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Temperature and pressure dependence of ozone formation rates 
in the range 1-1000 bar and 90-370 K 

H. Hippler, R. Rahn, and J. Troe 
Institut fur Physikalische Chemie der Universitat Gottingen, Tammannstrasse 6, D-3400 Gottingen, 
Germany 

(Received 4 May 1990; accepted 21 June 1990) 

The recombination 0 + O2 + M-+03 + M in the bath gases M = He, Ar, and N2 was 
studied over the temperature range 90-370 K and the pressure range 1-1000 bar. The 
temperature and pressure dependences of the reac!ion rates show an anomalous behavior 
which is attributed to superpositions of mechanisms involving energy transfer, complex 
formation and participation of weakly bound electronically excited 0 3 states. The results also 
show an analogy to oxygen isotope enhancements observed in ozone recombination and 
dissociation. Experiments in compressed liquid N2 were also made showing a transition to 
diffusion control. 

I. INTRODUCTION 

Experimental studies of atom and radical recombina
tion reactions at gas temperatures of the order of 100 K 
have rarely been performed. 1 Studies of hydrogen atom 
recombination by Walkauskas and Kaufman2 at tempera
tures down to 77 K, and of ozone recombination 

o + O2 + M -+ 0 3 + M (1 ) 

by Rawlins, Caledonia, and Armstrong3 at temperatures 
down to 80 K, are among the few exceptions. More radical 
recombination studies have been performed at tempera
tures down to 220 K, i.e., under stratospheric conditions 
(see evaluations in Ref. 4). 

All of the existing low temperature studies were lim
ited to pressures below 1 bar. In order to obtain conclusive 
information on the high pressure limit of the studied rad
ical recombination reactions, experiments at low tempera
tures and higher pressures appear desirable. We demon
strate in the present work the feasibility of such 
experiments by studying a radical recombination reaction 
over the temperature range 90-370 K at pressures up to 
1000 bar. The technology of such experiments is relatively 
simple and many more studies of this type should be per
formed. 

At very low temperatures a number of interesting phe
nomena become apparent which are of smaller importance 
at higher temperatures: quantum effects become visible.2,5 
The radical-complex mechanism of atom recombination 
often dominates over the energy-transfer mechanism. 1 This 
mechanism may become observable also for radical recom
bination if the energy-transfer mechanism is sufficiently 
slow.!> There may be other effects which have not yet been 
investigated in this context: Open-shell atoms and radicals 
often combine forming a large number of different elec
tronic states. Generally only the few strongly bonding out 
of these electronic states provide a major contribution to 
the recombination rate. 7

-
9 At low temperatures, however, 

the weakly bonding states may also participate in the re
action. Increasing pressure may enhance this effect. At 
high pressures and low temperatures, the transition from 
normal gas phase recombination to a diffusion-controlled 

reaction is also of considerable interest. to The study of sim
ple reaction systems of this kind appears particularly de
sirable for a comparison with theories (see the halogen 
atom recombinations which were studied in Refs. 11 and 
12 at pressures up to 7 kbar). Continuing the room tem
perature studies of ozone recombination (1) from Ref. 6, 
which were limited to pressures below 200 bar, the present 
work aimed for the transition to diffusion control in a sim
ple radical recombination system. 

Low temperature and high pressure studies of ozone 
recombination (1) provide a number of additional attrac
tions. The importance of this reaction in the atmosphere is 
well known (see the review of spectroscopic and kinetic 
data of the ozone system in Ref. 13). Studying temperature 
and pressure dependence over wide ranges might help to 
understand the anomalous rate constants of this reaction. 
Collisional energy transfer of vibrationally excited ozone 
was suggested to be very slow. 14 The contribution of meta
stable excited electronic states of this molecule has caused 
some controversy:3,13,15 transient spectra, which were re
corded during the early stages of the recombination, have 
been attributed either to metastable electronic states or to 
vibrationally highly excited ground state molecules. 
Quantum-chemical calculations (see, e.g., Refs. 16-21) 
have essentially been limited to equilibrium configurations, 
leaving uncertain the long-range parts of the potential en
ergy surfaces. 

High pressure recombination processes are in close re
lation to isotope exchange processes. This applies also to 
ozone recombination in relation to oxygen isotope 
exchange via 0 + O2-+02 + O. There are other interesting 
isotope effects in ozone recombination and thermal decom
position (see, e.g., Refs. 22-25). A recent study of the 
pressure dependence of heavy isotope enrichment in ozone 
recombination showed that the enrichment disappears at 
pressures of the order of 10 bar.24 Likewise, the enrichment 
in ozone recombination shows an interesting temperature 
dependence.25 If symmetry effects of various electronic 
states are the source for such isotope effects, then colli
sional coupling between the states may destroy isotope en
richments. On the other hand, collisional couplings be-
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FIG. 1. Absorption-time profile of ozone recombination after 0 3 photol
ysis (reaction mixture: 0.5 Torr 0 3,4.7 Torr O2,500 bar N2; T= 213 K; 
photolysis wavelength 248 nm, analysis wavelength 265 nm; 
1 = transmitted light intensity, 10 = incident light intensity). 

tween various electronic states will enhance high pressure 
recombination rates. Our present low temperature-high 
pressure recombination studies of reaction (1), therefore, 
may be directly related to the isotope enhancement mea
surements. 

