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A non-mass-dependent oxygen isotope effect In the production of ozone 
from molecular oxygen: The role of molecular symmetry in isotope chemistry 

John E. Heidenreich ilia) and Mark H. Thiemens 
Department of Chemistry, B-Ol7, University of California, San Diego, La Jolla. California 92093 

(Received 14 February 1985; accepted 14 November 1985) 

It was previously reported that the reaction products from the synthesis of ozone in an electric 
discharge through molecular oxygen display a non-mass-dependent (NoMaDic) oxygen isotope 
effect. In this paper, we report a detailed characterization of the isotope effect, including the effect 
of molecular oxygen pressure, and the presence of a chemically inert third body (helium). The 
NoMaDic effect is due to an isotopically selective stabilization of the 0 3 formation reaction 
intermediate, possibly resulting from the ability of the different isotopomers to exhibit different 
molecular symmetries. 

INTRODUCTION 

The chemical production of non-mass-dependent 
(NoMaDic) isotopic compositions is a subject of consider
able relevance to cosmochemists. Additionally, the study of 
this particular class of isotope effects represents a unique 
approach to the observation of quantum effects such as selec
tion rules in predissociation and inverse predissociation. 

Mass-dependent isotope effects arise as a result of two 
general types of processes: (1) differences in isotopic trans
lational partition functions (viz. velocity effects) or (2) dif
ferences in vibrational partition functions (bond strength 
effects) which arise primarily as a result of differences in 
zero point vibrational energy. Both processes lead to a simi
lar result, which may be represented using the conventional 
delta notation for isotopic composition. 1 

8 170(0/00) = {ct7RSamPle/17RStd) -l}x 1000, (1) 

8 lS0(0/00) = {ctSRSamPle/18RStd) - 1} X 1000, (2) 

where 8 represents the variation, in parts per thousand, of an 
isotopic ratio ct7R = 170/160 and lsR = lS0/160) ofasam
pIe relative to a standard material. Mass-dependent effects 
lead to isotopic abundance variations in oxygen which obey 
the relation 

8 170=0.528 180, (3) 

which illustrates why oxygen is so well suited for studying 
isotope effects; since it possesses three isotopes it is possible 
to unambiguously distinguish between mass-dependent and 
NoMaDic processes. 

Mass-dependent oxygen isotope chemistry has been 
particularly important in cosmochemistry. NoMaDic isoto
pic distributions in meteorites have generally been presumed 
to reflect the intervention of nuclear processes2 since chemi
cal processes were thought to be incapable of producing No
MaDic fractionations.3 These observations have been attri
buted to processes such as spallation, radioactive decay, or 
the inclusion of material of exotic nucleosynthetic origin.4 

The most striking NoMaDic oxygen compositions observed 
to date occur in high temperature mineral inclusions from 
carbonaceous chondrite meteorites, where a continuous set 

a) Present address: IBM ThomasJ. Watson Research Center, P.O. Box 218, 
Yorktown Heights, New York 10598. 

of compositions have been reported, S with 8 170 nearly equal 
to 8 ISO over a range of approximately 40 0/00' 

It has been shown that NoMaDic oxygen isotopic com
positions are produced in the synthesis of ozone from molec
ular oxygen in an electric discharge.6 The ozone produced 
was enriched in the heavy isotopes with 8 170 = 8 ISO. It 
was originally suggested that this fractionation might arise 
during the electron impact dissociation of molecular oxygen 
due to isotopic self-shielding. A similar process has been sug
gested to explain the large isotopic separation reSUlting from 
ozone production initiated by laser ultraviolet dissociation 
of O2.7 There are two serious problems with this suggestion. 
First, self-shielding requires a reaction to be initiated by an 
absorption processs (i.e., O2 + hv __ products or 
O2 + e- __ O2 , etc.), while the electron impact dissocia
tion of O2 (02 + e- -- 0 + 0 + e-) is more representative 
of a scattering process.9 Secondly, as discussed by Kaye and 
StrobellO and Navon and Wasserburg,l1 any isotopic effect 
produced during O2 dissociation should be obscured by iso
topic exchange between oxygen atoms and O2 molecules, 
which is significantly faster than ozone formation and dis
tinctly mass dependent.12 

The notion that isotopic exchange would eliminate 
NoMaDic effects produced in O2 dissociation may not be 
valid under the present experimental conditions. While it is 
true at room temperature that atom-molecule isotopic ex
change is faster than ozone formation, this is not the case at 
- 196 ·C, the temperature at which the experiments were 

performed. At lower temperatures the rate of ozone forma
tion increases due to wall catalysis,13 hence experimental 
evidence is necessary to rule out O2 dissociation as the source 
of the NoMaDic effect. 

