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a b s t r a c t

Laboratory and atmospheric measurements of the isotopic composition of ozone have shown large and
unusual ‘non-mass-dependent’ enrichments in 17O and 18O of �10% relative to the O2 from which it is
formed. We present measurements of the bath gas and pressure dependence of the isotope enrichments
in ozone formed by photolysis of O2 in the presence of Ar, O2, CO2, and SF6 from 50 to 760 Torr. The results
provide new insights into the origin of the dynamically-driven symmetry-related isotope effect involved
and new benchmarks for theory, including elimination of all isotope selectivity for ozone formation in SF6

by 700 Torr.
� 2012 Elsevier B.V. All rights reserved.

1. Introduction

Unusual enrichments in the rare heavy oxygen isotopes in
ozone were first discovered in the atmosphere [1–3] and in labora-
tory experiments [4–6] nearly 30 years ago. The isotope enrich-
ments are unusual in two respects. First, the enrichments are
surprisingly large, with 17O and 18O enrichments >10% above those
expected from a statistical redistribution of isotopes in the reactant
O2 from which it is formed, versus more typical values for isotope
enrichments or depletions of �0.1–1% for elements heavier than
hydrogen. Second, the isotope enrichments in ozone are distinctly
‘non-mass-dependent’ – that is, measurements of the 17O and 18O
isotopic compositions of ozone fall far off the ‘mass-dependent’
isotope fractionation line that has a slope of �0.5, as shown in
Figure 1. Most equilibrium and kinetic isotope effects alter the
abundances of 17O and 18O relative to 16O (when measured relative

to the isotope ratios in a standard material) in a ‘mass-dependent’
manner [7], so that k = 0.50 to 0.529 in Eq. (1).1

ln17O ¼ k� ln18O ð1Þ

A value for k close to 0.5 is expected since isotope effects com-
monly scale with molecular velocities or vibrational energies, and
these scale to good approximation (via the ratios of partition func-
tions for the various isotopic species) with the mass differences be-
tween 16O, 17O, and 18O, or simply (17–16)/(18–16) = 0.5 [11–14].
The value for k in Eq. (1) for ozone in the atmosphere and labora-
tory, however, is far from 0.5, ranging from 0.65 to 1.0 [2,4–6,
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1 In this Letter, we report isotopic compositions in logarithmic notation for which

the 18O isotopic composition is given by ln18O ¼ ln ð18 O=16 OÞsample

ð18 O=16 OÞstandard

h i
¼ ln½d18Oþ 1�where

(18O/16O)i is the ratio of the number of atoms of 18O to 16O in a sample or standard

and d18O ¼ ð18 O=16 OÞsample

ð18 O=16 OÞstandard
� 1

h i
, and similarly for ln17O and d17O [85]. Both the

logarithmic and the delta notations for isotope compositions derive from isotope
ratio mass spectrometry, in which the ratio of the rare to the common isotope is
measured relative to that same ratio in a standard, as indicated in the definitions
above. Because the ratio of two ratios can be measured with great precision, small but
significant variations in the relative abundances of 16O, 17O, and 18O resulting from
physical, chemical, and biological isotope effects can be determined, even at the trace
levels at which 17O and 18O occur naturally (16O = 99.757%, 17O = 0.038%,
18O = 0.205%). While d notation has been more commonly used to report isotopic
compositions, we use the logarithmic notation to avoid curvature in the three isotope
plots given the large range in isotopic compositions reported here. See Miller [8],
Assonov and Brenninkmeijer [9], Coplen [10], and Luz and Barkan [85] for further
details on isotope abundance reporting conventions and relationships, especially with
regard to heavy oxygen isotope systematics.
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15–21], depending on temperature, pressure, and other reactions
that may be occurring in the vessel or environment; the most re-
cently reported stratospheric ozone isotope measurements [18]
are shown in Figure 1 as an example. Furthermore, statistical reac-
tion rate theory applied to the ozone formation reaction [22,23]
predicts that there should be small, mass-dependent depletions in
17O and 18O relative to 16O, rather than the large, non-mass-dependent
enrichments observed. Thus, statistical reaction rate theory errs in
magnitude, three-isotope character, and sign.

Since the discovery of the unusual enrichments in ozone, exper-
iments carried out by a number of research groups have led to the
enrichments being attributed to isotope effects that arise in the
ozone recombination reaction (2), with all reactants in their
electronic ground states [20,24–27]:

Oð3PÞ þ O2ð3
X

g�Þ þM! O�3 þM! O3 þM# ð2Þ

The O�3 complex is formed above the dissociation threshold and en-
ergy must be transferred to a third body, M, to form stable O3. Given
the nearly equal ln17O and ln18O enrichments (i.e., with k near 1 in
Eq. (1)), Thiemens and co-workers [4–6] first suggested that nuclear
symmetry might play a role (since, e.g., 16O16O16O has C2v symme-
try, while 17O16O16O and 18O16O16O are asymmetric and in the Cs

point group). But a symmetry effect above and beyond the
reduction in the densities of states of symmetric species that is

already accounted for in statistical theories by the symmetry num-
ber is required, and earlier theories of symmetry-induced isotope
effects [28–32] require the participation of electronically-excited
states and/or their relevance to ozone formation has, at least for
the time being, been discounted [33,34].