II. EXPERIMENTAL TECHNIQUE 

Ozone recombination (1) in our work was investigated 
by laser flash photolysis. Oxygen atoms were generated by 
photolyzing O2, N20, or 0 3, The progress of the recombi
nation was monitored via measurements of 0 3 absorption 
signals. The experiments were carried out in a high pres
sure cell which could be cooled or heated over a wide 
temperature range. The components of our experimental 
setup will be described in more detail in the following. The 
high pressure cell was made from a stainless-steel rod of 12 
cm length and 4 cm diam. A cylindrical reaction volume of 
6 mm diam and 8 cm length was machined into this steel 
rod. It was closed at both ends by window disks of 14 mm 
diam and 5 mm thickness which were made either of 
quartz (for measurements down to 193 nm) or of sapphire 
(for measurements at 248 nm). The 0 rings for the win
dows were made of indium in order to keep elasticity at 
low temperatures. The reaction cell was designed for pres
sures up to 1.3 kbar. In order to prevent contact of 0 3 with 
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FIG. 2. Absorption-time profile of ozone formation after N20 photolysis 
(reaction mixture: 81 Torr N20, 9.2 Torr O2.3.8 bar N2, 178 bar Ar; T 
= 373 K; photolysis wavelength 193 nm, analysis wavelength 265 nm; 

1 = transmitted light intensity, 10 = incident light intensity). 

FIG. 3. Absorption-time profile of ozone formation after O2 photolysis 
(reaction mixture: 100 Torr °2, 10 bar N2; T= 300 K; photolysis wave
length 193 nm, analysis wavelength 265 nm; 1 = transmitted light inten
sity, 10 = incident light intensity). 

the waH, in experiments using 0 3 as the oxygen source a 
thin teflon tube was laid into the stainless-steel reaction 
cell. 

The reaction cell was surrounded by cooling-heating 
jacket made of a copper tube into which a heating wire was 
placed. A steady flow of liquid nitrogen was pressed 
through the copper tube. The minimum temperature 
achieved by this technique was 85 K, i.e., 8 K above the 
temperature of liquid nitrogen. Higher temperatures were 
reached by counter heating the wire in the tube. The ac
cessible temperature range was 85-373 K. Temperatures in 
the cell were measured by a Pt-resistance thermometer. 
Nitrogen flow and heating current were automatically 
adapted to the desired experimental temperature. In order 

TABLE I. Second-order recombination rate constants of ozone recombi
nation (I) at different temperatures T and bath gas concentrations [M]; 
bath gas = He (D self-diffusion coefficient of the bath gas, see Refs. 11 
and 12). 

T/K p/bar [He]/cm -3 D- 1/scm- 2 k/cm3 S-I 

100 2 1.5 X 1020 1.9 X 101 l.Ox 10 - 12 

5 3.6X 1020 4.6X 101 2.5x 10- 12 

10 7.5X 1020 9.6X 101 4.1 X 10 - 12 

20 l.4X 1021 1.7 X 102 5.4x 10 - 12 

50 3.3 X 1021 3.8X102 7.6X 10- 12 

100 6.1 X 1021 6.5X 102 1.2X 10- 11 

200 1.2 X 1022 l.l X 103 1.8x 10-11 
350 1.7 X 1022 1.4 X 103 2.2x 10- 11 

500 2.1 X 1022 1.7x 103 2.1XIO- 11 

900 2.6X 1022 2.1x103 2.3XIO- II 

140 5 2.6X 1020 3.IX 101 4.3X 10- 13 

10 S.2X 1020 6.0X 101 7.7X 10- 13 

20 1.1 X 1021 1.2X 102 1.3XIO- 12 

50 2.6X1021 2.8X 102 2.6X 10- 12 

100 5.0X 1021 4.9X 102 4.5x 10- 12 

200 8.8X 1021 8.0X 102 6.6X 10- 12 

500 1.8 X 1022 1.3 X 103 l.lXIO- 11 

900 2.4X 1022 1.9x 103 1.5 X 10-11 

200 5 1.7X 1020 1.8x 101 8.2X 10- 14 

10 3.3X 1020 3.4XIOI 1.7X 10- 13 

22 8.0X loW 8.lx 101 3.SX 10- 13 

50 1.9X 1021 1.9x 102 6.8X 10- 13 

100 3.3X 1021 3.0X 102 l.2x 10- 12 

180 5.3X 1021 4.5x 102 2.1 X 10- 12 
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to prevent condensation of moisture on the windows, the 
reaction cell with its cooling jacket was suspended in a 
vacuum vessel allowing the photolysis and analysis light to 
pass through external quartz windows. A number of addi
tional precautions, which are not described here, had to be 
taken to minimize heat transfer. 26 

The bath gases M for reaction (1) were He, Ar, and 
N2. These gases were of a purity better than 99.998%. 
Oxygen and other impurities were removed by a gas clean
ing adsorber (Oxisorb, Messer-Griesheim). The bath gases 
were passed through a 3 J.L-steel dust filter into an oil-free 
diaphragm compressor (MK 3000, Nova Swiss) and com
pressed up to 1 kbar. Ozone was prepared in an ozonizer 
and stored in a silica gel cooling trap. O2 and N20 were of 
purities better than 99.995% and 99%, respectively. (Ob
viously the purity problem requires particular attention in 
high pressure kinetics studies.) 

Oxygen atoms were produced by photolyzing 0 3 at 248 
nm with a KrF excimer laser (Lambda Physik EMG 102, 
pulse energy 170 mJ, pulse width 16 ns) or by photolyzing 
O2 at 193 nm with an ArF excimer laser (80 mJ, 11 ns). 
Alternatively, NP was photolyzed at 193 nm. Rapid elec
tronic deactivaton of the nascent O( ID) was achieved by 
collisions with the bath gas N2. The photolysis light was 
combined with the analysis light of dielectric mirrors and 
passed colinearly through the cylindrical reaction cell. The 
light source for absorption measurements was a Hg-Xe 
high pressure arc lamp (200 W Ushio UXM-200 H) which 
was pulsed for 80 J.Ls during the photolysis experiment (in
tensity gain of a factor of 100). An electromagnetic shutter 
opened allowing access of the analysis light to the cell 
shortly before the laser flash. Absorption-time signals were 
recorded using a standard monochromator (Zeiss MM3), 
photomultiplier (RCA IP28A) and digital storage oscillo
scope (LeCroy 9400, band width 125 MHz). Five to 
twenty shots were averaged; blank and baseline signals 
were subtracted. 

