 760 . 4 -15 Molecular modulation This work

2DF, discharge flow; LMR, laser magnetic resonance; RF, resonance fluorescence; SS,
steady state photolysis; FP, flash photolysis; PR, pulse radiolysis.

bThis result supersedes an earlier value of 2.0 X 10710 cm3 molecule™ 571 reported from
the same laboratory [13].
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HO,-H,0, the hydrate of the HO, radical [24, 25], H,0,, the dimer of HO,
[16, 20, 26], and H;03, which is formed in the association of OH with HO,
[20, 27, 28}. These could be formed in the following gas phase processes:

HO, + H,O = HO,-H,0 AH°~ —40 kJ mol™1 (16)

HO, + HO, ( + M) = H,0, (+ M) AH°~ —17kJmol™? (17)

HO, + OH (+ M) == H,0; (+ M) AH°~ —117 kJ mol~1(18)
Reaction of OH with any of these complexes by the general reaction

OH + H,0, - H,O+H, _,0, (19)

leads to the same net overall stoichiometry as reaction (6) does. If the equi-
libria (16) - (18) are maintained, the overall rate coefficient k¢' for the
OH + HO, reaction takes the form

ke = kg + K1oC (VII)

where C = K,5*[H,0], K17*[HO,] or K;3*[OH]. This equation indicates
that the overall rate coefficient could depend on the amounts of H,O, HO,
and OH present, If the equilibria are not maintained, i.e. if k,5[OH] = k_44,
k_,7 or k_;g, the overall rate of the reaction of OH with HO, will depend on
Ry6, R17 and R,g. The resulting rate equation will exhibit a complex depen-
dence on H,O, HO,, OH and total pressure, Although equilibrium can be
safely assumed for the HO,-H,O complex [25], it cannot be for H,O,4 or
H,03;. However, if a mechanism involving an equilibrated H,O3; species was
occurring, the observed value of kg should be a marked function of [OH].
This is clearly not the case in the present system, since [OH] in the helium
diluent experiments was 10 - 100 times greater than that in the O,—N,
diluent whereas the mean value of k¢’ was unchanged. Furthermore, if
k19[OH] > k_,4 a simple pressure dependence of kg would result, which
does not explain the difference between the present result and the other high
pressure measurements. On this basis an important role for the H,O; inter-
mediate in the OH + HO, reaction does not seem likely but it cannot be
entirely ruled out.

Involvement of the HO,-H,0 complex would be expected to lead to an
[H20] dependence of kg'. It can be seen from Tables 8 and 4 that there is no
evidence for a systematic increase in 2(OH + HO,) with [H,0], either in the
present experimental values or in the other reported high pressure values.
This suggests that the HO4; - H,O complex does not play a significant role in
the kinetics of the reaction of OH with HO,.

The formation of H,O,4 is expected to be favoured by high pressure and
high [HO,] and a mechanism involving this species would therefore appear
to offer a potential explanation of the high values for X(OH + HO;) measured
under these conditions. This possibility was explored by further computer
simulations of the present experimental results with reactions (17), (—17)
and (19) included in the chemical scheme. An optimization calculation was
carried out in which the values of k4, and k_,; were varied to fit the experi-
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mental data shown in Fig. 2. kg was fixed at 3.5 X 107! cm? molecule™ s
(the recommended value [17] based on the low pressure results) and k,, was
fixed at 7.0 X 107! cm?® molecule™ s™! (chosen on the basis of two equiva-
lent hydrogen atoms present in H,0,). This fit gave

Byr = (1.6-%8) X 10712 cm?® molecule ™ 571
k_y; 2 1571 (not well defined)

but the corresponding computed curves for P and Q versus r were almost
identical with those obtained with the simple mechanism and with kg =
7.6 X 10711 ¢m® molecule™ 571 (see Fig. 2). In other calculations various
fixed combinations of ky; ((2 - 20) X 10722 cm?® molecule™ s571), k_,,
(1.0-1005s™1) and kg ((7 - 30) X 107 cm? molecule™ s71), in the ranges
indicated in parentheses, were used to predict the HO, absorption curves.
Although it was found that the relative absorptions at 74 and 7 > 74 (i.e. the
shape of the curves) could be varied by different combinations of these rate
coefficients, none of the combinations gave a really significant improvement
in the fit to the experimental curves. It was concluded, however, that for
H,0, to play any significant role at all, the equilibrium constant K,;* needed
to be greater than about 2 X 10714 em? molecule™. Since the rate coefficient
for the association reaction (17) is unlikely to be greater than 4 X 107!* cm?
molecule™? 571 (¢f. k(CH3 + CH3 » C,Hg)) this implies an upper limit of
approximately 2 X 102 s7! for the unimolecular dissociation rate constant
k_,; at 308 K. This value of k_,; would require D(HO, — O,H) > 75 kJ
mol ! (assuming A.;; = 10'® s71) and therefore AH(H,0,) < —56.5 kJ
mol~?! (this was computed using AH,(HO) = 10.5 + 2.1 kJ mol™* at 298 K
[23]). This result is incompatible with the estimates of Nangia and Benson

[ 28] which indicate a much lower stability for the linear polyoxide structure
AH(HOOOOH) =~ +4 kJ mol™*. Clearly more reliable information on the
structure, thermochemistry and kinetics of H,Q, are required before its role
in HO, reactions in this and similar chemical systems can be ascertained.

In conclusion, the calculations we have performed show that the experi-
mental data obtained in this study could be equally well described by a
simple bimolecular reaction step for the OH + HO, reaction or by a complex
mechanism of the type discussed, but the description in neither case was
entirely satisfactory. If a complex mechanism is operative, as seems likely
from the differences in the apparent values of kg determined in various
experimental systems, elucidation of this mechanism is essential for a proper
description of the behaviour of HO, and OH in the atmospheric environment.
Clearly further experimental work will be necessary before this can be achieved.
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