In 1999, Mauersberger and co-workers [35] published the first
of a series of measurements of the isotope-specific rate coefficients
for formation of a number O3 isotopologues and isotopomers rela-
tive to the rate coefficient for formation of 16O16O16O, providing a
critical step forward in advancing an understanding of the chemi-
cal physics of the unusual isotope enrichments. These were also
surprising in that (1) the rate coefficient enhancements were as
large as 52% (for 16Oþ 18O18O! 16O18O18O); (2) symmetry alone
was not a controlling factor in the rate coefficient enhancements
for individual isotope-specific ozone formation channels (since,
e.g., formation of the asymmetric species 18O16O16O by
18O + 16O16O was actually slower than formation of 16O16O16O);
and (3) the rate coefficient enhancements for the asymmetric spe-
cies were found to roughly scale with the very small zero-point en-
ergy differences of �10–20 cm�1 between the isotopologues [36]
and, thus, in turn, with the relative mass differences and hence
were ‘mass-dependent’. When these new data were combined
with the earlier enrichment studies [19,20,24], Marcus and co-
workers [37–41], in a modified RRKM treatment, showed that all
the experimental results under a variety of conditions could be ex-
plained by a combination of two isotope effects.

The first isotope effect Marcus and co-workers [38,39,41] sug-
gested is a very large mass-dependent isotope effect (called the
‘DZPE effect’), which depends sensitively on the small zero-point
energy differences (DZPE) between the two O2 isotopologues from
which a particular asymmetric ozone can be formed. For example,
18O16O16O can be formed from either 16O16O reacting with 18O or
18O16O reacting with 16O, so DZPE refers to the difference in zero
point energies between 16O16O and 18O16O. This effect cancels
out when ozone can be formed from both (or all) O2 pathways
(i.e., under the ‘scrambled’ O2 isotopologue conditions in the atmo-
sphere and most laboratory conditions). A number of theoretical
studies, including quantum [42–45] and semi-classical [34,46,47]
calculations, have provided additional physical insight into this
first isotope effect and confirm the important role that DZPE plays
under ‘unscrambled’ conditions.

The second isotope effect first suggested by Marcus and co-
workers [38,39,41] – and the one that is responsible for the large,
non-mass-dependent isotope enrichments in ozone formed in the
atmosphere and under most laboratory conditions – has been
called the ‘g effect.’ Its origin remains unexplained. Marcus and
co-workers [38,39,41] calculated it empirically within their RRKM
framework by fitting the fastest and the slowest isotope-specific
ozone formation rate coefficients measured by Mauersberger and
co-workers [33,35,36,48–51] and showed that the effective density
of states of O�3 in an RRKM treatment – and therefore the recombi-
nation rate coefficient for O + O2 – must be 18% lower for symmet-
ric ozone than for asymmetric ozone isotopomers. They suggested
that this ad hoc g effect could arise, for example, from the absence
of some of the anharmonic vibration–vibration coupling and Cori-
olis rotational-vibrational coupling terms for symmetric O�3 so that
the effective density of states that couple to the exit channel is
smaller for symmetric O�3 than for asymmetric O�3, thus lowering
the relative rate coefficient even further from the statistical predic-
tion than for asymmetric O3 [38,52]. Similarly – but using quasi-
classical trajectory calculations – Schinke and co-workers [34,46]
also found that their treatment required an ad hoc means of
enhancing the formation rate coefficients for the asymmetric
ozone species relative to the symmetric species of the same order
of magnitude (15%) as that of Marcus et al. Based on these and
other theoretical results [32,53–62], it has thus been suggested

