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Summary

The photolysis of ozone by steady illumination at 253.7 nm and 25 °C
was studied using two different techniques. In one the ozone decomposition
from an initial pressure of 50 Torr was measured manometrically at constant
volume and in the other the decomposition from an initial pressure of 1 - 2
Torr was measured photometrically by monitoring changes in the optical
absorption. In both cases the light intensity was measured during each
irradiation period. The experiments were performed in pure ozone and in
ozone containing oxygen, helium, sulphur hexafluoride and nitrogen.

The quantum yield & of the decomposition of pure ozone was 5.68 +
0.15 molecules quantum™! and was pressure independent. The quantum
yields &y, and Pgr, of the decomposition of ozone in He—Oj3 (Pye/Po, ~
600) and SF,-0, (pSF /po,~ 300) were 5.62 *+ 0.41 molecules quantum™!
and 5.44 * 0.32 molecules quantum respectively. In N,—O; mixtures with
high values of py,/pPo, the quantum yield decreases to 4 molecules quantum™.
Oxygen has a strong inhibiting effect. All the experimental data can be
quantitatively explained using the following mechanism:

O3+ hvysy, = O('D) + 0,(14,) (1a)
O3+ hvysys > O+ 0, (1b)
O(D)+0; > 0, + 0, (2a)
O(!D)+ 03 > 0, + 20 (2b)
0,(1A))+ O3 > 20,+0 (3)
0,*+0; > 20,+0 (4a)
O(D)+M - O+M (6)
Oo(!D) + 0, &> O+ 0,(1Z.") (7a)
oD+ 0, > 0+0, (7b)
0,(1Z,*) + 03 ~> 20,+0 (8a)
O0,('Z;")+ 03 > 0,+0; (8b)
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O +0; > 20, (9)
O+0,+M = O;+M’ (10)

The quantum yield ¢ for O(*D) production is 0.92 + 0.04 atoms quantum™1!.
The unspecified O,* molecule is formed with an efficiency of 0.47 + 0.15.
Under our experimental conditions O,* molecules are highly resistant to
collisional deactivation and most are removed via reaction (4a). The efficiency
of deactivation of O('D) atoms by N, is 0.19 + 0.01. A value of 0.58 was
found for kq kg, [kks.

1. Introduction

It is well known that a detailed knowledge and a clear understanding of
the thermal and photochemical behaviour of ozone is of fundamental
importance to chemistry and aeronomy. The mechanisms of the thermal
decomposition [1, 2] of ozone and of its photolysis at 600 nm [3 - 5] and
334 nm [6, 7] are well established. The situation at 253.7 nm is rather
different [8, 9]. Although the fundamental mechanism at this wavelength
can be considered to be established some problems still remain. The numerical
values of some of the rate constants should be modified and some revised
reactions should be included in the mechanism.

Several papers dealing with the reaction of O(!D) atoms with O;
[10 - 15], the fate of O,* molecules [14], the efficiency of production of
O,('Z,*) molecules [16] and their reaction with O3 [17, 18], and the nature
and efficiency of the primary process in the Hartley band [19 - 24] have
been published recently. Values between 5.5 and 6 molecules quantum™!
have been reported [8, 9, 14 - 25] for the quantum yield of ozone decom-
position at 253.7 nm.

The purpose of this paper is to propose answers to the questions which
still exist with respect to ozone photolysis at 253.7 nm and to establish a
mechanism which provides a quantitative representation of all the experi-
mental results.

2. Experimental details

Ozone is very sensitive to the presence of impurities which frequently
have a catalytic effect and promote uncontrollable thermal reactions,
particularly at high concentrations and elevated pressures. The photochemical
decomposition of ozone in the spectral regions where excited species are
formed is even more sensitive. Great care must therefore be taken to ensure
the cleanliness of all parts of the apparatus coming into contact with ozone
and the presence of even traces of water vapour in the system must be
avoided.
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The apparatus, which has been described elsewhere [26], was similar to
that used with excellent results in earlier investigations. No thermal or
catalytic reactions were observed in any of the experiments. A cylindrical
quartz reaction cell 3 cm long with an outside diameter of 5.7 cm and
parallel optically flat windows was used. A high intensity Bausch and Lomb
monochromator, adjusted to a bandwidth of 10 nm, was used to isolate the
253.7 nm mercury line.

Two series of experiments were carried out. One was performed with
initial ozone pressures of approximately 50 Torr and the other with initial
ozone pressures of about 1 Torr. In the first series an Osram HBO high
pressure mercury lamp was used as the light source and the reaction was
monitored manometrically at constant temperature and volume, The pressure
change was measured using a Bodenstein quartz spiral manometer as a null
instrument supplemented by a mercury manometer. Most of the experi-
ments were monitored up to a conversion of 30%.