In a recent set of experiments involving the dissociation 
of carbon dioxide in an electrical discharge14 with subse
quent production of carbon monoxide and molecular oxy
gen, the O2 displayed a NoMaDic effect similar to that ob
served in the residual O2 from the ozone production 
experiments. The effect was shown to be due to ozone forma
tion, which is successfully competitive with other oxygen 
atom, sinks once a small O2 reservior has been produced, 
leaving the residual molecular oxygen depleted in 170 and 
ISO. This is another observation of the process operative dur
ing a discharge through O2, The significant conclusion from 
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2130 J. E. Heidenreich, III and M. H. Thiemens: Non-mass-dependent oxygen isotope effect 

these experiments was that electron impact dissociation was 
not responsible for the observed NoMaDic effect (refer to 
Fig. 1, which is a plot of the isotopic composition ofthe O2 

produced during the dissociation of CO2 ), The observation 
that line segment BC, or its extension, does not pass through 
the origin implies there are two processes altering the isoto
pic composition in the 02-C02 system. The primary mass
dependent fractionation from points A to B in the figure may 
be attributed to isotopic exchange between oxygen atoms 
and CO2, similar to the process suggested in the O2-03 sys
tem. 10,l1 Since isotopic exchange would mask any isotope 
effect produced in the dissociation of CO2, it must be con
cluded that CO2 dissociation is not responsible for the ob
served NoMaDic isotope effect. Likewise, since the same 
effect occurs when ozone formation is initiated by O2 disso
ciation, the primary dissociation may be ruled out as the 
source of the NoMaDic effect. 

The goal of the present work is to isolate the reaction 
step responsible for the NoMaDic effect using kinetic con
straints, and identify the source. The approach involves a 
study of the effect of pressure in a static oxygen reservoir on 
the isotopic chemistry of ozone formation in an electric dis
charge. Experiments were performed using a system of suffi
cient volume to produce adequate ozone to permit precise 
isotopic composition determination, yet minimize changes 
in pressure. 

EXPERIMENTAL 

Materials 

Two sets of experiments were performed, one using ul
trahigh purity molecular oxygen (Matheson) and the sec
ond using a mixture of helium and O2 (produced and ana
lyzed by Matheson to contain 10.6% O2), 

Apparatus 

All experiments were performed using the pyrex vacu
um system shown in Fig. 2 (approximate ultimate vacuum 

-40 -30 -20 -10 
r-------,--------r--------r-----~A 

Il'S 0 (%0) 

c 

-10 

-20 

-30 
1117 0 (%0) 

FIG.!. Three isotope plot of the isotopic composition of O2 produced dur
ing the dissociation of CO2 in an electric discharge. The fractionation along 
line segment AB is due to 0 + CO2 isotopic exchange and the fractionations 
of segments BC are due to the formation of ozone. The compositions are 
relative to the initial CO2 isotopic composition. 

Reaction 
Cell 

Internal 
Electrode 

Vacuum 
r----- Manifold 

Expansion 
Volume 

Mercury 
Manometer 

Convect ron 
Pressure 
Gauge 

FIG. 2. Apparatus for the production of ozone. 

of 10-5 Torr). The reaction cell (volume = 630cm3 ) had a 
sidearm fitting on the lower left side with a tungsten feed
through electrode attached, and the pressure in the cell was 
measured with the mercury manometer on the upper right 
side. The discharge was produced using a tesla coil high fre
quency generator (0.5 Mhz, model BD-50 from Electro 
Technic Products) attached to the external portion of the 
electrode. 