Figure 1. A ‘three isotope plot’ of the 17O and 18O isotopic compositions (measured
relative to 16O by definition)1 of ozone, atmospheric O2, and a reference standard
(Vienna Standard Mean Ocean Water, or VSMOW). Most physical, chemical, and
biological processes fractionate the isotopes of oxygen in a ‘mass-dependent’
manner – that is, the relative isotope enrichments or depletions for a process
(measured relative to a standard) usually follow the relative mass differences
between 16O, 17O, and 18O. Therefore, most variations in the relative abundances of
16O, 17O, and 18O measured relative to a standard will fall on the mass-dependent
fractionation line shown in the figure (dashed brown line) with slope, k, in Eq. (1)
equal to �0.5 (see text). Ozone, however, exhibits isotopic compositions that are
distinctly ‘non-mass-dependent’ (also known as ‘mass-independent’ and ‘anoma-
lous’). Laboratory ozone measurements fall on a line with a slope very close to 1
(e.g., measurements from this study are plotted here along with results from a
bivariate linear least squares regression with 2r error given), while atmospheric
ozone measurements exhibit a ln17O/ln18O relationship of 0.65–1, depending on,
e.g., temperature, pressure, and photolysis rates (with the most recent measure-
ments for stratospheric ozone shown here [18]). Referring to isotopic compositions
that fall off the mass-dependent line (and their underlying isotope fractionation
process(es)) as ‘non-mass-dependent’ is more general than ‘mass-independent’
(since ‘mass independent’ implies that k = 1). A useful measure of ‘non-mass-
dependence’ is given by the quantity D17O, sometimes called the ‘17O anomaly,’
where D17O = ln17O–kMD ln18O and kMD is a value for the mass-dependent slope that
is very close to 0.5 but which can range from 0.50 to 0.053 depending on the
processes or systems of interest [8,9,85]. D17O represents the deviation of a ln17O
measurement from the mass-dependent fractionation line, as indicated by arrows
in the figure.
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that the ‘g effect’ is some sort of a dynamically-driven quantum
symmetry effect that affects the lifetimes of the excited ozone
complexes (e.g., via bottlenecks in intramolecular energy redistri-
bution) and/or the efficiency of their collisional stabilization (e.g.,
via bottlenecks in intermolecular energy redistribution) of the
symmetric and asymmetric O�3 complexes differently. Recently
both Schinke et al. [57,63] and Marcus et al. [60–62] have sug-
gested that the g effect might arise from the slow, Coriolis-driven
diffusion of the K-component of the total angular momentum J of
the near symmetric top O�3 during collisions and/or the time be-
tween collisions and that, furthermore, there may be an isotopic
symmetry dependence to the coupling; these differences could
then lead to non-RRKM effects whose magnitudes would depend
on molecular symmetry. Despite these promising ideas, however,
calculations to date of this slow K-component diffusion do not
yet show the required isotopic symmetry dependence, and so the
g effect remains unexplained.

In short, although fascinating new insights into unusual kinetic
isotope effects in the 3-body ozone formation reaction have been
gained over the past decade through a variety of sophisticated
experimental and computational efforts, the chemical physics
underlying the g effect remains unresolved. Basic questions re-
main, including the nature and origin of the symmetry effect itself
and whether it affects the relative isotope-specific O�3 lifetimes
prior to collisional stabilization, the collisional stabilization step,
or both. Indeed, even the relative contributions of the ‘energy
transfer’ (ET) mechanism (e.g., O + O2 M O�3 followed by
O�3+M ? O3 shown in Eq. (2)) versus the ‘chaperone’ or ‘radical
complex’ (RC) mechanism (e.g., O2 + M M O2

��M followed by O2
��-

M + O ? O3 + M) to the formation of ozone at typical atmospheric
and laboratory conditions, as well as the consequences of isotopic
substitution for the ET or RC mechanisms on the isotope-specific
formation rate coefficients, are still in question [34,64–68].

To gain further insight into the chemical physics of the g effect
in ozone formation and to provide new benchmarks for theory, we
have measured the pressure and bath gas dependence of the 17O
and 18O enrichments in ozone formed in the laboratory by photol-
ysis of O2 under ‘scrambled’ conditions, studying a range of bath
gases with very different quenching efficiencies for ozone forma-
tion: Ar, O2, CO2 and SF6. To date, few experiments measuring
the isotopic composition of O3 formed in the presence of different
bath gases have been performed [6,49,69–71], and none with bath
gases beyond the complexity of CO2. Moreover, all previous bath

gas experiments were performed prior to the insights into the
chemical physics of the problem that have been gained from the
various theoretical studies over the last decade cited above; thus,
new insight into the g effect can be gained from comparing the
experimental results presented here with expectations based on
current understanding.

2. Methods

Ozone was produced in the apparatus shown in Figure 2 by
photolysis of O2 at 184.9 nm in a 2.2 liter borosilicate glass bulb
equipped with a low-pressure mercury/argon pen lamp (Oriel
Instruments). After steady-state ozone concentrations were
reached, (30–120 min), the ozone was collected and separated
cryogenically from the various bath gases and then analyzed by
dual inlet, viscous flow isotope ratio mass spectrometry (IRMS).