The light intensity was measured during each irradiation period using a
polished stainless steel slotted disc rotating at 78 rev min~! which was located
at an angle of 45° to the light beam in such a way that when the beam
impinged on the slot the light passed through the reaction cell and when the
beam impinged on the mirror the reflected light was directed onto a potas-
sium ferrioxalate actinometer [27]. The system was calibrated by placing a
similar actinometer in front of the reaction cell and measuring the ratio of
the light intensities of the direct and the reflected beams.

The manometric method was unsatisfactory at low ozone pressures
since it was not possible to determine the ozone consumption accurately
without achieving appreciable conversion of O; to O,. In addition it was
impossible to achieve high px/po, ratios (X = added gas). Therefore in the
second series of experiments, which were carried out at low ozone pressures
(1 - 2 Torr), the ozone concentration was monitored photometrically by
optical absorption at 253.7 nm. The apparatus shown schematically in Fig. 1,
which is basically a double-beam photometer, was used for this purpose.
A Hanovia SH,HP-100 medium pressure mercury lamp was used as the light
source for photolysis and for the optical absorbance measurements. In order
to ensure that negligible ozone decomposition took place during the con-
centration measurement the light beam intensity was attenuated using a

Re

Fig. 1. Schematic diagram of the photometer: La, mercury lamp; M, monochromator;
D, chopper; E, mirrors; C, quartz plate; R, reaction cell; T, thermostat; Fy, F», F;, filters;
P, phototube; A, amplifier; Re, recorder.
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detachable Schott and Gen WG 7 glass filter 2 mm thick located at the
monochromator exit. The filter was removed during photolysis. A chopper
consisting of a slotted disc 15 cm in diameter which rotated at 2 rev min™!
and was composed of a dark sector and a metallized sector which acted as a
mirror split the attenuated light into a sample and a reference beam.
During each third of a revolution the light beam alternately passed through
the reactor cell or was reflected by the sector mirror and by means of
mirrors and lenses was finally focused onto an RCA 1P28 phototube. The
phototube was protected from stray light by a filter system consisting of-a
Schott and Gen UG 5 glass filter 2 mm thick followed by an NiSO,~CoSO,
aqueous solution of path length 5 cm [26] and a 4.2 atm chlorine gas filter
also of path length 5§ cm. When the light beam impinged on the darkened
sector of the disc no signal was transmitted to the phototube. The optical
signals received by the phototube were converted into electrical signals and
transmitted via an amplifier circuit to a recorder. Thus one of the recorder
signals was proportional to the energy transmitted by the sample and the
other was proportional to the energy emitted by the source. The zero drift
of the photometer was recorded during the period when there was no signal
and was found to be negligible because the measurement of the O, concen-
tration only took a few minutes in each case. Calibration of the whole
system was achieved by recording the relative intensity of both beams when
the reaction cell was evacuated and when it was filled with known pressures
of an O3;-N, mixture. The ozone absorption calculated from its pressure and
the extinction coefficient [28] was in close agreement with the photometric
data.

The preparation and purification of ozone, oxygen, helium and nitrogen
have been described elsewhere [26]. SF supplied by the Matheson Co.,
U.S.A., was purified by low temperature sublimation and stored as a gas in a
Pyrex flask.

3. Experiments and results

3.1. Pure ozone

Figure 2 shows the quantum yield @ determined using the manometric
method as a function of the mean oxygen pressure Po,. These experiments
were performed at a mean ozone pressure of approximately 48 Torr and a
mean oxygen pressure varying between 2 and 30 Torr. In this range the
quantum yield was found to be a linear function of the oxygen pressure.
This makes it possible to calculate the intercept ®(po, = 0) for po, = 0 by
linear extrapolation. A least-squares treatment gives ®(po, = 0) = 5.66 + 0.08
molecules quantum™1!,

Figure 3 shows ® determined using the photometric method versus Po,.
These experiments were performed at a mean ozone pressure of approxi-
mately 1 Torr and a mean oxygen pressure varying between 0.1 and 2 Torr.
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Fig. 2. Plot of the quantum yield ® of O3 decomposition vs. Po, for the experiments using

the manometric method ((po3 )i = 50 Torr).
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Fig. 3. Plot of the quantum yield & of O3 decomposition vs. ﬁo, for the experiments
using the photometric meinod: O, 1';03 =1 Torr; e, (Po,)i = 2.3 Torr.

The observed dependence of ¢ on pg, over this range enables the intercept
to be calculated by linear extrapolation. A least-squares analysis gives
®(po, = 0) = 5.70 £ .13 molecules quantum™! in close agreement with the
value obtained using the manometric method. The results obtained using
both methods are summarized in Table 1.