The concentration of the ozone formed by reaction (1) 
was measured at 265 nm. This wavelength has several ad
vantages: the absorption coefficient (a = 9 X 10 - 18 cm2) is 
large, the Hg-Xe lamp has a high intensity, and the 0 3 
absorption spectrum here is nearly excitation indepen
dent27 so that relaxation processes do not interfere. 

The oxygen atom sources 0 3, N20, and O2 had dif
ferent ranges of applicability. Because of the small absorp
tion coefficient of O2 at 193 nm, experiments with 02/bath 
gas mixtures required extensive' averaging (more than 200 
shots). This in tum led to accumulation of 0 3 which also 
is photolyzed at 193 nm; hence, the range of accessible 
concentration conditions was limited. N20 photolysis at 
193 nm avoids this problem and provides a clean Oep) 
source under the condition that a sufficient amount of N2 is 
added for the electronic quenching of OeD). Since the 
vapor pressure of N20 gets too small at temperatures be
low 150 K, gas phase experiments here became difficult. 
However, N20 dissolves well in liquid N2 such that exper
iments with this oxygen source could well be conducted in 
compressed liquid N2 up to 1 kbar at 90 K. 0 3 photolysis 
at 248 nm permitted gas phase experiments down to 90 K 

without problems. Some N2 was always added for the elec
tronic quenching of 0 ( I D). Typical reaction mixtures then 
contained 0.5 Torr 0 3, 2-15 Torr O2, 1-3 bar N2, and the 
bath gas M at pressures up to 1 kbar. 

III. EXPERIMENTAL RESULTS 

The recorded absorption-time profiles all corresponded 
to a clean reaction behavior which could be exclusively 
attributed to reaction (1). The reaction always was ob
served under pseudo-first-order conditions such that the 
second-order rate coefficient k could easily be derived. Fig
ure 1 shows the example of an absorption-time profile for 
ozone recombination after photolysis of an 03/02/N2 mix
ture. Figure 2 shows ozone formation after photolysis of an 
N20I02/N21 Ar mixture. Figure 3 shows the correspond
ing signal for an 02/N2 mixture. 

The derived rate constants k are summarized in Tables 
I-III. k values are given for selected values of [M). Since 
high values of [M) were studied, we also indicate the cor
responding values of the inverse of the self-diffusion coef
ficients D of the bath gas [M). Our earlier high pressure 
experiments suggested l

O--
I2 that a D- I scale conveniently 

describes the transition from gas to liquid phase, in partic
ular if the transition to a diffusion controlled reaction is 
considered. 

Figures 4-6 illustrate the results from Tables I-III by 
a double-logarithmic falloff representation. The three bath 
gases He, Ar, and N2 show notable differences and "anom
alous falloff behavior." At low pressures the curves seem 
to lead from the low pressure third-order to a high pressure 
second-order range in the normal way. A conventional 
falloff extrapolation, therefore, was made in Ref. 6 on the 
basis of room temperature experiments at pressures up to 
200 bar. However, at pressures above this range a dramatic 
tum-up of the rate constants sets in which leads to high 
pressure rate constants more than an order of magnitude 
higher than extrapolated from lower pressures. At the 
highest densities achieved, the rate constants decrease 
again indicating the transition to diffusion control. The 
representation of k as a function of D - I better illustrates 
this transition (see Fig. 7 for M = N2). Compared to the 
corresponding transition in halogen atom recombina
tion,I1,12 a less abrupt transition with a broad intermediate 
plateau in the k - D - I representation is observed. The 
130 K curve in Fig. 7 combines gas phase results at 130 K 
with liquid phase results at 90-120 K which appears tol
erable in the diffusion controlled range, see below. 

The separate representation of the temperature depen
dence of the low pressure third-order rate constants is also 
illustrative. Figures 8-10 combine the present results with 
low pressure results from other laboratories, and with high 
temperature dissociation results which have been con
verted to recombination results by means of the equilib
rium constant. Large temperature ranges have been cov
ered, e.g., the range 80-3000 K for M = Ar 
(corresponding to 4<EoIRT<150 were Eo = dissociation 
energy of 0 3), There is excellent agreement between the 
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TABLE II. As Table I; bath gas = Ar. TABLE III (continued). 

T/K p/bar [Ar]/cm- 3 D- I/scm- 2 k/cm3 S-I T/K p/bar [N2]/cm -3 D- I/scm- 2 k/cm3 S-I 