The apparatus was first pre-conditioned with O3 in order to re-
move impurities that react with ozone. Then, in each of the exper-
iments, O2 gas (Scott Specialty Gases, 99.999%) was introduced into
the bulb to a pressure of 50 Torr (or higher for the experiments
using O2 as the bath gas), as measured by an absolute pressure
transducer (MKS Baratron model 697B10, 1000 Torr full-scale,
0.1% accuracy). The initial isotopic composition of O2 in the bulb
was ln17O = 13.7 ± 0.2‰ (2r) and ln18O = 26.5 ± 0.2‰ (2r) relative
to the VSMOW international isotope standard, based on 3 separate
control runs without irradiation. Following introduction of O2 into
the photolysis bulb, the bath gases Ar (Praxair, 99.999%), CO2 (Scott
Specialty Gases, 99.999%), or SF6 (Sigma–Aldrich, 99.95%) were
added, with CO2 and SF6 receiving additional purification before
addition to the bulb by several freeze–pump-thaw cycles. A photo-
chemical model [72] shows that ozone reaches a steady-state in
isotopic composition after 1 min and a steady-state in concentra-
tion after 30 min–2 h (depending on the total pressure and bath
gas) after the start of irradiation. These times are upper limits since
the J-values for O2 and O3 photolysis used in the model were esti-
mated based on the geometry of the bulb and the lower limit of the
photon flux (4.3 � 1013 cm�2 s�1) of the mercury lamp at 184.9 nm
that was determined by CO2 actinometry. Experiments carried out
to longer irradiation times showed no change in isotopic composi-
tion, confirming that isotopic steady state was reached. We also
note that, although the CO2 bath gas can exchange oxygen isotopes
with ozone [73–75], significant isotope exchange occurs on time
scales of many hours under our experimental conditions. On the

Figure 2. Schematic of the bulk photochemical apparatus for production of ozone from photolysis of O2 as a function of the pressure of Ar, O2, CO2, and SF6.
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30-min irradiation time scale of the CO2 bath gas experiments, our
photochemical model predicts that the extent of isotope exchange
between CO2 and ozone is negligible, affecting CO2 and O3 to less
than <0.7‰. These model predictions were confirmed by a 30-
min irradiation experiment with 50 Torr of O2 and 125 Torr of
CO2 in which the isotopic composition of CO2 changed by only
+0.1‰ for ln17O and +0.2‰ for ln18O, which is within the 2r uncer-
tainty of the isotopic reproducibility of the control experiments
without irradiation.

After irradiation, O3 was collected and separated from the
remaining O2 and any bath gases in the photolysis bulb by multi-
step cryogenic separation. Ozone was separated from Ar and O2

by collecting the ozone at liquid nitrogen temperature (�196 �C)
in a cold trap and pumping away the remaining O2 and Ar. For
the CO2 and SF6 experiments, ozone and either CO2 or SF6 were col-
lected in a Russian doll trap [76] followed by several additional
cryogenic separation steps in fingers at ports A and B at liquid N2

and ethanol slurry (�100 �C) temperatures; see Figure 2. The bath
gases were pumped away at a sufficiently rapid rate so as to avoid
isotopic fractionation due to evaporation of O3, which has a vapor
pressure of 0.7 mTorr at �196 �C [77,78]. The collected ozone was
then cryogenically transferred to a sample tube in which it was
catalytically converted to O2 on nickel by heating to �60 �C for
10–15 min. The amount of O2 produced from the decomposition
of ozone was determined manometrically in a calibrated volume
and ranged from 15 to 50 lmol depending on bath gas, pressure,
and irradiation time (e.g., if irradiation was ceased before the
ozone steady-state concentration was reached in a particular
run). The O2 was then transferred to a sample tube containing
13� molecular sieve (Sigma–Aldrich) held at liquid nitrogen tem-
perature. For the CO2 and SF6 experiments, a gas chromatograph
was also used to further purify the O2 obtained from O3 decompo-
sition prior to IRMS analysis (GOW-MAC Series 400 GC with a
4 m � 1/800 molecular sieve 5A column [45/60 mesh], helium back-
ing pressure and flow rate of 38 psig and 30 mL/min, respectively,
and a thermal conductivity detector). This additional step was par-
ticularly important for O2 from the SF6 experiments since trace

amounts of SF6 can produce NF+ ions (m/z 33) from ion–molecule
reactions with background N2 in the ion source, producing an iso-
baric interference with 17O16O and thus positive artifacts in D17O
values (see Figure 1 for an illustration and definition of D17O).