The mean value of the quantum yield ¢ in oxygen-free systems is
5.68 = 0.15 molecules quantum™!. & is independent of ozone pressure in
agreement with the results of earlier work [8, 9].
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TABLE 1

Quantum yield ®( Po, = 0) of ozone decomposition in oxygen-

free systems

Manometric method

Photometric method

pPo, P(pgo,=0) po, P(po,=0)
(Torr) (Torr)

50.7 5.71 2.34 5.66
50.1 5.72 1.98 5.77
49.9 5.50 2.10 5.42
51.8 5.57 2.12 5.66
50.0 5.82 1.09 5.85
50.0 5.53 1.14 5.81
50.6 5.78 1.08 5.78
50.9 5.65 1.07 5.41
49.6 5.56 1.02 5.60
51.8 5.66 1.07 5.78
49.9 5.63 1.07 5.92
50.1 5.78 1.16 5.74

3.2. O;-0, mixture

The addition of oxygen to ozone produced a marked reduction in the
quantum yield. Figure 4 shows the values of & obtained on addition of
oxygen at pressures up to 600 Torr to ozone at a pressure of about 50 Torr.
These results are compared with those calculated using eqn. (XXI) (Section 4)
in Table 2. Figure 5 shows the values of ® obtained in experiments in which
oxygen at pressures up to 60 Torr was added to ozone at a pressure of about

¢02
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Po,/Po,
Fig. 4. Plot of the quantum yield ‘I>02 of O3 decomposition vs. Po,’Po, for experiments
using the manometric method (( PO,)i = 50 Torr): , plotted using eqn. (XXI).
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TABLE 2

Effect of the addition of oxygen on the quantum yield of
ozone decomposition measured using the manometric method

Po, Po, P (I)calc a
(Torr) (Torr)

51.4 245 5.00 4.98
50.4 25.3 5.01 4.95
52.4 40.3 4.27 4.52
49.5 49.8 4.00 4.24
60.8 98.8 3.28 3.21
50.1 99.2 3.20 3.07
50.5 198.1 1.921 1.77
50.1 200.0 1.81 1.75
51.1 296.1 1.14 1.18
50.5 298.7 1.19 1.16
51.6 396.4 0.84 0.86
50.4 398.0 0.80 0.85
51.9 494.7 0.76 0.68
49.9 495.3 0.67 0.66
50.7 502.8 0.58 0.66
50.2 589.7 0.60 0.55
51.5 597.6 0.51 0.55

aCalculated using eqn. (XXI) (Section 4).
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Fig. 5. Plot of the gquantum yield ¢ of O3 decomposition vs. PO,/P03 for experiments
using the photometric method ((Po,)i =1 Torr): , plotted using eqn. (XXI).

1 Torr. These results are compared with the values calculated using eqn.
(XXI) in Table 3.

3.3. O3~He mixture
The effect of the addition of helium was studied using the photometric
method only since it allows high py./po, ratios to be attained. The experi-
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TABLE 3

Effect of the addition of oxygen on the gquantum yield of
ozone decomposition measured using the photometric method

Po, Ppo, @ Deare?
(Torr) (Torr)

1.11 5.5 5.24 495
1.09 6.2 4.87 4.84
1.09 9.1 4.45 4.35
1.11 149 3.28 3.42
1.10 15.9 3.22 3.26
1.15 20.2 2.68 2.73
1.15 26.1 2.07 2.10
1.11 29.4 1.62 1.79
1.06 301 1.73 1.69
1.03 34.5 1.31 1.38
1.10 40.1 1.13 1.17
1.12 44 .6 1.06 1.01
1.07 51.2 0.75 0.79
1.03 62.5 0.51 0.55

aCalculated using eqn. (XXI).

ments were performed by adding helium at a pressure of approximately
600 Torr to ozone at 1 - 2 Torr. Figure 6 shows the dependence of the
quantum yield &g, in the presence of helium on the po,/po, ratio. When
Po,/Po, is 0.4 or less the quantum yield is a linear function of po, /po,-
A value of Py (po, = 0) = 5.5 = 0.2 molecules quantum™, which is close to
that obtained in pure ozone, is obtained from the intercept. Some experi-
ments were also carried out in mixtures containing ozone at a pressure of
1 Torr and helium at a pressure of 700 Torr to which oxygen was added in

o
o4
o—~8P PO -
C o
o (o]
oL o
TF 4
002 06 10 1% 18 22 26
pOz/pO:g
Fig. 6. Plot of the quantum yield $, of O, decomposition in the presence of helium uvs.
Po,/Po, (Pge = 600 Torr): O, (PO,)i =1 Torr; e, (Pos)i = 2.3 Torr; —, plotted using

eqn. (X;XI).
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TABLE 4

Effect of the addition of oxygen and helium on the quantum
yield Py 0, of ozone decomposition

Po, Po, PHe Pye.0, Pearc ®
{Torr) (Torr) (Torr)

1.18 3.6 705.2 1.66 1.55
1.15 3.6 702.3 1.50 1.53
1.14 4.0 702.8 1.61 1.43
1.18 4.0 703.2 1.52 1.46
1.17 4.3 702.3 1.37 1.38
1.12 4.3 706.1 1.59 1.34
1.19 5.1 701.9 1.45 1.25
1.14 5.2 702.3 1.23 1.20
1.07 6.5 695 .4 1.18 1.00
098 5.5 703.3 1.05 0.98

&Calculated using egn. (XXI).

amounts at pressures varying between 3 and 6 Torr. The results are shown
in Table 4 and are compared with those calculated using eqn. (XXI).