100 200 1.55 X 1022 L5X 104 2.lx 10- 11 
ISO l.4x 1022 LOX 104 1.Sx 10- 11 

500 1.6Ox 1022 l.6X 104 2.0XIO- 11 

9.6XIo19 2.SX 101 2.OX 10- 13 

3.4X 1020 S.6X 101 6.5x 10- 13 
173 2 

163 7 6 2.7X 1020 7.5XIOI 4.9XIO- 13 

20 LOX 1021 2.6X 102 2.0X 10 12 
4.4 X 1020 1.2 X 102 7.0X 10- 13 10 

50 3.7X 1021 l.Ox 103 7.SXlO- 12 
20 9.7X 1020 2.7x 102 1.3XlO- 12 

3S0 1.7X 1022 1.2X 104 2.1 X 10- 11 
SO 2.7X 1021 7.1 X 102 3.2X 10- 12 

SOO 2.OX 1022 2.0X 104 2.0X 10- 11 
100 5.6X loll 1.5 X 103 6.2XlO- 12 

213 10 3.SX 102° S.6X 101 3.0X 10- 13 190 1.0X 1022 3.6X103 1.1 X 10- 11 

21 7.4X102o 1.SX 102 6.0X 10- 13 3S0 1.2 X 1022 5.6xl<f l.5X 10- 11 

50 2.0X 1021 5.0X 102 1.3 X 10- 12 500 I.4X 1022 7.SXlOJ 1.7XlO- 11 

100 4.6X 1021 1.2 X 103 2.1 X 10- 12 1000 1.6x 1022 1.2 X 104 2.1x 10- 11 

ISO S.3X 1021 2.SX 103 3.SX 10- 12 
213 3 S.6X 1019 2.3X101 l.lxlO- 13 

SOO 1.5 X 1022 6.6X 103 7.SX 10- 12 
5 1.SX 1020 4.9XIO I 2.1 X 10- 13 

1000 I.S X 1022 1.1 X 104 l.lXlO- 11 
10 3.5x 1020 9.4xlOl 3.7x 10- 13 

253 9 2.5X 1020 6.0xlOl 1.4 X 10- 13 15 4.9X 1020 1.3 X 102 5.6xlO- 13 

19 5.6X 1020 1.3 X 102 2.5XIO- 13 20 7.2X 102° l.9x 102 6.SX 10- 13 

31 9.0Xl02° 2.1 X 102 4.0xlO- 13 30 1.1 X 1021 2.9X 102 9.5 X 10- 13 

SO l.S X 1021 3.5X 102 5.3x 10- 13 60 2.lx 1021 5.IX102 l.SX 10 -12 

100 3.2X 1021 7.6X 102 9.4 X 10 13 100 3.9X 1021 9.4X 102 2.8x 10- 12 

ISO 5.SX 1021 1.5 X 103 1.6x 10-- 12 ISO 6.SX 1021 1.7 X 103 5.1xlO- 12 

3S0 l.OX 1022 3.0X 103 3.5x10- 12 350 l.Ox 1022 3.1 X 103 S.5X 10- 12 

500 1.3 X 1022 4.3X 103 5.0X 10- 12 500 1.2X 1022 4.SX 103 l.lxlO- 1I 

1000 L6x 1022 7.2X 103 7.SXI0- 12 1000 1.5 X 1022 S.OX 103 1.6x 1O- 11 

300 9 2.2X 1020 5.0X 101 S.6X 10- 14 253 3 7.3x1019 l.9x 101 6.2X 10- 14 

21 5.1 X 1020 L2X 102 l.7xlO- 13 6 1.7 X 1020 4.4 X 101 I.4X 10- 13 

30 7.2X 1020 l.6x 102 2.2x 10- 13 10 2.9X 1020 7.4 X 101 2.2x 10- 13 

SO L2X 1021 2.7X 102 3.0X 10- 13 20 5.SX 1020 1.5 X 102 4.0X 10- 13 

70 1.7 X loll 3.SX 102 3.9X 10- 13 50 l.SX 1021 3.SX 102 7.SX 10- 13 

100 2.2X loll 4.9X 102 S.5x 10 13 90 2.9X 1021 6.7X102 1.2 X 10- 12 

170 4.1 X 1021 9.3x102 7.4x 10- 13 140 4.0X 1021 9.0X 102 1.Sx 10- 12 

350 S.OX 1021 2.0XI03 1.4x10- 12 200 5.5X 1021 1.2 X 103 2.4xlO- 12 

SOO l.Ox 1022 2.7X 103 2.SxlO- 12 350 S.2x1021 2.0X 103 4.0X 10- 12 

1000 1.5 X 1022 S.lx103 4.6X 10- 12 500 l.OX 1022 2.SX 103 S.7xlO- 12 

373 10 1.95 X 1020 4.2x 101 5.6X 10- 14 1000 1.3 X 1022 4.7X 103 9.3x 10- 12 

20 3.9X 1020 S.4X 101 9.0X 10- 14 300 5 l.2X 1020 2.9X 101 5.9x 10- 14 

50 9.7X 1020 2.IX 102 2.0X 10- 13 10 2.4X 1020 S.SX 101 !.2x 10 - 13 

100 2.0X 1021 4.2X 102 3.6x 10- 13 20 4.SX 1020 1.1 X 102 2.4x 10- 13 

ISO 3.4xl021 7.0xl02 4.6xlO- 13 50 1.2 X loll 2.SXl02 5.4 X 10- 13 

65 l.5x 1021 3.4Xl02 6.0X 10- 13 

100 2.4x 1021 5.3X 102 7.6X 10- 13 

170 3.5 X 1021 7.S X 102 9.0X 10 - 13 

TABLE III. As Table I; bath gas = N2. 200 4.2x 1021 S.SX 102 l.Ox 10- 12 

3S0 6.SX 1021 1.4X 103 1.5 X 10- 12 

T/K p/bar [N2]/cm -3 D- I/scm- 2 k/cm3 s- 1 500 9.3X 1021 2.2X 103 2.0X 10- 12 

1000 1.2X 1022 3.5X103 3.9XIO- 12 

90 SO 1.73 X 1022 2.SX104 1.9 X 10-- 11 373 10 1.95 X 1020 4.4X 101 6.6X10- 14 

ISO 1.7SX 1022 3.IX 104 1.9X 10- 11 20 3.9X 1020 S.7X 101 1.2x 10- 13 

1000 2.0X 1022 4.SX 104 I.5xlO II 50 1.05 X 1021 2.3X 102 2.9X 10- 13 

100 7.0X 1019 2.3x 101 6.7X 10 13 100 1.9X 1021 3.9X 102 4.0X 10- 13 

70 1.55 X 1022 1.7X 104 2.0X 10- 11 180 3.4X 1021 6.7X 102 6.IXlO- 13 

190 1.6SX 1022 2.3X104 2.0X 10 11 

110 70 1.45 X 1022 1.3 X 104 2.1X 10- 11 

ISO I.S5 X 1022 I.6X 104 2.1 X 10- 11 

120 70 I.30x 1022 S.6X 103 l.9XIO- 1i different laboratories. The agreement between the low tem-
ISO 1.46 X 1022 1.2x 104 1.9X 10 II perature data from Ref. 3 and our work for M = Ar should 