After purification, each resulting O2 sample from O3 decomposi-
tion was immediately analyzed on a dual inlet Finnigan MAT 252
IRMS for the 17O and 18O isotopic compositions. The single mea-
surement precisions for ln17O and ln18O of O2 were typically
±0.05‰ and ±0.03‰ (2r), respectively. The resulting ln17O, ln18O,
and D17O values are given in Table 1. The 2r uncertainties for
N > 1 range from ±1.0 to ±4.0‰ for ln17O, from ±1.1 to ±5.6‰ for
ln18O, and from ±0.5 to ±4.1‰ for D17O. Mass-dependent fraction-
ation resulting from small losses during O3 and O2 purification is a
possible source of random and systematic error and is likely the
main contributor to the 2r uncertainties. This is consistent with
the fact that the D17O uncertainties are typically somewhat smaller
than those for ln17O and ln18O since small degrees of mass-depen-
dent fractionation due to sample handling cancel out for D17O by
definition [9]. Mass-dependent fractionation due to inefficiencies
in O3 collection, however, does not appear to be large since our re-
sults for an O2 bath gas are consistent with the previous measure-
ments of Morton et al. [20], who trapped the ozone produced in
their experiment at �208 �C, at which the vapor pressure of ozone
is a factor of 70 lower (0.01 mTorr) than that at �196 �C in our
experiments. This suggests that the purification of O2 from the dif-
ferent bath gases may play a larger role in determining the preci-
sion of the results than O3 losses during cryogenic separation.
Other possible contributors to the 2r uncertainties, as well as the
overall uncertainty in isotopic compositions, include (1) potential
variations in the lamp flux between different runs (which could in-
duce mass-dependent fractionation directly by changing the rate of
ozone photolysis or indirectly by changing the concentrations of
O(1D), O2(1D), and O2(1R) that have potentially significant mass-
dependent kinetic isotope effects in reactions with O3 [72]) or (2)
mean temperature differences in the bulb between runs due to po-
tential variations in the lamp flux or laboratory conditions between
runs (which could alter ln17O, ln18O, and possibly D17O due to the

Table 1
The isotopic composition of ozone formed by irradiation of O2 at 50 Torr of O2 or higher or by irradiation of O2-bath gas mixtures consisting of 50 Torr of O2 and (P – 50 Torr) of
bath gas. Values for ln17O and ln18O are given relative to the starting isotopic composition of O2 and expressed as per mil (‰). A value for kMD of 0.52 is used to calculate D17O
where D17O = ln17O–kMDln18O (see Figure 1 caption). Errors given are for the 95% confidence intervals (1.96r); N is the number of runs at each pressure.

Bath Gas P (Torr) ln17O (‰) ln18O (‰) D17O (‰) Slope N

O2 50 101.5 ± 3.5 106.0 ± 5.6 46.3 ± 1.7 0.96 4
O2 100 94.3 ± 3.5 94.9 ± 3.2 44.9 ± 2.6 0.99 4
O2 175 93.3 ± 0.08 95.1 ± 0.05 43.8 ± 0.11 0.98 2
O2 300 88.3 ± 1.1 90.7 ± 1.6 41.1 ± 0.5 0.97 4
O2 400 85.3 ± 1.3 87.5 ± 1.8 39.7 ± 2.2 0.97 2
O2 500 82.0 ± 4.0 84.9 ± 3.9 37.9 ± 2.2 0.97 4
O2 600 78.9 ± 0.02 80.1 ± 0.04 37.30 ± 0.08 0.99 1
O2 700 75.6 ± 2.1 76.0 ± 2.9 36.1 ± 1.3 0.99 4
O2 760 74.1 ± 2.0 74.6 ± 3.0 35.3 ± 3.6 0.99 4

Average Slope 0.98 ±0.03
Ar 100 98.4 ± 3.3 102.4 ± 4.9 45.2 ± 2.1 0.96 4
Ar 300 94.8 ± 3.4 98.7 ± 5.0 43.5 ± 2.3 0.96 3
Ar 500 87.5 ± 3.3 90.2 ± 4.5 40.6 ± 0.9 0.97 4
Ar 700 84.3 ± 1.6 86.7 ± 1.1 39.2 ± 1.2 0.97 4

Average Slope 0.97 ±0.01
CO2 175 90.6 ± 0.05 93.9 ± 0.09 41.75 ± 0.08 0.96 1
CO2 300 85.1 ± 0.05 87.3 ± 0.05 39.71 ± 0.06 0.97 1
CO2 500 79.6 ± 0.04 80.9 ± 0.04 37.52 ± 0.05 0.98 1

Average Slope 0.97 ±0.02
SF6 100 36.4 ± 1.7 36.2 ± 2.3 17.5 ± 2.3 1.00 2
SF6 175 32.2 ± 1.5 30.4 ± 2.2 16.4 ± 2.7 1.06 3
SF6 300 18.7 ± 2.7 19.3 ± 2.6 8.6 ± 4 0.97 2
SF6 400 11.9 ± 1.3 13.3 ± 2.2 5.1 ± 2.4 0.90 2
SF6 500 10.0 ± 1.0 9.8 ± 2.4 4.9 ± 2.2 1.02 2
SF6 600 7.6 ± 1.5 7.3 ± 2.3 3.8 ± 2.7 1.04 2
SF6 700 1.2 ± 1.4 1.2 ± 2.2 0.5 ± 0.2 0.95 2