3.4. O3—SF¢ mixture

Figure 7 shows the values of the quantum yield PgF, in the presence of
SF¢ as a function of the po /po, ratio obtained using the photometric
method. SF, at about 300 Torr was added to ozone at about 1 Torr. The
significant non-linear dependence of ®g; on po,/po, makes it difficult to
obtain a reliable value of ®gp (po, = 0). However, it can be seen that it is
close to the value obtained in pure ozone.
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Fig. 7. Plot of the quantum yield ‘PSF‘ of O3 decomposition in the presence of SFy vs.
poz,'po3 ((Poa)i =1 Torl'.';pSF-ls = 300 Torr): , plotted using egn. {XXI).
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Fig. 8. Plot of the quantum yield ‘I)N,(Po, = 0) of O3 decomposition in the presence
of nitrogen vs. PN,/PO:,,: o, (PO,)i = 50 Torr; @, (Poa)i =1 Torr; ——, plotted using
eqn. (XXIT).

3.5. O5—N, mixture

The effect of nitrogen was studied using both the manometric method
(ozone at a pressure of 50 Torr and nitrogen at pressures up to 600 Torr)
and the photometric method (ozone at a pressure of 1 Torr and nitrogen at
pressures up to 40 Torr). Plots of the quantum yield as a function of
Do,/Po, for each experiment showed that for pe /po, < 0.7 the quantum
yield @y, in the presence of nitrogen is a linear function of pg,/po,. The

TABLE 5

Effect of the addition of nitrogen on the quantum yield <IJN2( pPo, =0)
of ozone decomposition

pPo, PN, &, (Po,=0) N, ®
(Torr) (Torr)
48.0 101 .8 5.23 0.17
49.9 201.1 5.03 0.15
51.6 297.8 4.86 0.15
1.03 6.2 4.83 0.15
49.8 347.5 4,63 0.20
50.7 396.9 4.54 0.22
51.3 499 .2 4.57 0.17
0.97 114 4.37 0.23
49.7 600.9 4.32 0.25
1.02 18.56 4.41 0.13
1.03 30.1 4.12 0.21
1.12 40.8 4.03 0.27

aThe efficiency of deactivation of O(!D) by nitrogen calculated
using eqn. (XXI),
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value of ®y (po,=0) for each nitrogen pressure was obtained from the
intercept. Figure 8 shows a plot of <I’N (Po, = 0) versus py,/Po,. It can be
seen that the 11m1tmg quantum yield at 1arge pPx,/Po, ratios approaches
4 molecules quantum™!, Table 5 gives the values of <I>N (po = 0) for various
nitrogen pressures together with the efficiency of deactivation of O('D)
atoms by nitrogen calculated using eqn, (XXI)., The mean value obtained is
T, = 0.19 £ 0.01.

Tables 6 - 14 show the results of some typical experiments carried out
under various conditions. In these tables (pg)); and (po,); are the initial

TABLE 6
Experiment 120

Ap Po, po, Jx 10718 ® P cale
(Torr) (Torr) (Torr) (quanta)

2.5 48.1 4.1 2.21 5.61 5.59
2.3 43.3 11.3 2.09 5.46 5.37
2.3 38.7 18.2 2.23 5.12 5.14

(Poa)i = 50.6 Torr; (Po,)i =0.3 Torr;<13(p02 =0) = 5.78 molecules quanta—!,

TABLE 7
Experiment 96

Ap bo, bo, Jx10718 4 P calc
(Torr) (Torr) (Torr) (quanta)

1.3 49.1 400.0 8.24 0.78 0.83

1.3 46.5 403.9 8.31 0.78 0.79

1.3 43.9 407 .8 8.82 0.73 0.75

(poa)i = 50.4 Torr; (Poz)i = 398.0 Torr.

TABLE 8
Experiment 159

Ap bo, Po, JXx 10718 4 Peale
(Torx) (Torr) (Torr} (quanta)

3.1 47.6 49 3.74 4.11 4.14
2.8 41.7 13.8 3.85 3.61 3.40
2.2 36.7 21.3 3.77 2.89 2.84
1.9 32.6 27.4 3.88 2.43 2.43

wo,)i = 50 7 Torr; (Po,)i = 0.8 Torr; pN, = 396.9 Torr; Py ,(Po, = 0) = 4.54 molecules
quanta
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TABLE 9