Procedure 

Oxygen gas was purified by passage through a trap at 
liquid nitrogen temperature prior to admittance to the reac
tion cell. The cell was isolated by closing the stopcock at the 
top. A Dewar containing liquid nitrogen was placed around 
the bottom of the cell up to the level of the electrode sidearm 
and the system allowed to thermally equilibrate. Five min
utes after the pressure stabilized, the starting pressure was 
recorded (approximately 0.58 times the pressure at room 
temperature) and the tesla coil was turned on for a predeter
mined time. One minute after the tesla coil was turned off the 
final pressure was recorded and the manometer was isolated 
to minimize interaction between mercury and ozone. A sam
ple of the residual O2 was collected by direct expansion into a 
sample tube or complete collection in a sample tube contain
ing molecular sieve 13X pellets (Linde) refrigerated with 
liquid nitrogen (when direct expansion would not provide 
adequate sample size). The residual O2 in the reaction cell 
was removed by stepwise expansion into the vacuum line. 
This expansion process was repeated until the pressure in the 
reaction cell, as monitored by a Convectron gauge (Gran
ville-Phillips Company), was approximately 0.4 Torr. The 
liquid nitrogen Dewar was removed from the cell and the 
ozone, along with the O2 "blank" were collected in a sample 
tube containing molecular sieve cooled by liquid nitrogen. 

Collection on molecular sieve served two purposes. 
First, it allowed the ozone sample to be transferred to a vacu
um system where the sample size could be measured by col
lection into a calibrated Toepler pump. Secondly, releasing 
the ozone from the molecular sieve at approximately 220 ·C 
results in reconversion to O2, the requisite gas for isotopic 
ratio determination. As part of the ozone sample size mea-
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surement, a correction was made to account for the O2 blank 
(the unremoved residual gas). It was determined by vari
ation of the unremoved residual O2 pressure, without the 
discharge, that the O2 blank is proportional to the final O2 

pressure (black amount = 53.17 j'mol/Torr). For exam
ple, if the O2 is aliquoted to a pressure of 0.4 Torr, the 0 3 

sample contains 21 j'mol ofresidual O2 , 

For experiments using He-02 mixtures modification of 
this procedure was required. During sample collection, O2 

and ozone were separated from He by collecting the oxygen 
species on a cold molecular sieve ( - 196 °C), to which heli
um does not adhere. Pumping on the sieve removes the heli
um, but leaves the O2 or 0 3 adsorbed. The O2 blank correc
tion factor had to be modified to 24.50 j'mol/Torr since 
most of the gas measured as the final pressure consisted of 
He. 

Isotopic analysis 

Isotopic compositions were determined using a Nierl5
-

type isotope ratio mass spectrometer with a 6 in. radius of 
curvature flight tube and dual collectors as previously re
ported6 with one exception. Rather than measure both ozone 
(converted to O2 ) and residual O2 separately, relative to the 
starting O2 composition, the ozone was measured relative to 
the residual O2, Since it has previously been shown that iso
topic mass balance is preserved using this experimental pro
cedure,6 the initial O2 isotopic composition must lie on a line, 
in a three isotope plot (8 170 vs 8 180), between the ozone 
and residual O2 compositions, with its exact position deter
mined by the relative size of each reservior. In which case, 

direct measurement of the 0 3 relative to the residual O2 in
crease the precision of the 8 170/8 180 ratio determination. 

Precision 

The uncertainty of the isotopic compositions ( ± 0.5 
9"'(0) was limited by the reproducibility of the experiments 
rather than the mass spectrometric precision ( ± 0.2 %0)' 

RESULTS 

Data from experiments using pure O2 with the initial 
pressure of the system ranging from 1.1 to 152 Torr, and 
reaction times between 20 and 120 s are listed in Table I. The 
table includes values for initial pressure (Pi)' final pressure 
(PI)' extent of reaction f (the values in parentheses were 
calculated using the reservoir sizes and the others were cal
culated from the change in pressure), ozone formation rate 
(Rate), the isotopic composition of the ozone relative to the 
composition of the O2 starting material (8 180 3 and 8 170 3 ), 

and the ratio of 8 170 to 8 180 (m). 
For experiments with Pi greater than 2 Torr the ratios of 

8 170/8 180 have an average of (m) = 1.01 ± 0.02. For ex
periments with Pi greater than 2.5 Torr the heavy isotopes 
are enriched in the ozone produced (the 8's are positive) and 
the ratio is always very near unity. At the lowest pressures, 
the 0 3 is depleted in 170 and 180, with the 8 170/8 180 ratio 
decreasing as pressure decreases. Figure 3 shows the ozone 
isotopic fractionation (8 180 3 ) as a function of Pi' 

For experiments using a mixture of helium and O2, the 

TABLE I. Data for experiments using pure molecular oxygen mixtures as the starting material. The abbreviations are explained in the text. 