Average Slope 0.99 ±0.11

4 K.L. Feilberg et al. / Chemical Physics Letters 556 (2013) 1–8
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temperature dependence of these quantities in ozone formation
[18,51,79]). A variation of ±2.5 �C in bulb temperature, for example,
would yield differences in isotopic compositions of ±0.6‰, ±0.75‰,
and ±0.20‰ for ln17O, ln18O, and D17O, respectively. Overall, these
uncertainties are small compared to the very large heavy isotope
enrichments in ozone we measure and to the sensitivity of those
enrichments to the identity of the bath gas that we report below.

For comparison with experimental results, we used a photo-
chemical kinetics model to predict the steady-state ozone isotopic
compositions for O2. The basic model is described in detail in Cole
and Boering [72] and is run in KINTECUS software (J.C. Ianni, Kin-
tecus, Windows Version 3.962, www.kintecus.com [80]). The mod-
el includes two types of isotope effects: the very fast isotope
exchange between O and O2 [22,23,72,81] and the isotope-specific
rate coefficients measured by Mauersberger and co-workers
[33,35,36,48–51] or derived from them; see Cole and Boering
[72] for details. This model successfully predicts the isotopic
enrichment for O3 at 50 Torr, and to within the uncertainty of pos-
sible isotope effects in the photolysis of O3. For example, incorpo-
rating the (mass-dependent) photolyis isotope effects for ozone at
254 nm calculated by Liang et al. [82] into the model produces
ozone with values for ln17O and ln18O that are 3‰ and 6‰ lower,
respectively, than values from the model runs that do not include
photolysis isotope effects at 254 nm.

For comparison with the pressure- and bath gas-dependent
results presented here, we multiplied the rate coefficient for for-
mation of 16O16O16O from collisions of O�3 with Ar, CO2, or SF6 in
the model by the experimentally-determined, room-temperature
quenching efficiencies of 0.7, 2.1, and 5.3 for the formation of
16O16O16O [64,66]. In addition, an empirical pressure dependence
for the isotope-specific KIEs of Mauersberger and co-workers in
an O2 bath gas was derived from our data for the ozone isotope

enrichment data in O2 bath gas assuming that all the pressure
dependence is carried by the rate coefficients for the asymmetric
formation channels 16O + 18O16O and 16O + 17O16O. This assump-
tion is in line with expectations from experimental data [49] and
theoretical treatments [41] at the pressures of this study, as well
as with previous experimental results for the isotope enrichments
in scrambled mixtures. The modified model provides a guide for
what order of magnitude of isotope enrichments would be ex-
pected in ozone if the relative quenching efficiencies for formation
of 16O16O16O were the only physical process relevant for formation
of the other isotopologues of ozone in the different bath gases. We
know this is not the case, since, for example, the ozone isotope
enrichments in an O2 bath gas decrease significantly with increas-
ing pressure above 1 bar and disappear at 56 bar [19], while the
fall-off region for the rate coefficient for formation of 16O16O16O
is not reached until significantly higher pressures [64,66]. Never-
theless, the relative agreement and disagreement of the simple
model predictions with experimental results for the different bath
gases provides some phenomenological insight into the bath-gas
dependence of the ozone isotope enrichments based on relative
quenching efficiencies alone, as we describe below.

3. Results and discussion

Results for the 17O and 18O enrichments in ozone as a function of
pressure and bath gas from 50 to 760 Torr total pressure are shown
in Figures 1 and 3 and given in Table 1. For the O2 experiments, the
values are very similar to those measured previously [19,20] (also
shown in Figure 3), to an empirical expression for the pressure
dependence of the 18O enrichments in O2 bath gas [49], and to sev-
eral measurements in an 80% N2/20% O2 bath gas [20]. While ln17O,
ln18O, and D17O all decrease with pressure (Figure 3), the ratio of

Figure 3. Measured ozone isotope enrichments (non-circular symbols) as a function of pressure for (a) ln17O (b) ln 18O and (c) D17O = ln17O–0.52 ln18O expressed as ‰ (‘per
mil’) relative to the starting O2 isotopic composition (dashed line). Also shown are experimental results from Morton et al. [20] and Thiemens and Jackson [19] (circles).
Predictions from a photochemical kinetics model (lines, color-coded by bath gas) are also shown for comparison (see Section 2). (Note that the deviations in D17O in the
previous studies for pressures <50 Torr from the trends measured in all the O2 bath gas studies at higher pressures are most likely due to the increasing importance of ozone
formation on walls, which does not exhibit the anomalous isotope effects associated with ozone recombination in the gas phase [86]).
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ln17O to ln18O (i.e., the value for k in Eq. (1)) relative to the starting
O2 isotopic composition is quite constant at 0.977 ± 0.006 (2r)
overall (Figure 1). Notably, there are significant differences in the
ozone isotopic composition between bath gases for a given total
pressure (at the 1r or greater level in most instances), and the
enrichments follow the order Ar > O2 > CO2 > SF6. This order follows
the values for the average amount of energy transferred per colli-
sion (DE) of 18, 25, 150 and 280 cm�1, respectively (assuming O2

