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An Explanation for Symmetry-Induced
Isotopic Fractionation in Ozone

Gregory |. Gellene

Application of a theory of nuclear symmetry—based reaction restrictions to the O, + O
— O, reaction provides a potential explanation for the symmetry-induced isotopic
enrichment observed for laboratory and atmospherically produced O,. Within this theory,
the rate of formation of O, from collisions of O and isotopically homonuclear O, depends
on whether the O, molecule is in an f (allowed) or an e (restricted) parity label state. The
restriction can be relaxed by various potential energy surface coupling terms, and the
assumption that approximately 78 percent of the restricted O,(e) levels produce O, with
the same efficiency as the allowed O,(f) levels can account for laboratory-observed
isotopic fractionation. In particular, the theory explains the special enhanced formation
of the completely asymmetric isotopomer ¢Q*70"80.

Symmetry-induced kinetic isotope effects
(SIKIEs) are qualitatively and quantita-
tively different from the mass-dependent
kinetic isotope effects normally considered
in reaction dynamics; SIKIEs cause rate
changes of a chemical process involving
identical nuclei when the nuclear symme-
try of the system is reduced by isotopic
substitution. Because SIKIEs have their
origin in symmetry rather than in mass
constdelatlona, large effects can, in prin-
ciple, occur for all the elements in the
periodic table.

One of the first chemical reactions for
which a SIKIE was identified was the asso-
ciation reaction of O, and O to produce O;.
The initial observation (1) was that strato-
spheric O; was enriched in 80 up to 40%
above its natural abundance level. After lab-
oratory experiments (2) that showed that
the enrichment occurs independently of iso-
topic mass (that is, ¥O; and *°O; were
nearly equally enriched), stratospheric mea-
surements of ¥O; (3) demonstrated that the
enrichment occurring in the atmosphere was
also independent of mass. The laboratory
studies demonstrated that the extent of en-
richment is affected by temperature, pres-
sure, and the method of O atom production
(4-8); however, to date, laboratory experi-
ments have not produced the large enrich-
ments observed in the stratosphere. Con-
versely, enrichment levels recently observed
for tropospheric Oy (9) are lower than the
stratospheric values and are in agreement
with the predictions from laboratory studies.
Presently, despite more than 10 years of
study, neither the fundamental role of sym-
metry nor the details of the isotopic fraction-
ation mechanism in this important atmo-
spheric reaction are understood.

In the last few years, SIKIEs have been
investigated in several gas-phase ion stud-
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ies (10). After the observation of an ex-
traordinarily large SIKIE (~100) in the
formation of O, by the trimolecular as-
sociation of O,* and O, (I1), a general
theory (12) of the phenomena was devel-
oped. Central to this theory is a symmetry
correlation scheme that connects symme-
try-distinct rovibronic states of the reac-
tants with distinct electronic symmetries
of the system in the interaction region,
independent of the detailed geometry of
the collision complex. When the system
contains identical nuclei, the allowed re-
actant wave functions are restricted by the
Pauli principle depending on the particu-
lar internal energy states involved. Thus,
when the system contains asymptotic
Born-Oppenheimer electronic state de-
generacies, the propensity that the reac-
tants will have for interacting on a partic-
ular Born-Oppenheimer potential energy
surface (PES) can vary with the symmetry
of the internal energy state of the reac-
tants. However, reaction restrictions iden-
tified by this correlation scheme are based
solely on the asymptotic states of the re-
actants. Because various PES coupling
terms can mix these states, the extent to
which the macroscopic kinetics will be
modified by a predicted restriction de-
pends on the “goodness” of an asymptotic
description of the reactants at intermedi-
ate separations where the dynamics can be
viewed as occurring on a particular PES.
Application of this theory has led to the
identification and interpretation of SIKIEs
in the formation of He,", (CO,),", and
Ar - CO," cluster ions (13-15).

The success of the SIKIE analysis of the
ion-molecule clustering reactions provides
strong support for the present theory of
SIKIEs. This theory can be applied to the
first step of the Chapman mechanism (16)
for O formation

0,(E,) + OCP) 0% (la)
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where O%'is a collision complex, and k,,
ky, and k, are the phenomenological asso-
ciation, dissociation, and stabilization rate
constants, respectively; O, and Oj are in
their ground electronic states, and the O
atom can be in either its ground (°P,) or
first two excited (°P,, 3PQ) spin-orbit
states. Because reaction la has a 27-fold
Born-Oppenheimer degeneracy, the essen-
tial questions are whether nuclear symme-
try can influence the PES on which the

(32 YO P)) collisions occur and, if so,
how 1sot0p1c substitution modifies the
effect. By analogy with the study of SIKIEs
in He,*, O,", (CO,),*, and Ar- CO,"
(I11-15), I will address these questions in
terms of an analysis of the nuclear-
rotational-vibrational-electronic-transla-
tional wave function (¥, ) for the infi-
nitely separated O,(°Z") + O(P)) super-
molecule (denoted O7/C§ and the efectronic
wave functions (d)e) of the OF collision
complex.