Experiment 32

At APO Po, i’O, J'x1071e ¢ Pealc
(min) (Torr) (Torr) (Torr) (quanta)
11 0.144 1.91 0.12 6.158 5.80 5.70
11 0.136 1.77 0.33 6.213 5.43 5.68
13 0.169 1.62 0.56 7.216 5.81 5.66
14 0.163 1.45 0.80 7.266 5.56 5.63
15 0.164 1.29 1.04 7.323 5.55 5.59
17 0.158 1.13 1.29 7.575 5.17 5.55
18 0.161 0.97 1.53 7.380 5.41 5.50
(P03)1 = 1.98 Torr; (po,); = 0.01 Torr; ‘I’(Po,) = 0) = 5.77 molecules quanta!
TABLE 10
Experiment 111
At Apo Po, Po, J x 10717 d Palc
(min) (Torr ) (Torr) (Torr) (quanta)
76 0.100 1.02 51.28 3.433 0.72 0.76
91 0.100 092 51.43 3.818 0.65 0.69
100 0.096 0.82 51.57 4079 0.58 0.62
105 0.092 0.73 51.71 4.272 0.53 0.55
(p03)1 =1.07 Torr; @02)i = 51.2 Torr.
TABLE 11
Experiment 68
At Apo Po, Po, J' x 10716 d Pealc
(min) (Torr) (Ton-) (Torr) (quanta)
18 0.118 1.04 0.10 5.380 5.44 5.23
21 0.106 0.93 0.27 5.782 4.56 4.48
26 0.104 0.82 0.43 6.773 3.81 3.85
32 0.110 0.72 0.60 8.047 3.39 3.27
39 0.106 061 0.76 8.683 3.03 2.75
53 0.096 0.50 0.91 10.31 2.31 2.27

(Po,)1 = 1.10 Torr; (pg,); = 0.01 Torr; py, = 601.0 Torr.

ozone and oxygen pressures, P, Psr, and py are the pressures of the added
gases, p o, and Po, are the mean pressures in each irradiation period, Ap is
the increase in total pressure after the absorption of J quanta, Apg, is the
reduction in the ozone concentration produced in At min by the absorptlon
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TABLE 12

Experiment 119

At A_po3 I)oa }—702 J'x 10717 L Date
(min) (Torr) (Torr) (Torr) (quanta)

40 0.109 1.12 4.38 1.966 1.37 1.33

45 0.101 1.01 454 2.120 1.18 1.22

60 0.104 0.91 4.69 2.540 1.02 1.11

65 0.104 0.81 4.85 2.762 0.94 1.00

65 0.098 0.71 5.01 2.662 0.91 0.89

(pos)i = 1.17 Torr, (pol)i =4.3 Torr;pHe = 702.3 Torr.

TABLE 13
Experiment 167

At Apo, Po, Bo, J'x 10716 P Peae
{(min) (Torr) {Torr) (Torr) (quanta)

14 0.135 1.05 0.11 7.660 4.37 4.36
18 0111 0.93 0.30 8.769 3.14 3.02
22 0.098 0.82 0.46 9.533 2.55 2.45
27 0.085 0.73 0.60 10.72 1.97 2.02
33 0.098 0.64 0,74 1215 2.00 1.68
41 0.081 0.55 0.87 14.37 1.40 1.42

(Poa)i =1.11 Torr; (Po,)i =0.01 Torr;pSF6 = 302.3 Torr.

TABLE 14
Experiment 73

At Apg, Po, Po, J'x10716 ® Doarc
(min) (Torr) (Torr) (Torr) {quanta)

21 0.106 098 0.09 5.662 473 4.70
32 0.142 0.85 0.28 7.601 4.63 4.62
45 0.171 0.70 0.51 9.488 4.47 4.50
67 0.186 0.52 0.78 11.16 4.13 435
80 0.157 0.34 1.04 9.698 4.01 4.12

(po,)i = 1.03 Torr; (pg,); = 0.01 Torr; py, = 6.2 Torr; Py, (pp, = 0) = 4.83 molecules
guanta .

of J' quanta and ¥ and ®.,,, are respectively the experimental quantum
yield of ozone decomposition and the value calculated using eqn. (XXI).

4. Discussion

In an attempt to establish a reaction mechanism able to explain
quantitatively all the experimental data we analysed the following set of
elementary reactions:
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O3 + hvzszzom = O('D) + 0,(PA) (1a)
O3 +hvzs37mm > O+ 0, (1b)
O('D) + 03 > 0,* + O, (2a)
O('D)+ 0, > 20+ 0, (2b)
O('D) + O; » O + O3* (2c)
0,(}Ay) + 03 =~ O+ 20, (3)
0,* +0; > O+ 20, (4a)
O,*+M" - O,+M" (4b)
0;*+03 > O;+0,+0 (5a)
0,* + M > 0, + M'" (5b)
O(D)+M — O+ M (6)
O('D) + 0, = O+ 0,('Z,) (7a)
O('D)+ 0, - O +0, (7b)
0,(1Z;) + 03 »> 20,+0 (8a)
O0,('Z;" )+ O3 = 0, + 04 (8b)
0 +0, - 20, (9)
O+0,+M —> O3+M' (10)

0O,* and O,* are energetic molecules that can dissociate O;. The type of
excitation is not well understood but this does not affect the following
treatment. In our experimental conditions py = py, because neither helium
nor SF, deactivate O('D) atoms appreciably [29 30]. M' is any stable
molecule acting as a third body in the recombination process [10]. M" and
M" are any gases present in the system with the exception of ozone.