is similar to N2), which were derived from non-isotope-specific
kinetics studies of ozone formation [66]. The larger the DE for ozone
formation, the smaller the ozone enrichments for a given collision
frequency, as predicted by Gao and Marcus [41]. Interestingly, how-
ever, the measured ozone enrichments for the O2 and CO2 bath
gases are quite similar in magnitude for a given pressure, despite
the larger number of internal degrees of freedom and the factor of
�2 larger quenching efficiency and factor of �6 larger DE for form-
ing 16O16O16O for CO2 than for O2. In contrast, the ozone enrich-
ments with SF6 as the bath gas are dramatically lower than for O2

and CO2 at all pressures measured. Indeed, the isotope selectivity
of ozone formation in an SF6 bath gas has been eliminated (to with-
in experimental error) by 700 Torr total pressure. In contrast, for
ozone formation in an O2 bath gas, a pressure of 56 bar is required
before the isotopic enrichments disappear [19].

The small difference between the CO2 and O2 bath gas results
for a given total pressure and the very large difference between
the SF6 and CO2 bath gas results in Figure 3 suggest that we can
use different bath gases to probe the region of the potential energy
surface for O�3 that is most sensitive to the g effect – that is, the
most sensitive to the differences between the asymmetric and
symmetric O�3 complexes with respect to their lifetimes and/or col-
lisional stabilization probabilities. A value for DE of �280 cm�1

(i.e., for SF6) is dramatically more effective at diminishing the influ-
ence of the g effect than a DE of �150 cm�1 (i.e., for CO2), even at
very low pressures (i.e., collision frequencies), suggesting we are
probing with these two different bath gases a threshold regime
on the PES where the g effect is most relevant and effective at pro-
ducing anomalous enrichments in the ozone formed.

This departure of the experimental results from expectations
based simply on DE values derived from non-isotope specific ozone
formation studies is phenomenologically evident from the model
predictions shown as lines in Figure 3. For example, if the relative
quenching efficiencies to form ozone derived from the non-iso-
tope-specific studies were solely responsible for determining the
isotopic enrichments in ozone formed in the experiments, then
ozone formed in the CO2 bath gas would be significantly less en-
riched (magenta line) than measured (magenta symbols), and
ozone formed in the SF6 bath gas (green line) would be much more
enriched than measured (green symbols). Importantly, experimen-
tal artifacts (e.g., isotope exchange with ozone for CO2 bath gas and
an NF+ isobaric interference for SF6 bath gas), if present at all,
would cause the enrichments to go in the opposite directions than
those discussed here (see Section 2). The SF6 measurements com-
pared with the CO2 and O2 results thus suggest that a value for
DE as large as 280 cm�1, or some other important characteristic(s)
of energy transfer between SF6 and O�3, allows O�3 to more effi-
ciently bypass the most isotope selective region of the O�3 PES,
while a value of DE of �150 cm�1 or less, or some other character-
istic(s) of energy transfer between CO2 and O�3, does not. Experi-
ments with additional bath gases with masses and degrees of
freedom intermediate between those of CO2 and SF6, such as CF4,
are planned to further test this idea of a DE probe of the g effect.

Alternatively, it is conceivable that the experimental results are
suggestive of a difference between SF6 and the other bath gases in
the relative contributions of the radical complex (RC) mechanism
versus the energy transfer (ET) mechanisms in ozone formation.
For example, analysis of non-isotope-specific kinetics data by Troe

and co-workers [66] suggests that 40% of ozone formation occurs
via the RC and 60% via the ET mechanism at room temperature
and low pressures for the bath gases Ar and N2, with an increasing
contribution of RC at lower temperatures and higher pressures. If
the unusual kinetic isotope effects in ozone formation are associ-
ated only with the ET mechanism, as has been conjectured before
[64,71], then a larger contribution from the RC mechanism for SF6

as bath gas might lower even further the anomalous enrichments
in ozone expected from the ET mechanism alone, relative to the
other bath gases studied. Indeed, a change in the relative contribu-
tions of the RC versus ET mechanisms may be one explanation for
the observed decrease in anomalous ozone enrichments as temper-
ature decreases [51,68,79]. For the case of the bath gas differences,
if the M��O2 and/or M��O complexes are more stable for M = SF6 than
for M = O2, CO2, and Ar and at the same time are more likely to re-
sult in a stabilized O3, then it is possible that at least part of the
dramatic decrease in the ozone enrichments we measure in SF6