PI P, Rate ~ 180 3 ' ~ 170 3 

(Torr) (Torr) f (X lO17s- 1 ) Woo) (0/00) m 

1.1 (0.17) 0.38 -24.7 -17.8 0.720 
1.7 (0.21) 1.15 -10.5 9.1 0.862 
2.0 (0.26) 1.76 5.7 5.5 0.952 
2.2 (0.24) 2.06 - 3.3 3.3 0.991 
2.4 (0.26) 2.50 - 1.5 1.6 1.040 
3.0 1.7 (0.17) 2.46 4.3 4.2 0.979 
5.2 3.7 (0.15) 4.66 14.8 14.7 0.991 
7.4 6.0 0.19(0.10) 5.74 17.8 17.8 0.999 

10.2 9.2 0.10(0.10) 7.90 19.8 19.9 1.004 
15.1 13.0 0.14(0.09) 10.7 26.2 26.2 0.998 
20.0 18.0 0.10(0.06) 13.3 32.4 32.4 0.999 
25.8 24.3 0.058(0.05) 16.0 35.8 35.1 0.982 
30.5 28.5 0.066 16.3 34.5 34.3 0.995 
37.3 35.3 0.054 15.9 35.0 34.9 0.997 
43.9 41.7 0.050 15.5 33.8 33.8 1.001 
53.2 50.9 0.043 13.1 31.7 31.5 1.008 
60.2 55.3 0.081 14.1 28.5 29.4 1.032 
64.7 63.9 0.012 10.8 27.2 27.8 1.020 
74.3 72.1 0.030 9.81 27.8 28.8 1.037 
86.0 84.4 0.019 7.66 23.3 23.6 1.013 
92.2 90.0 0.024 6.25 23.3 24.0 1.032 

106.5 105.0 0.014 5.40 25.4 25.5 1.006 
120.2 118.0 0.018 3.98 21.0 21.3 1.016 
136.6 134.6 0.Ql5 3.20 21.2 21.5 1.015 
151.8 149.5 0.015 2.99 15.7 16.3 1.043 
151.2 148.2 0.020 2.75 12.5 12.3 0.988 
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FIG. 3. The 180 composition of ozone e8o) as a function of initial pres
sure (P,) for experiments using pure O2 as the starting material. 

range of initial total pressures was from 19 to 423 Torr, with 
reaction times between 20 and 40 s. The data are listed in 
Table II with the column headings defined as above. All 
ozone samples show enrichment in the heavy isotopes, and 
with the exception of the experiment with Pj = 236 Torr, the 
8 170's are essentially equal to the 8 180'S( (m) 
= 0.99 ± 0.01). Figure 4 shows the 180 composition of the 

ozone (8 180 3 ) as a function of Pj' 

DISCUSSION 

The ozone formation mechanism 

The first question to be addressed is the isolation of the 
NoMaDic effect to a specific step ofthe 0 3 formation mech
anism. The classic Chapmanl6 mechanism for ozone forma
tion has been thoroughly studied but may not be relevant at 
the low temperature employed in the present experiments. 
The rate constant for three body 0 3 formation (0 + O2 

+ M -+ 0 3 + M) has a negative activation energy, 17 which 
is characteristic of reactions which proceed by different 
mechanisms as a function of temperature,18 usually imply
ing wall catalysis at low temperatures and homogeneous gas 
phase reactions at higher temperatures. Additional evidence 
which favors ozone formation via wall catalysis at low tem-

peratures is the work of Wojtowicz et al.,13 who observed 
that at - 196·C and an oxygen pressure of approximately 1 
Torr, the conversion of oxygen atoms to 0 3 was completely 
quantitative, implying no 0 + 0 or 0 + 0 3 side reactions, 
and an ozone formation rate which would only be consistent 
with heterogeneous 0 3 formation. It remains to be demon
strated whether this result is applicable throughout the pres
sure range in which the NoMaDic effect has been observed. 

Even though the Chapman mechanism is not complete
ly valid under the low temperature conditions where the 
NoMaDic has been observed, it is a valuable starting point in 
developing an appropriate model. Consider the following 
mechanism; 

02+ hv -+ 0 + 0 , 

0+ O2 + M -+ 0 3 + M, 

0+0+M-+02 +M, 

0+03 -+202, 

(4) 

(5) 

(6) 

(7) 

where M may be any gas phase molecule. Since this mecha
nism was devised to explain ozone formation in the atmo
sphere it must be modified in accordance with the conditions 
relevant in an electric discharge. The agent responsible for 
the initiation of the reaction is electron impact rather than 
absorption of photons. 19 Also, the condensation of ozone on 
the cold walls must be considered. 