Reactions (1a), (2a), (3), (4a) and (6) - (10) have been proposed in
earlier mechanisms [8, 9] and reactions (2b), (2c), (4b), (5a) and (5b) have
been proposed recently by a number of different workers.

Reaction (1b) was introduced by Fairchild et al. [19] in order to
explain the results of their photofragment spectroscopy studies. They con-
cluded that at 274 nm about 10% of the products of reaction (1) are formed
in their ground electronic state. The same results were reported at 266 nm
by Sparks et al. [20]. Brock and Watson [21] investigated the photolysis of
ozone by a resonance fluorescence technique and found a quantum yield of
0.12 + 0.02 atoms quantum™! for the production of ground state oxygen
atoms. Finally, Amimoto et al. [22] measured the production of oxygen
atoms at 248 nm by atomic absorption spectroscopy and found a quantum
yield of 0.15 + 0.02 atoms quantum™! for reaction (1b).

Reaction (2b) was proposed by Bair and coworkers [10,11] who
studied the UV photolysis of ozone at low pressures. Giachardi and Wayne



305

[12] investigated the photolysié of ozone at 254 nm in a flow system by
measuring the production of oxygen atoms by resonance fluorescence and
concluded that reaction (2b) |occurs in approximately one-third of the
reactive collisions between O(3D) and O3;. Arnold and Comes [14] have
recently investigated the photolysis of ozone at 266 nm. Their results are
consistent with the occurrence of reactions (2a) and (2b) to the same
extent.

Reaction (2¢) was suggested by Amimoto et al. [13]. They found that
one oxygen atom is produced for each deactivated O(!D) atom in the photol-
ysis of ozone at 248 nm. If O, is produced in reaction (2c¢) it must be an
energetic molecule and its fate fould be to decompose Oj as in reaction (5a)
or to be deactivated as in reaction (5b).

When a steady state is assumed for the reactive intermediates the
proposed set of reactions leads to the following expression for the quantum
yield @ of ozone decomposition:

1 dp03
Jabs d¢
= 2¢0,0, + 2p(1 + ¢[0{c B+ 20, + (1 + 1) —1}+1+76(1—6,—0)])
(I)

where ¢ is the quantum yield of the ozone decomposition in the primary
process (1la) and

1
o, = (II)
1+ kop/koy +RoclR2
1
oy = (I11)
1+ Ry/kopt+Roc/kn
1
o, = (IV)
1+ Roa/koe + Enylkae
1
0, = (V)
1+ (k¢/R2)(PMm/Po,) *+ (R7/R2)(Po,/P0,)
where
kBo=hkyy +hy + Ry
kr=kap tkap
Pm = Pn,
1
B¢ = (VI)
1+ (k2/ke)(Po,/Pm) + (R7/ke)(Po,/PM)
B= ! (VII)

1+ (kap/kaa)(PM/Po,)
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Pm» =Po,*+ Zxvx'Px (VIII)

’

where py is px,, Pue OF Psr, and the v are their respective efficiencies in

reaction (4b);

1
n= (IX)
1+ (ks /Rsa(PMm/PO,)
Pm'” =Po, t Zvry''py (X)

where py is py,, DPue OF Psr, and the vy’’’ are their respective efficiencies in
reaction (5b);

1
TS — — (XI)
1+ k7b/k7a
1
§= —— (XII)
1+key/ksa
p= 1 (XIII)
1+ (kio/ko)(Po,Pwm'/Po,)
Pw =Po, + ZzYz Pz (XIV)

where pz is pn,, Pre Or psp, and the 7yz are their respective efficiencies
(703' = 1) in recombination process (10).
In pure ozone po, = 0, pm = pm = 0, Pm = Po, and eqn. (I) reduces to

@0:':0 = 4¢ + 2 (XV)

It can be deduced from our experimental value of & = 5.68 * 0.15 that
the quantum yield ¢ for the primary process is 0.92 * 0.04 molecules
quantum™!. This value would be somewhat smaller if the vibrationally
excited oxygen molecules produced in reaction (1b) were able to dissociate
O; or if, as suggested by Washida et al. [31], O,('A,) were formed in
reaction (9). However, it is concluded from the results of the thermal [1, 2]
and the photochemical decomposition of O at 600 and 334 nm [5 - 7] that
these contributions, if they exist, must be very small.

In the experiments carried out in the presence of added oxygen the
Po,/Po, ratio was varied over a wide range. This made it possible to perform
a numerical analysis of eqn. (I).