130 3 1.7x 1020 S.2x 101 7.3XIO- 13 be mentioned in particular. There is a pronounced increase 
6 3.SX 1020 1.1 X 102 LSX 10- 12 of the negative temperature coefficients, n, with decreasing 

13 S.3X 1020 2.5x102 3.SX 10- 12 
temperatures (n being defined by ka:. r-n). However, the 

22 1.6x 1021 4.6Xl02 6.3XIO- 12 

30 3.2XI021 9.2X 102 LOX 10 II three bath gases differ in this regard: Whereas the change 
so LOx 1022 4.3X 103 I.SXlO- 11 in n occurs near 500 K for M Ar and Nb it occurs near 

100 1.3x1022 7.4x 103 1.9XIO- 1l 200 K for M = He. The following representations of k 
have been derived from the results shown in Figs. 8-10: 
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FIG. 4. Dependence of the second,order rate coefficients k for ozone 
recombination (1) on temperature and bath gas concentration in the bath 
gas He. 

FIG. 6. As Fig. S. in the bath gas N2. 

M=He: k= [He] 7.2Xl0- 33 (T/loo K) - 3.7 cm6s- 1 at 100--200 K. 
k= [He] 3.4XI0- 34 (T/3oo K) - 1.2 cm6s- 1 at 200--1000 K; 

M=Ar: k= [Ar] S.OX 10- 33 (T/loo K) - 3.2 cm6 S-I at SO-ISO K. 
k= [Ar] 4.SX 10- 34 (T/3oo K) - 2.7 cm6s- 1 at lS0-400 K. 
k = [Ar] 4.0X 10- 35 (T/lOOO K) - 1.0 cm6 8- 1 at 700--3000 K; 

M=N2: k=[N2] S.SXlO- 34 (T/3oo K) - 2.6 cm68- 1 at 100--400 K. 
k= [N2] S.2X 10- 35 (T/looo K) - L3 cm6 s- 1 at 700--900 K. 

IV. DISCUSSION 
The observed temperature and pressure dependences 

of ozone recombination look unusual. The following fea
tures appear most noticeable: 

nounced negative temperature coefficients (kol 
[M] C( T- n), with n being much larger at low than at high 
temperatures. 

(ii) The ordering of the low pressure rate constants for 
different bath gases changes with temperature. The (i) The low pressure rate constants ko have pro-

~ .. 
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M 

e 
10"2 u /dJ ::.: 

,n'ji;W 
10,,3 

213 KiP 
2S3K~ 
3DOKj/ 
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FIG. 5. As Fig. 5. in the bath gas Ar. 
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FIG. 7. As Fig. 6. but representation as a function of the inverse self, 
diffusion coefficient D of N2 (experiments from this work. in addition 
results from Ref. 6: 0 and Ref. 2S: III at 300 K; experiments in com, 
pressed liquid N 2: 181: 120 K.I!I: 110 K. E&: 100 K and &: 90 K). 
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'0-3~L..O----~'0:-:0'-------:'-=OO=:0=-=TI:-;-;K 

FIG. 8. Temperature dependence of the third-order rate coefficients 
kl[M] for ozone recombination (1) in M He (0: this work, .: Ref. 
30). 

ko/[M] values are nearly equal at 100 K, being 
7.0XlO- 33, 8.0XlO- 33, and 8.7XlO- 33 cm6 S-l for 
M = He, Ar, and N2, respectively; at 300 K they are 
3.4XlO- 34, 4.0XIO 34, and 5.6XlO 34 cm6 s-1, 
whereas at 1000 K they change into 10.0 X 10 35, 

4.0XlO- 35, and 5.2xl0- 35 cm6 s- 1 for M=He, Ar, 
and N2, respectively. 

(iii) The falloff curves show an S-shaped form. The S 
structure is most pronounced near 300 K and nearly absent 
near 100 K. 

(iv) At temperatures close to 100 K the second order 
rate constant k decreases at the highest densities, indicat
ing a transition to diffusion contro1. 10-12 A broad interme
diate plateau between the rise and the fall of the rate con-

FIG. 9. As Fig. 8, but in M = Ar (0: this work, 0: Ref. 3,.: Ref. 30,6.: 
Ref. 46, 0: Ref. 47,181: Ref. 48, ® Ref. 49, A: Ref. 50,.: Ref. 51). 

stant is observed, if a presentation of the second-order rate 
constant k as a function of the inverse self-diffusion coef
ficient of the solvent is chosen. 

One may try to interpret the observed properties of the 
rate constants in several ways. We consider three mecha
nisms to explain the low and medium density results: First, 
we try to relate our observations with the falloff curves of 
the energy transfer mechanism of normal dissociation
recombination reactions. Second, we take into account 
contributions from the radical-complex mechanism of re
combination processes, such as discussed for atom recom
bination reactions. Third, we investigate a recombination 
pathway involving excited electronic states of ozone. These 
three possibilities will be inspected in the following with 
respect to their temperature, pressure, and bath gas depen
dences. 