bath gas could be attributed to an increased role for the RC mech-
anism. Kinetics data to date on formation of 16O16O16O in SF6 and
CO2 are still too inconclusive [66] to estimate the parameters
needed and to extrapolate to what might be expected for the mag-
nitude of such an effect on the ozone enrichments. However, sim-
ilar experiments to those reported here performed as a function of
temperature below room temperature could shed light on the ex-
tent to which the RC mechanism may be diminishing the influence
of the g effect in the experiments and provide additional bench-
marks for theory.

Finally, we note that previous experimental results for the bath
gas dependence of the ratios of the relative formation rate coeffi-
cients for 16O + 18O18O/16O + 16O16O and for 18O + 16O16O/18O +
18O18O have been interpreted to mean that there is no dependence
of the ozone isotope effects on bath gas identity [49,71]. In turn,
this has been interpreted to mean that (1) the isotope enrichments
must result from O�3 formation or dissociation and not collisional
stabilization [71] and that (2) various theoretical treatments can
be performed for a collision partner such as Ar and the results
would be generalizable to all bath gases [83,84]. Our results here
suggest that these interpretations are oversimplifying the pro-
cesses involved and that bath gas identity is an important consid-
eration. First, the Guenther et al. [71] experiments were for
formation of ozone in ‘unscrambled’ experiments; thus, they were
largely probing the sensitivity of the DZPE isotope effect to bath
gas identity and not the g effect. Second, the most complex bath
gas Guenther et al. [71] explored was CO2, and our results for the
bath gas dependence of the g effect show that CO2 as a bath gas
was not dramatically different from O2 as a bath gas. Indeed, Gao
and Marcus’ treatment [41] of the pressure dependence of the ratio
of isotope-specific rate coefficients in the unscrambled experi-
ments of Guenther et al. [49] shows that a dependence on bath
gas identity (via DE) is expected, in addition to a pressure depen-
dence, albeit a dependence that may require a much larger DE than
probed with CH4 and CO2 by Guenther et al. or higher pressures
than were experimentally feasible. Our results here, combined
with the predictions of Gao and Marcus [41], therefore suggest that
it is important to repeat the rate coefficient ratio experiments of
Guenther et al. using SF6 as the bath gas, which may reveal a bath
gas dependence to the rate coefficient ratios for ozone formation
and at pressures more easily accessible than in the previous
‘unscrambled’ experiments in noble gas, O2, CH4, and CO2 bath gases.

4. Conclusions

Measurements of the bath gas and pressure dependence of the
heavy isotope enrichments in ozone formed by photolysis of O2 in
the presence of Ar, O2, CO2, and SF6 from 50 to 760 Torr show a de-
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crease in ln17O, ln18O, and D17O with increasing pressure and with
increasing quenching efficiency of the bath gas. The decrease in
enrichments with SF6 as bath gas are particularly dramatic. Indeed,
for SF6 all isotope selectivity to form ozone is eliminated (to within
experimental error) at the relatively low total pressure of 700 Torr,
and thus confirms the importance of both DE and collision fre-
quency in determining the magnitude of the influence of the g ef-
fect on ozone isotopic compositions under the common
‘scrambled’ conditions in the atmosphere and most laboratory
experiments, as predicted by Gao and Marcus [41]. The large differ-
ence between the results for SF6 bath gas and other gases, com-
bined with the similarity of enrichments for O2 and CO2, suggest
a ‘threshold’ DE for which the influence of the g effect is greatly
diminished, other bath gas characteristics that may provide signif-
icantly more facile energy transfer between SF6 and O�3 than for
CO2 and O2 with O�3, and/or a larger relative contribution of the rad-
ical complex mechanism for SF6 than for the other bath gases.
Thus, these new results provide insights into the role that bath
gas characteristics and energy transfer may play in the unusual
ozone formation isotope effects under thermal conditions, as well
as important new benchmarks for theoretical and computational
studies of the nature and origin of the dynamically-driven, symme-
try-related g effect in ozone formation and, in turn, the extent to
which this unusual isotope effect may be generalizable to other
chemical systems. Specifically, the bath gas and pressure depen-
dence results presented here provide new constraints for detailed
theoretical investigations into whether the g effect may be largely
governed by bottlenecks in intramolecular energy redistribution in
the O�3 complex, by bottlenecks in intermolecular energy redistri-
bution O�3 and bath gas M, and/or to what extent a RC mechanism
may also come into play in determining the unusual heavy isotope
enrichments in ozone in the laboratory and atmosphere.
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