(8) 

The primary limiting factor in determining which of the 
reactions [Eqs. (5)-(7)] are important is the negative acti
vation energy of three body ozone formation, thus the rate 
constant for the reaction increases as temperature decreases. 
To give an example of the importance of this fact consider 
the competition between ozone formation and oxygen atom 
recombination [reactions (5) and (6)]. The ratio of the re
action rates is given by 

Rate [03 ] _ kS [0][02][M] 
Rate [02 ] - k6 [0]2[M] 

(9) 

where Rate [03 ] is the rate of ozone formation via reaction 
( 5 ) , Rate [02 ] is the rate of O2 formation by reaction (6), ks 
and k6 are the rate constants for the respective reactions, and 
the bracketed quantities are the concentrations of the en
closed species. Note that in this case, the expression simpli
fies to the following: 

TABLE II. Data for experiments using helium-molecular oxygen mixtures as the starting material. The abbreviations are explained in the text. 

P, PI Rate 8 180 2 8 170) 
(Torr) (Torr) f (X 1017 S-I) (9'00) (9'00) m 

18.6 17.8 (0.20) 2.52 22.0 21.7 0.985 
31.4 29.9 (0.17) 4.95 23.7 23.2 0.980 
60.7 59.0 (0.12) 8.27 25.1 24.9 0.991 
89.0 88.3 (0.092) 9.83 28.9 28.0 0.972 

116.5 115.8 (0.076) 10.4 28.0 27.9 0.997 
147.6 146.4 (0.060) 10.5 27.4 27.0 0.985 
176.1 174.2 (0.040) 8.30 25.8 25.2 0.978 
235.6 233.6 (0.024) 6.77 19.9 16.2 0.814 
295.8 291.9 (0.019) 4.34 19.8 19.3 0.974 
423.2 418.8 (0.009) 2.27 8.8 8.9 1.007 
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FIG. 4. The 180 composition of ozone ( 180 3 ) as a function of initial pres
sure (PI) for experiments using a mixture of helium and O2 as the starting 
material. 

Rate[03] = kS [02] 
Rate [02] k6 [0] 

(10) 

If Anderson's values for the rate constants17 are used 
[ks = l.Ox 10-34 exp(5OO/n and k6 = 3.8X 10-30 T- l 

exp( - 170/n] one reaches the conclusion that at 300 K 
the reactions proceed at equal rates when the oxygen atom 
concentration is approximately 7% of the O2 concentration, 
but at 75 K the 0 atom concentration must be 15 times that 
of O2 for the same situation to prevail. Thus, while at room 
temperature the two reactions should both be important in 
the ozone formation process, at liquid nitrogen temperature 
the O2 recombination reaction should be on the order of 100 
times (or more) slower than 0 3 formation. 

A similar comparison between reactions (5) and (7) 
(using k7 = l.9X 10-11 exp( - 2300/n and calculating 
the M concentration by applying the ideal gas law at a total 
pressure of 30 Torr) gives an even more striking result. For 
the two reactions to have a similar rate at room temperature, 
the gas phase ozone concentration must be approximately 
6% of the O2 concentration, and if the 0 3 composition is 
lower the rate of reaction (5) will be greater than reaction 
(7). On the other hand, at 75 K the two reactions only pro
ceed at equal rates when the 0 3 concentration exceeds the O2 
concentration by 10 orders of magnitude. Given these argu
ments, it seems warranted to ignore reactions (6) and (7) as 
important parts of the chemical mechanism under the ex
perimental conditions where the NoMaDic effect has been 
observed. 

These arguments lead to the conclusion that under low 
temperature conditions ozone formation is a relatively sim
ple process, consisting of O2 dissociation by electron impact, 
three body 0 3 formation, and ozone condensation on the 
walls of the system. It has been pointed out earlier that the 
isotope effect could not be produced during O2 dissociation, 
and condensation is a process which depends on the masses 
of the species involved,20 leaving only one alternative. Three 
body ozone formation must, in some way be responsible for 
the NoMaDic effect. 

Three body ozone formation 

It is instructive to view ozone formation as a set of sepa
rate processes. The reaction is initiated by an oxygen atom
O2 molecule collision leading to the formation of a reaction 
intermediate (Or). If a stable 0 3 molecule is to be formed 
the intermediate must undergo a second collision (to allow 
Or to release its excess internal energy) within its lifetime 7'. 