Energy-transfer mechanism (ET): If ozone recombina
tion in the temperature range 100-400 K would follow the 
normal energy-transfer mechanism (BT) of dissociation
recombination reactions, standard unimolecular rate the
ory should apply. Under the condition that a single elec
tronic state, correlating ° and O2 with 0 3 in the electronic 
ground states contributes to the reaction, the low pressure 
rate constant would be given by 

ko= [MJf3cZu 

( 
h2 )3/2 Qrot(03) Qel(03) 

X 21TJ-LkT Qvib(02)Qrot(OZ) Qel(02)Qel(0) 

XPvib,h(Eo)kT F EFan!!"rotF Ez 
with the symbols explained in Ref. 29. The evaluation of 
the varions factors in this equation is straightforward and, 
for the 0 3 system, has been done in Refs. 29-31. A com
parison with the experimental dissociation results at 
1).800 K leads to small collision efficiencies f3c which cor
respond29 to energy transfer step sizes of the order of 

10-35L,-----~----..,.."L:_:_-=::-: 
10 100 1000 T/K 

FIG. 10. As Fig. 8, but in M = N2 (0: this work,.: Ref. 30,6.: Ref. 46, 
0: Ref. 47, 181: Ref. 48, A: Ref. 50). 
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(aE) = - (20± 10) cm -I for M = He, Ar, and N2. 
These small values are consistent with the observation of 
inefficient collisional energy transfer made in the classical 
trajectory calculations of Ref. 14. One may attribute this 
behavior to the high vibrational frequencies of 0 3 in com
parison to the small dissociation energy Eo and, hence, the 
small harmonic oscillator density of states Pvib,h(Eo) at Eo. 
The temperature dependence of the strong collision limit of 
ko (i.e., Pc = 1) between 200 and 400 K would correspond 
t029 n ::::: - 0.5 if FE = 1 (or to n::::: + 0.7 if adiabatic zero
point barriers are included, i.e., FE< 1; the appearance of 
these barriers strongly depends on the potential; in the 
absence of further information we leave out this effect). 
The collision efficiency Pc will not have a strong tempera
ture dependence either: if (aE) a: T such as observed for 
energy transfer in S02 and CS2,32 Pc::::: - (aE)IF#T 
would be independent of temperature;29 with constant 
(a E), Pc would be proportional to T- I. Replacing the 
Lennard-Jones collision frequency ZLJ by an energy
transfer collision frequency ZET' such as suggested in Ref. 
33, also does not change the temperature dependence of ko 
much. We, therefore, conclude that our present knowledge 
about the temperature dependence of the ET mechanism 
would lead to koa: T- I (±O.5) which is in marked contrast 
to the observations of ozone recombination in Ar and N2 at 
T < 400 K. Nevertheless, the ET mechanism apparently 
becomes dominant at T> 500 K for these bath gases, where 
the experimental values of ko approach a T- I dependence 
in agreement with the corresponding theoretical predic
tions. 29 For the bath gas He, the ET mechanism apparently 
operates between 200 and 900 K where ko a: T- I is ob
served. 

Radical-complex mechanism (Re): Because of the un
usually inefficient energy transfer in highly excited ozone, 
in Ref. 6 we suggested a contribution of the radical com
plex mechanism (RC) to ozone recombination. Choosing 
the simple formulation 

0+ M<=tOM, (2) 
O2 + M<=t02M, (3) 
O2 + OM-+03 + M, (4) 
0+ 02M-+03M, (5) 
02M + OM-+03 + 2M, (6) 

the second-order rate constant for ozone formation is given 
by 

k 
(K2k4 + K3k5) [M] + K2K3k6[M] 2 

1 '+ (K2 + K3)[M] + K2K3[M]2 , 
(7) 

where K2 and K3 denote equilibrium constants. In the low 
pressure limit one would have 

(8) 

The Lennard-Jones parameters for O-M and 02-M com
plexes are known to be34,35 Elk = 24--29, 90-95, and 107 K 
for O-He, O-Ar, and O-N2 and 29, 130, and 123-128 K 
for 02-He, 02-Ar, and 02-N2' 0 respectively, whereas u 
= 3.27-3.08,3.6-3.48, and 3.41 A for 02-He, 02-Ar, and 

02-N2' and 3.44, 3.62, and 3.69-3.63 A for 02-He, Oz-Ar, 
and 02-N2' respectively. We estimate the equilibrium con-

stants K2 and K3 on the basis of these parameters and the 
. k D 'd . 3637 SImple Bun er- aVI son expressIOn ' 

(9) 

which approaches a K a: T- 5/2 temperature dependence at 
E> kT [deviations from Eq. (9) are expected for M = He]. 
At T:::::3oo K, Eq. (9) leads to K2:::::K3:::::u3:::::4.3XlO-23 
cm3 for M = Ar and N2 such that the comparison with the 
experimental ko values near 300 K would require 
k4 + k5::::: 1.2 X 10 - II cm3 s - I. Although systematic 
studies of the rate constants for exchange processes with 
van der Waals complexes are not available, it appears not 
unreasonable to approximate k4' k5' and k6 by the capture 
(or high pressure recombination) rate constants of 0 + O2 
in the electronic ground state. A value of 2.7 X 10 - 12 

cm3 s - I (originally based6 on a falloff extrapolation at 300 
K from pressures below 200 bar) in Refs. 9 and 31 was 
well accounted for by SACM unimolecular rate theory (as 
long as adiabatic zero-point barriers are neglected). While 
the pressure dependence of the rate constants at 300 and 
400 K and pressures below 200 bar can be represented in 
this way by the RC mechanism, neither the sharp turn up 
at higher pressures nor the S structures and the large val
ues of the rate constants at lower temperatures can be 
explained. The underestimate of the temperature depen
dence of ko by K from Eq. (9) might be due to the over
simplified form of this equation (for a more detailed treat
ment of equilibrium constants of complexes see Ref. 38). 
However, the large high pressure values at low T clearly 
exceed 0 + O2 capture rate constants which have probably 
only a mild temperature dependence. 