Using the coordinate system of (12)
and noting that the 1s?2s?2p* electron
configuration ofO(3P ) is symmetric under
coordinate inversion, I have written a ze-
ro-order wave function suitable for a sym-
metry analysis of O,/O as the product of a
diatomic wave function and a relative
translational wave function. The latter is
composed of a spherical Bessel function
(1$.)) for the component of the transla-
tional wave function along the center of
mass of O, and O, and a spherical har-
monic (|LM,)) for the rotational compo-
nent (17). The O, wave furiction can be
written as a product of normalized Slater
determinants of molecular orbitals (|. . .|),
harmonic oscillator vibrational wave func-
tions (|v)), and rotational wave functions.
Taking into account spin-rotation interac-
tion in the *¥; ground electronic state,
Hund’s case a functions (JAJSE) with A =
0, S = 1) and case b functions
(IL(A)IL(B); I)) were used for the rota-
tional and nuclear angular momentum
wave functions of O,, respectively (18). The
appropriate atomic nuclear spins (I, ) are O

Table 1. Transformation properties of ¥ and w°
under the operations of D (M) (20).

Symmetry - ¥
operation
E v po
(12) I(_1)J—S+/—2/a\1;: _(_1)J—S+I—2/a\y0
E* I(_1)J—S+L\P1 _(_1)J7$+L\l,0
(1 2)* (_-1)/—2/a+L\y: (_1)/—2/a+L\IiO




for 1°O and SO and %: for 7O, Noting that
the unpaired electrons in O, are in m,, and
T, molecular orbitals (12), I have written
zero-order wave functions for O,/O explic-
itly as

N 1
v = i? {I"T M- ¥
X JOMpISZHL (A L(B)DILM )| F1)
(2a)
P = A | |JOM))|ST)
= m e m o [ [T OM)IS = T))
ll’>|1u(A)1h(B); DILMpD[$)  (2h)
where W° is an Q = 0 level and ¥~ are
linear combinations of Q = =1(Q) = A +

3), and the absence or presence of a bar
over the orbitals in the Slater determinants
denotes an « or B spin-orbital, reipcctively
The symmetry properties of Eq. 2, a and b,
are analyzed by permutation inversion (PI)
group theory (19) and the molecular sym-
metry group of chemically feasible permu-
tations is denoted D, (M) (20). Using ta-
bles VII and VIII of (12), I found that W°
and W= are either unchanged or trans-
formed into minus themselves under the
operations of D, (M) depending on the
evenness or oddnebs of four angular mo-
mentum quantum numbers, (J — S), I, 21,
and L (Table 1). Because 'O and WO
are bosons and 7O is a fermion. ‘lfnmr
must transform in D_ (M) as 2 or =7 for
160160 and 1SOBO md as E: or X for
7OY0. The Pauli-allowed  asymptotic
wave functions for collisions of isotopically
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Fig. 1. Comparison of the experimental O, isoto-
pic enrichment of Mauersberger et al. (8) (closed
circles) and the present theoretical treatment with
B = 0.78 (open circles). Numbers in parentheses
indicate the O, isotopic composition (but not the
structure) with “6,” “7,” and “8” signifying '°0, 7O,
and "0, respectively.

homonuclear O, with O are listed in Tables
2 and 3. If we follow the correlation scheme
of (12), ¥ — &, is given by

o
P ¢ = i? (Jmrpdr—| + | |)
(3a)
. 1
Vs —dr = —7 (Jmr e | = ||
V2
(3b)

Because the three O atoms can become
equivalent in 07, determining which &,
(and thus which W__ ) correlates with the
ground electronic state of Oy (A, in C,,
point-group symmetry) requires first deter-
mining the induced representation of &, in
PI group Dy, (M) (19) [D..,(M) T Dy, (M)],
and then determining the correlation of
Dy (M) representations in the C, point
group [Dy,(M) | C, ] In the last two col-
umns of Tables 2 and 3, it can be seen that
only (J — S) = even states of *O"O and
1010 and I = evenand (J — S) = even or
I =odd and (J = S) = odd states of '"O'7O
correlate with the ground electronic state of
O;. Because these states are the f parity label
states, the correlation schemes in Tables 2
and 3 predict a symmetry restriction based
on the eff parity label state of isotopically
homonuclear O,. This finding is analogous
to eff parity label state restrictions identified
for O, %, (CO,),*, and Ar - CO,™ (11, 14,
15). No symmetry restrictions are predicted
for collisions of isotopically heteronuclear
O, and O because all levels correlate with
the ground state of O, in this case.