Without the second collision the intermediate is unable to 
survive its own instability. This leads to a slightly different 
view of the chemical mechanism: 

Or+M- 0 3+ M, 

Or + Wall- 0 3 (Wall) , 

0 3 + Wall-03(Wall). 

( 11) 

(12) 

(13) 

(14) 

(15) 

Atomic oxygen is produced in the discharge and diffuses 
toward the cold walls driven by the temperature gradient. 
During this process it undergoes a series of collisions with O2 

molecules which results in the formation of Or. If the or 
does not undergo a collision during its lifetime 7' it will redis
sociate. On the other hand, if the Or is involved in a collision 
it will lose its excess internal energy and the ozone molecule 
formed will condense on the cold walls. 

Isotopic chemistry 

One mechanism for producing the observed isotope ef
fect is to assume that the isotopomers of Or containing the 
heavy isotopes (490r and sOOr) have a longer lifetime than 
the species containing only 160. This assumption is made on 
the premise that: (a) the probability of a metastable Or mol
ecule undergoes a collision and quenching within its lifetime 
is equal to the collision rate times the Or lifetime (7'), (b) the 
collision rate is dependent on the mass of the species in
volved and hence would lead to mass-dependent isotopic 
fractionation, therefore differences in isotopomeric lifetimes 
must be much larger than differences in collision rates, and 
(c) if the lifetime for the 170 species e77') is equal to the 
lifetime of the 180 species (187') and both are longer than the 
phenomenological 7', the probability of forming the heavy 
isotopomers of ozone would be equal and greater than the 
probability of forming 0 3 containing only 160. 

Concerning a mechanism to explain the differences in 7' 

for the isotopically substituted reaction intermediates, a pos
sibility exists involving inverse predissociation. A thorough 
description of this process has been given by Herzberg.21 An 
atom-atom collision is theoretically straightforward. The 
participants interact with one another subject to the relevant 
diatomic potential, with a lifetime consistent with a single 
molecular vibration (on the order of 10 -13 s). In the case of 
an atom-molecule collision the situation is more complex. It 
is not a valid approximation to hold the molecule fixed in 
space and assume that the collision consists of a decrease of 
the atom-molecule distance along the reaction coordinate. 
An actual collision consists of an intricate combination of 
vibrational and rotational motions which increase the life-
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time of the intermediate above 10- 13 s. An additional aspect 
which increases the intermediate lifetime is the possibility of 
inverse predissociation. This may occur when the collision 
partners have the correct energy to match one ofthe diffu~e 
energy levels near the dissociation limit of the polyatomlc 
molecule being formed. There is a finite probability that once 
the predissociative state is reached, the intermediate will 
emit a photon and remain bound within the polyatomic po
tential well, however this process is highly unlikely. Another 
consequence of predissociative states which has a more di
rect bearing on the present discussion, is that their existence 
increases the lifetime of the reaction intermediate. The actu
allifetime is an intricate function of the reaction dynamics 
which is strongly influenced by the number of available pre
dissociative levels. As the number of levels increases, ". in
creases as well. It is left to propose a reason for a difference in 
the number of predissociative states for different isoto
pomers. 

One explanation for a difference in the number of avail
able predissociative states involves molecular symmetry. 
Ozone containing only 160 has C 2v symmetry and possesses 
only one-half of its complement of possible rotationallines22 

for rotations about the twofold axis. On the other hand, 
ozone containing one of the heavy isotopes may have two 
different symmetries, C 2v for X-Y -X molecules and Cs for 
Y -X-X molecules. The C 2v isotopomers, as above, possess 
only one-half their complement of possible rotational states, 
however, the Cs isotopomers have their full complement. 
Isotopomers with one ofthe heavy isotopes on the terminus 
of the molecules should have longer ".'s, with the net result 
that 18".= 17".>".. 

To summarize, this proposed mechanism for the 
NoMaDic effects includes: (a) the isotopomers of ozone 
containing the heavy isotopes the possibility offorming with 
Cs symmetry, in which case this reservoir has an extra prob
ability of forming Or in a predissociative state, (b) inverse 
predissociative states increase the lifetime of the reaction in
termediate (the collisions become "sticky"), (c) the extra 
stability ofthe Cs Of's implies that 17". = 18".> 16"., (d) the 
probability of a two body collision also being a three body 
collision is greater for the isotopomers of Or containing 170 
or 180, and hence (e) the 0 3 produced would be enriched in 
the heavy isotopes, with 8 170 = 8 180. 