The ozone recombination in the bath gas He shows a 
markedly different temperature dependence in the low 
pressure limit. The ko a: T- I dependence between 200 and 
900 K suggests that the ET mechanism here still dominates 
over the RC mechanism because the values of K2 and K3 
are small. Estimating K2 and K3 by Eq. (9) (in spite of the 
limitations of this expression for M = He and H2, see Ref. 
36), confirms this interpretation, which is in complete 
analogy to the situation of the recombination of iodine 
atoms. 37 At temperatures below 200 K apparently the 
mechanism, which is responsible for the high presure turn
up, has shifted so much towards lower pressures that this 
mechanism governs the low pressure range as well, see 
below. 

Mechanism involving excited electronic states (EE): The 
foregoing discussions have suggested that the energy trans
fer mechanism is only of minor importance at low temper
atures. The radical complex mechanism, on the other 
hand, can only account for part of the observations. Look
ing for other mechanisms, in the following we consider a 
recombination pathway involving weakly bonding excited 
electronic states of ozone. The low-Iying l6 03e B2 ) state 
may be a candidate fqr this mechanism (EE). At high 
temperatures, the excited electronic states redissociate rap
idly such that the ET mechanism dominates unless very 
high pressures are applied. Discrepancies between 0 dis
appearance and 0 3 vibrational ground state appearance in 
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ozone recombination recently have also been attributedl5 

to a pathway involving metastable electronically excited 
states of 0 3, These observations have been made at various 
wavelengths in the Hartley band. Unfortunately, vibra
tional excitation strongly modifies the spectrum27 such that 
slow vibrational deactivation also can cause delayed ap
pearance of the "cold" spectrum. Likewise, the attribution 
of changes of the spectrum ddring recombination to meta
stable electronic states39

,40 appears ambiguous because of 
the strong influence of vibrational excitation on the UV 
absorption of 0 3, Unless the metastable electronic state of 
0 3 has a considerably large bond energy, its rapid redisso
ciation would reduce the stationary concentration and the 
trapping capacity of this state. It nevertheless may manifest 
its presence in the recombination rates such as discussed in 
the following. 

Denoting weakly bonding electronically excited states 
by 0 3 (A) and electronic ground state by 0 3 (X), we con
sider a mechanism 

0+ 02 ..... 03(A), 
03(A) ..... 0 + O2, 

03(A) + M ..... 0 3(X) + M, 

which gives a rate constant 

klOkn[M] 
k= . 

kll + kdM] 

(10) 
(11 ) 
(12) 

(13) 

In the low pressure limit, the expression of 
ko = klOkdM]lkll includes the equilibrium constant 
KIO = klOlkl1 for the 0 + 02 ..... 03(A) equilibrium. In the 
absence of more detailed knowledge of the 03(A) poten
tial, KIO is difficult to estimate. Lennard-lones parameters 
for 0 + O2 interaction of Elk = 107 K and a = 33.8 A 
were derived from scattering results,35 probably represent
ing an average over a manifold of interactions. The esti
mate of KIO via Eq. (9), therefore, will only provide a 
lower limit. Likewise, the calculation of the collision
induced electronic transition rate constant k12 via the for
malism of Refs. 41 and 42 would require detailed knowl
edge about the 0 3 (A) and 0 3 (X) potentials which is not 
available. Neglecting a temperature dependence of k 12, Eq. 
(9) like in the RC mechanism would account for a tem
perature dependence of ko ex: T- 5/2. The high pressure lim
iting value klO of Eq. (13) may well differ from the dis
cussed values k4' k5' and k6 of the RC mechanism. With a 
potential, which is much flatter in 03(A) than in 03(X), 
larger values of the centrifugal partition function Qtent and 
of the rigidity factor free, 00 in the high pressure recombina
tion rate constant are expected.9,31 Therefore, our k values 
larger than 2 X 10 - II cm3 s - I could be accounted for by 
the EE mechanism. Nevertheless, the simple falloff expres
sion of Eq. (13) is also unable to explain the observed 
S-shaped structures of the pressure dependence of k. The 
leveling off of the rate constant near 100 K at [M];> 1022 

cm - 3 could even completely be attributed to the transition 
to diffusion control if klO would exceed 2 X 10 - 11 cm3 s - 1, 
see below. 

So far, neither the EE mechanism [Eq. (13)] nor the 
sum of the EE and the RC mechanism [Eqs. (13) and (7)] 

appear able to explain the observed S shape of the falloff 
curves. The measurements suggest an acceleration of the 
reaction which is more than proportional to the pressure 
and gains importance at lower temperatures. We propose 
that this is a mechanism involving collision-induced elec
tronic transitions in van der Waals clusters (EE-RC). 
Clustering of 0 3 may lead to different shifts of the potential 
curves of the 0 3 (A) and 0 3 (X) states such that transitions 
are facilitated. Collisions of 03M(A) with M then may 
lead to larger electronic transition rates than reaction (12). 
Therefore, to reactions (10)-(12) we add the steps 

03(A) + M ..... 0 3M(A), 

03M(A) ..... 03(A) + M, 

which leads to the rate constant 

(14) 

(15) 

(16) 

k12[M] + kI4kI6[Mf/(kI5 + k I6[M]) 

k=klOkl1 + kdM] + kI4kI6[Mf/(kI5 + k I6[M]) . 
(17) 

If k12 is neglected, k I6 [M]<k I5, and k I4[M]<k l1 , Eq. (17) 
leads to 

(18) 