When eqn. (I) is rearranged we obtain for py; = 0
P = 200,05+ 2{1 + $(1 + 78)} p + 2¢{0taB + 200y, + (1 + 1) — 1 — 75} 00>

which by substituting

A = 2¢cx, (XVI)
B=2{1+¢(1 + 78)} (XVII)
C=2¢{aB+ 20, + o (1l +n)—1—78} (XVIII)
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can be rewritten
® =A0,+Bp + Cpl, : (XIX)

in which A and B are true constants. Since the efficiencies of reactions (4b)
and (5b) must be low compared with those of (4a) and (5a) respectively, i.e.
B~ n=1, C can also be considered as a constant. A least-squares treatment
of the data using k,/k,= 0.15 [29, 32], &,0/ko= 5.5 X 102 Torr™! [5] and
'70,' =0.44 [5] gives A =0.86, B=4.93 and C = —0.09. When these values
are substituted in egn. (XIX) an overall quantum efficiency for pure ozone
of 5.70 molecules quantum™' is obtained, in good agreement with the
experimental result.

The product of the efficiencies of reactions (7a) and (8a) is given by
eqn. (XVII) from which a value of 0.58 is calculated for 76. This is in good
agreement with the value of 0.61 = 0.06 recently reported by Amimoto and
Wiesenfeld [18] and rather larger than the value of 0.48 + 0.04 reported by
Slanger and Black [17]. If 7=0.80 [29] is assumed for the efficiency of
reaction (8a) a value of 0.73 is obtained for §.

Equation (XIX) can be rearranged as follows:

i _4 + ____B+C@_2 P (XX)
20, 2 2 0,

Figure 9 shows that a plot of ®,,/260, versus p/0, yields a linear relationship
over the whole range studied. The intercept A/2 and the slope (B + C0,)/2
are calculated by a least-squares treatment to be 0.44 + 0.14 and 2.41 + 0.11
respectively. In order to account for the observed linearity C0, must be
much less than B and consequently B/2 = 2.41 * 0.11. The overall quantum
yield in pure ozone determined from these data is 5.70 * 0.25 molecules
quantum™!,

§/62

Fig. 9. Plot of 4)02/262 vs. p/84 for the experiments performed in the presence of oxygen:
o, (Poa)i = 50 Torr; e, (Pos)i =1 Torr; O, pure ozone.
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The efficiency o, of reaction (2a) can be calculated from eqn. (XVI)
with ¢ = 0.92 = 0.04 and is found to be 0.47 £ 0.15. It is not possible to
determine from our experiments whether reaction (2a) is accompanied by
(2b) or (2c) or both. However, consideration of all the experimental data
discussed above suggests that reaction (2c), if it exists, is unimportant com-
pared with reactions (2a) and (2b). Therefore we have assumed that 47% of
reaction (2) occurs via (2a) and 53% occurs via (2b).

The quantum yield (I?He(po = 0) determined in the experiments per-
formed in the presence of helium'is 5.50 + 0.20 molecules quantum™?! which
is close to the value of 5.68 £ 0.15 obtained in pure ozone. These results
confirm that helium is an inefficient quencher of O(!D) atoms and of
0,('Ay) and O,* molecules (33, 34]. Figure 10 shows that a plot of $y,/20,
versus p/@, in which the data points were obtained by assuming a value of
0.34 [5] for the efficiency vy, of He as the third body in reaction (10)
yields a linear relationship over the whole range studied. The intercept A/2
and the slope B/2 ~ (B + C0,)/2 were calculated by a least-squares treatment
to be 0.57 £ 0.16 and 2.24 + 0.24 respectively. When these data are substi-
tuted in eqn. (XIX) a value of 5.62 + 0.41 molecules quantum™! is obtained
for ®y.(po, = 0).

Valuable information concerning reaction (2) can be obtained from the
experiments carried out in the presence of helium and oxygen. It can be seen
that reaction (2a) followed by (4a) produces one oxygen atom whereas
reaction (2b) produces two. In oxygen-free systems both processes lead to
the same value for the overall quantum yield. However, in the presence of
significant amounts of oxygen some of the oxygen atoms re-form ozone via
reaction (10) and therefore the overall quantum yield depends on the
relative importance of reactions (2a) and (2b). The overall quantum yield for
0O3;-0,-He mixtures was calculated using eqn. (XXI) with o, = 0.47 and oy, =

¢He/2 82

0 025 o5 075 10
§/02

Fig. 10. Plot of &y, /20, vs. p/0, for experiments performed in the presence of helium:
o, (Po,)i =1 Torr; pyze = 600 Torr; @, (Poa)i =1 Torr, (p()2 )i =3 - 6 Torr, pyge = 600 Torr.
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0.53. The results (Table 4) are in close agreement with the experimental
data. '

The addition of SFy to pure oczone produces only a small change in the
quantum yield as does the addition of helium. However, in the presence of
significant amounts of oxygen the quantum yield is reduced much more by
SFs than by helium (Fig. 7). The line in Fig. 7 was drawn using eqn. (XXI)
and assuming a value of 2.17 [35] for the efficiency vsr,’ of SK¢ in reaction
(10). This value is in good agreement with 7SF¢-.! = 2.12 calculated using the
values 34 X 1073 cm® molecule 2 s7! [36] or 31 X 10734 cm® molecule 2 s=!
[37] or 22.5 X 1073* cm® molecule™? s7! [88] for k,;o(M’'= SF¢), ki o(M'=
0;) = 6.07 X 107%% cm® molecule ' s7! [39] and v, = 0.44 [5].