Model Implications 

To describe the effect of pressure on isotopic fractiona
tion it is necessary to define a parameter which is a function 
of pressure. This parameter (Re) is a critical radius sur
rounding the internal electrode, within which the probabil
ity of an Or being dissociated by electron impact in a time 
shorter than ". is nearly one. As the pressure of the system 
increases, Re decreases due to contraction of the electron 
density to the vicinity of the electrode. Consider the system 
as a cylindrical cold wall of radius Rw with an electrode in 
the center and a critical cylindrical colume of radius Re sur
rounding the electrode. Shown in Fig. 5 is a qualitative de
scription of the Or dissociation probability (Pd ) as a func
tion of distance from the electrode (R). Notice that the R 
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FIG. 5. The dissociation probability of the Or reaction intermediate as 
function of radial distance from the electrode (R). The solid curve repre
sents the probability for the Or species containing only 160, and the dashed 
curve represents the probability for the isotopomers containing one of the 
heavy isotopes. 

less than Rc ' Pd is very nearly equal to one, implying that 
virtually all of the Or which forms will be dissociated by 
electron impact, but the probability will always be slightly 
larger for the heavy isotopomers (P d) due to their longer 
lifetime. For R 's greater than Re the dissociation probability 
drops to an asymptotic value consistent with the natural me
tastability of Or. Of course, the asymptote for the heavy 
isotopomers has a lower value, implying that there must be a 
crossover point between the two curves (with R labeled as 
R I)' The point at which the difference between P d and P d 
reach the asymptotic limit has a value of R defined as R II • 

Figure 5 may be used to predict isotope effects as a func
tion of pressure by assuming that the scale of the abscissa 
varies inversely with pressure. At very low pressures the unit 
of R is large and Re is greater than the distance to the wall, 
while at higher pressures the unit of R is sufficiently small 
the Rw is much greater than RII • When the pressure is such 
that Rw is equal to R I (corresponding to a pressure between 
2.4 and 3.0 Torr for the present experimental arrangement), 
the dissociation probabilities are equal for all isotopomers 

and no isotopic fractionation occurs. At lower pressures, 
corresponding to Rw less than RI> the fact that Rd is always 
less than P d manifests itself as a NoMaDic isotopic fraction
ation, with the heavy isotopes depleted in the product ozone, 
as is experimentally observed at pressures below 2.4 Torr. 
For pressures above 3 Torr, whereR w is greater thanR I but 
less than R II> notice that P d is greater than P d with the 
difference increasing as pressure increases. This results in a 
NoMaDic fractionation with the heavy isotopes enriched in 
ozone, and the magnitude of the fractionation increasing as 
pressure increases. 

To explain the behavior at the extremes of pressure a 
slightly more sophisticated approach is necessary which is 
based on the premise that the number of 0 + O2 collisions 
leading to the formation of stable ozone molecules [N (03 ) ] 

is equal to the total number of 0 + O2 collisions (N) times 
the probability of a particular two body collision also being a 
three body collision (already shown to be equal to the colli
sion rate Z times the intermediate lifetime".) : 

N(03) = NZ".. (16) 

This equa~ion may be used to determine the relative isotopic 
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composition of the ozone produced by calculating the ratio 
of amounts: 

N(03)' _ (N'Z'T') (17) 
N(03) - (NZT) , 

where the primed terms represent values for the species con
taining one of the heavy isotopes. Each of the terms in the 
ratio may be treated independently, in which case the isotope 
effects at the pressure extremes are quite different. 

Consider the high pressure situation, which is represen
tative of the conditions under which the lifetime constraints 
were derived. Earlier, it was pointed out that the differences 
in collision rates could not be responsible for the isotope 
effect since a mass-dependent fractionation would result. 
The mathematical statement of this idea is that the variation 
of T'IT from 1 must be much larger than the variation of Z '1 
Z. A measure of the resulting ratio (Z ' T'IZT) is given by the 
highR asymptotic valuesofPdlP d in Fig. 5. As for the ratio 
of collision numbers, a first approximation is given by the 
ratio of the relative isotopic abundances. However, this is 
unsatisfactory for large values of N indicative of the high 
pressure regime. The longer lifetimes of the Or isotopomers 
containing the heavy isotopes must result in fewer 0 + O2 

collisions involving 170 or 180, with the disparity increasing 
as the pressure increases. Mathematically, the ratio N'IN 
has a limiting value equal to the ratio of the isotopic abun
dances, and decreases as N increases. This implies that as the 
pressure in the system increases, the magnitude of the isoto
pic fractionation decreases, just as is observed when the ini
tial pressure ofthe system exceeds 30 Torr. 