Estimating klOlkl1 and kl~kl5 by Eq. (9) with Lennard
Jones parameters such as given above, leads to temperature 
dependences of kin Eq. (18) which are between T- 3 and 
T- 5 (in addition to the temperature dependence of k I6 ). 
The strong shift of the high pressure turnup of k towards 
lower pressures, if the temperature is decreased, would be 
consistent with this model. Tentatively we, therefore, as
sume that an EE-RC mechanism at low temperatures in 
addition to the RC mechanism contributes to the recom
bination rate. Evaluating the magnitude of the turnup at 
300 K leads to values of the rate constant k l6 of the order 
of 10 - II cm3 s - I if (klOlkl1 )(kl~kI5) ;::::2 X 10 - 45 cm - 6 

is assumed. 
At low temperatures the marked turnups of the rate 

constants disappear. Such effects are included in the rate 
constant expression of Eq. (17). They indicate that k l5 
falls below k I6[M]. For M = Ar and N2 this apparently 
happens in the temperature range 130-170 K with 
[M];:::: (1021_1022 ) cm - 3. At the same time kl1 may fall 
below kI4[M]. With similar bond energies of OrO (A) and 
0 3 (A )-M, the two effects become nonseparable, enhancing 
each other, such that a relatively abrupt change from nor
mal falloff behavior into sharp turnups arises. 

A model superposing the EE-RC and the RC mecha
nisms for M = Ar and N2, or the EE-RC and the ET 
mechanisms for M = He, in spite of its oversimplification 
unfortunately contains too many adjustable parameters for 
a unique fit. Nevertheless, the proposed scheme is in qual
itative agreement with the observations. 

Transition to a diffusion controlled recombination: In 
previous experimental studies of atom recombination rates 
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in the gas-iquid transition range,IO-I2 the rate constant k 
could well be represented by 

(19) 

where kgas denotes the gas phase rate constant and kditr is 
the rate constant of the diffusion-controlled process. At 
high densities kgas is obtained from the conventional gas 
phase expression by modifying [M] in the following way: 
[M] is replaced by a "corrected" concentration [M]corr 

given by 

[M]corr = [M]o[D-I,([M])ID-I([M]}o]' (20) 

[M]o denotes a sufficiently low bath gas concentration in 
the range where the inverse self-diffusion coefficient D - I is 
proportional to the concentration.10-

12 In the previous sec
tions we have discussed models for kgas• We now combine 
these expressions with models for the diffusion-controlled 
reaction. We approximate kditr bylO-I2 

(21) 

with the diffusion coefficients given in Tables I-III. 
The resulting values of kditr at [M] = lO22 cm - 3 near 

lOOK are equal to k ditr :::::: 3 X 10 - II cm3 s - I. With increas
ing temperature, the corresponding values of kditr in our 
temperature range increase approximately as kditr 
( [M] 1022 cm - 3) a: T. Inspecting Fig. 7 these properties 
of kditr suggest that the high density leveling of k at T:::::: 100 
K can also be due to a transition to diffusion control and 
not to the approach of the high pressure limit klO (which 
then should be larger than k ditr ( [M] = 1022 

cm- 3) 3XlO- ll cm3 s- I). The temperature depen
dence of kditr would explain why no sign of a leveling of k 

is observed at T >200 K and [M]<2XlO2 cm- 3
• (We 

note that klO only.weakly depends9,31 on Tas long as adi
abatic zero-point barriers can be neglected.) 

Isotope enhancements in ozone recombination: The ob
served heavy isotope enrichments in ozone 
recombination22-25 probably cannot be explained in terms 
of the ET and RC mechanisms. Isotope effects in the var
ious factors contributing to the energy transfer mechanism, 
e.g., in the density of states, certainly are too small to 
account for the isotope enrichments. Likewise, Eq. (7) 
does not contain contributions with marked isotopic sensi
tivity. Larger isotope effects are expected if symmetry rules 
come into play and nuclear spin has to be accounted for. 
The investigation of the corresponding symmetry effects 
has to be done on a state-to-state leve1.43 For collisions of 
170 with 170 2 in comparison to 160 + 160rcollisions, this 
discussion has been done in Ref. 43: even or odd rotational 
levels of O2 require different correction factors to the 
"symmetrized" statistical rate constants. Electronic excita
tion complicates the situation.44 We do not intend to go 
into the details here, but we note that the heavy isotope 
enhancement effects disappear with increasing pressure24 

in a range where the EE-RC mechanism becomes domi
nant according to the present work. A detailed discussion 
of these effects, in particular of nuclear-spin selective elec
tronic rotational couplings, such as discussed in Ref. 45, is 
far beyond the scope of the present article. 

V. CONCLUSIONS 

The good agreement of the maximum rate constants, 
observed in this work, with calculated rate constants for 
the diffusion-controlled reaction appears quite satisfactory. 
It suggests that the high density transition to a diffusion
controlled reaction at liquid densities is well characterized. 
The S-shaped structures of the density dependence of the 
rate constants at various temperatures and in various bath 
gases are more difficult to interpret. We have also had 
difficulties in accounting for the strong increase of the low 
pressure rate constants with decreasing temperature. Our 
present work suggests contributions from the energy
transfer mechanism in the bath gas He and from the 
radical-complex mechanism in the bath gases Ar and N2, 
which at higher densities, are increasingly dominated by 
contributions from a mechanism involving metastable elec
tronic states of ozone. It appears that the collision-induced 
transition from these states to the electronic ground state 
of ozone is strongly enhanced by complex formation of the 
metastable ozone with the bath gas. A confirmation of this 
hypothesis has to wait for precise quantum-chemical cal
culations of the potentials of metastable ozone, most prob
ably of the 0 3 e B2} state. There is the possibility that the 
different pathways of ozone recombination and dissocia
tion, involving different electronic states, are responsible 
for isotope enhanceinent effects. Again, a proof of this hy
pothesis has to wait for more detailed quantum-chemical 
calculations of ozone electronic states. 
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