A plot of &g /20, versus p/#, yields a linear relationship over the range
studied (Fig. 11). The intercept A/2 and the slope (B + C08,)/2 were calculated
by a least-squares treatment to be 0.63 *+ 0.08 and 2.09 * 0.21 respectively.
In order to account for the observed linearity C@, must be much less than B
and consequently B/2~ 2.09 * 0.21. These data give a value for the overall
quantum yield ®gr (po, = 0) of a mixture consisting of SF¢ at 300 Torr and
ozone at 1 Torr of 5.44 + 0.32 molecules quantum™! which is slightly lower
than the value of 5.68 £ 0.15 molecules quantum™! found for pure ozone.
This small effect, if it exists, must be ascribed to the deactivation of active
intermediates. It is well known that neither O('D) nor O,(1A,) are effectively
deactivated by SFq [29, 30]. If it is assumed that O,* is the only excited
molecule quenched by SFg, the efficiency of SFy as a deactivator in reaction
(4b) can be estimated to be vgp, ' = k4p(M" = SFg)/k4y = T X 107*. Therefore
it can be concluded that O,* is highly resistant to collisional deactivation
and consequently 8=~ 1.

When all the preceding considerations (a, =0, =1, n =1) are taken
into account, eqn. (1) simplifies to

N¢5F6/262 o
(o]

0 025 o5 095 10
9/62

Fig. 11. Plot of ®gf, /20, vs. p/@, for the experiments performed in the presence of SF¢:
(Po,)i = 1 Torr; psy, = 300 Torr.
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D =200, 0, + 20[1 + ${0(1 — ) + 1 + 76(1 — 0> — 0¢)}] (XXI)

When eqn. (XXI) is applied to oxygen-free O;—N, systems with
Pn,/Po, ™ % ® =2(1+¢). When ¢ =0.92 is substituted a value of 3.84
molecules quantum™ is obtained for ®(pn,/Po, ™ ), in good agreement
with the experimental value obtained at high nitrogen pressures (Fig. 8).
When eqn. (XXI) is used with a value of 0.39 [5] for the efficiency 7N2’ of
N, as a third body in reaction (10) the efficiency of nitrogen as a quencher
for O('D) atoms in reaction (6) is vy, = 0.19 + 0.01 (Table 5), in close agree-
ment with the values obtained in previous work [8, 9] and that recommended
by Baulch et al. [39].

5. Conclusion

The reactions

o('D)+0O; > O+05* (2c)
O0,*+M' = O, +M" (4b)
and therefore

0;*+0; > 0;+0,+0 (5a)
O3 +M"' = 0;+M"” (5b)

can be ignored under our experimental conditions. The experimental data
can therefore be explained using the following mechanism:

O3+ hvyss, —> OCD) + 05(14,) (1a)
O3+ hvys37 > O+ O, (1b)
O('D) + 03 = 0,*+ O, (22)
O('D) + 03 > 0, +20 (2b)
0,('Ag) + 053 —» 20,+0 (3)
0*+ 053 > 20,+ 0 (4a)
oD)+M > O+M (6)
O('D)+ 0, > O+ 0,('Z,*) (7a)
O(ID)+0, - O+0, (7o)
0:('Z;) + 03 > 20,+0 (8a)
0:('Z,) + 03 = O, + 05 (8b)
O+0; = 20, (9)
O+0,+M - O;+M' (10)

The overall quantum yield for the decomposition of pure ozone is
P = 5.68 + 0.15 molecules quantum™! and is pressure independent. The
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addition of helium up to a ratio pg./po, ~ 600 has no effect on ¢ in oxygen-
free systems and the addition of SF(, up to a ratio pgsg,/Po,~ 300 has only a
small effect on . When n1trogen is added at high py_/po, ratios, Py, tends
towards 4 molecules quantum™?

Oxygen has a strong inhibitory effect. The quantum yield ¢ for O('D)
production is 0.92 + 0.04 atoms quantum™!, The efficiency of deactivation
of O('D) atoms by nitrogen is Tn, = 0.19 £0.01. O(!D) reacts with O; via
(2a) producing the unspecified energetic O,* molecule with an efficiency of
47% and via (2b) producing two oxygen atoms with an efficiency of 53%.
0,* is very resistant to collisional deactivation.

The product 76 = k;, ks, /R7ks of the branching ratios of reactions (7a)
and (8a) is 0.58. Thus if 7 is taken as 0.80 [29], the efficiency 8 of reaction
(8a) is 0.73.

When the values k,/k, = 0.15 [29, 32], kl()/kg 5.6 X 1073 [5], —yo3 =
0.44 [5], 'yN = 0.39 [5], Tue = 0.34 [5] and ’YSF = 2.17 [35] are assumed,
the quantum yield for ozone decomposition calculated using eqn. (XXI) is
in very good agreement with experiment.
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