When the pressure in the system is very low, the forma
tion of ozone may result from a single 0 + O2 collision 
( quenched on the cold walls). In this case the ratio of N'IN 
may be set equal to the ratio of the isotopic abundances and 
has no effect on the resulting isotopic fractionation. In the 
limit of extremely low pressure the differences in the life
times of the isotopomers of Or is insignificant (when the 
average time between the first 0 + O2 collision and the 
quenching-trapping of 0 3 is less than T, the species contain
ing a heavy isotope gains no advantage by having a lifetime 
longer than T) and the important factor in determining the 
isotopic fractionation is the ratio of collision rates. This ratio 
depends on the masses of the participants, resulting in mass
dependent fractionations with the heavy isotopes depleted in 
ozone, as observed for the experiments at the lowest pres
sures. 

This model is equally consistent with the results from 
experiments using helium-02 mixtures, which show the 
same features as the experiments using pure O2 with the ex
ception of the low pressure phenomena, where the necessary 
experiments could not be performed. Changing the composi
tion of the "buffer" gas in the system appears to have no 
effect in the static system, as would be expected given the 
proposed mechanism. 

Predictions 

This model allows a number of verifiable predictions to 
be made. Since the effect arises in the formation of ozone, 
rather than initial dissociation, it should be observable, inde-

pendent of the method of O2 dissociation. It should be possi
ble to produce the same effect in ozone production initiated 
by either optical radiation or electric discharge, which opens 
interesting possibilities for the use of isotopic composition to 
determine the conditions under which a particular sample of 
ozone formed, once the effects of the relevant parameters 
have been investigated. 

Having a different number of rotational states as a func
tion of isotopic substitution is a fairly common property, 
implying that NoMaDic effects might be observable for a 
number of other chemical reactions. These effects should 
occur whenever the following conditions are satisfied; (a) 
the reaction of interest occurs in the gas phase, (b) the reac
tion intermediate is subject to symmetry constraints as dis
cussed, (c) the products may be separated to decrease the 
possibility of secondary mass-dependent isotope effects, and 
( d) the element of interest has three or more isotopes (it may 
be possible to use radioactive isotopes and adjust the product 
compositions to account for decay effects) so the effect may 
be observed. Specifically, the formation of CO2 from oxygen 
atoms and carbon monoxide is a possible candidate. 

The proposed model has the property that the anoma
lous isotopic component of the ozone reservior should be 
present in the isotopomers with C. symmetry. If adequate 
sensitivity could be achieved, it may be possible to observe 
this excess abundance spectroscopically. 

SUMMARY 

Isotopic data and results on the chemistry and kinetics 
of the formation of ozone in an electric discharge through 
molecular oxygen have been presented. The chemical mech
anism of the reaction was shown to be greatly simplified 
relative to the classical Chapman mechanism, by the low 
temperature at which the experiments were performed. This 
situation, when coupled with additional experimental re
sults, particularly, for CO2 dissociation, allows restriction of 
the mechanistic step responsible for the NoMaDic oxygen 
isotope effect. The effect is due to the lifetime of the transi
tion state produced during ozone formation (Or). The iso
topomers of this species with C. symmetry (those which 
have one ofthe heavy isotopes on the end of the molecule) 
may be responsible for this longer lifetime since they have a 
greater probability of being the product of a collision involv
ing an inverse predissociative state. If this explanation is cor
rect, this type of isotope effect should be present in a large 

number of reactions and may be responsible for the NoMa
Dic oxygen isotopic distributions observed in many meteor
ites. 

This suggests a number of areas which require further 
study. The oxgen isotope chemistry of many reactions of 
importance in the natural environment need to be reevalu
ated. Since the concept of all chemical isotope effects being 
mass dependent is no longer valid, these studies must not 
overlook 170. The present experiments are an example of the 
way in which isotopic chemistry may offer a unique method 
of probing properties such as the effect of symmetry on 
chemical reactions. 
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