The equilibrium statistical eff ratio is 2:1
for all isotopically homonuclear O, molecules
(21). Thus, under conditions of O, e/f equi-

librium, the upper limit to isotopic enrich-
ment of *’O, and %O, resulting from this
symmetry restriction is a factor of 2, which is
more than sufficient to account for all labo-
ratory and atmospheric observations. Howev-
er, as discussed above, the symmetry restric-
tion is by no means rigorous. The restriction is
relaxed by mixing of the asymptotic O, (J —
S) = even levels with (J — S) = odd levels at
an intermediate O,/O separation (Tables 2
and 3). In terms of the asymptotic wave func-
tion quantum numbers, this mixing can be
accomplished by the angular momentum cou-
pling term J + (L + j), where J and j are the
total angular momentum (exclusive of nuclear
spin) of O, and O, respectively, and L is the
orbital angular momentum of the O,/O colli-
sion. This coupling provides a possible expla-
nation for the observed temperature and pres-
sure effects on laboratory isotopic enrichment
(4-8), because the dynamical effects of the
coupling may depend on the magnitude of J
and j and on the relative velocity of O, and
O. Further, a j dependence for the coupling
provides a possible mechanism for under-
standing the observed dependence on the
method of O atom formation (4-8), which
could produce varying distributions of *P,,
P\, and ;Po states.

Unfortunately, quantitative prediction
of the strength of the symmetry restriction
is difficult. Nevertheless, progress can be
made by introducing an adjustable parame-
ter (B) to account for the fraction of homo-
nuclear O,(e) that overcomes the restric-
tion. It is convenient to define a restriction
factor (RF) that is equal to (I + 2p)/3,
(7 + 2B)/9, or 1 for the formation of O,
containing one, two, or three different iso-
topes, respectively. Normalized to **Oj, the

Table 2. Correlation of Pauli-allowed wave functions for #*360,/0 — Oj.

J=5 L q’nwet d)c r((l)e)ﬂ- T Duh Dﬂh(M) L Cllv
Even Even — < / )

Even Odd } b be 2 ADE A1 @8,
Odd Even W U < M ,

Odd Odd } { WO b0 2 Az @FE 2A, ® B,

lrreducible representation of ¢, in D..,(M) symmetry.

Table 3. Correlation of Pauli-allowed wave functions for 30,/0 — O;.

/ J=S L \Ifm‘vot (bc l‘((l)e” I‘((l)e) T D?h(M) DSH(M) \l/ CZV
Even Even Even
Even Even Odd _ + , )
Odd Odd Even v e g A OF A @8
Odd Odd Odd
Even QOdd Even wr b
Even Odd Odd € < " "
Odd Even Even WO Y g A OF 24, ©8
Odd Even Odd
flrreducible representation of &, in D, (M) symmetry.
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theoretical percent enrichment for Oy of
isotopic composition (ijk) is given by
[RF (WMO,)/REF(*O,) — 1] X 100%. A
particularly significant comparison can be
made to the experimental results of Mauers-
berger et al. (8), who measured isotope
enrichment for all isotopomers of O; using
oxygen enriched in 7O and O (22). The
best agreement was achieved for § = 0.78
(Fig. 1). Using this value for 8, RFs of 0.85
and 0.95 were determined for 0, and
49500, respectively, which compares well
with the available experimental results.
Uniform agreement with the various lab-
oratory and atmospheric measurements is
not expected for at least four reasons. First,
the observed isotopic enrichments, and
therefore B in this model, vary with ex-
perimental conditions. Second, no ac-
count was taken of mass-dependent kinet-
ic isotope effects. The importance of this
effect is shown by the experimentally ob-
served depletion of OO0  and
BOBOIS0O relative to OO0 (Fig. 1)
in accord with theoretical predictions
(23). Third, the possibility of isotopic ex-
change when M in reaction 3¢ is O, was
not considered. Fourth, possible SIKIEs in
reactions 3h or 3c were not considered.
This last point may be significant because
there is some experimental evidence (13,
14) that a decrease in symmetry may en-
hance the energy transfer stabilization step
of the formation mechanism. This effect
may be relevant to the enhanced produc-
tion of OO0 relative to OO0
observed in some laboratory (24) and at-
mospheric (25-28) measurements.

Earlier theoretical treatments have at-
tempted to rationalize SIKIEs in Oy for-
mation in terms of incomplete energy ran-
domization in O% or in terms of excited-
state curve crossings (29, 30) but could
not account for the special enrichment of
the completely asymmetric isotopomer.
This enrichment can be rationalized with-
in the conceptual framework presented in
this report. The present explanation dif-
fers qualitatively from earlier approaches
by focusing on the symmetry properties of
the infinitely separated O, + O reactants
and how they correlate with those of OF
instead of considering the O% complex only.
The interpretation that *2O,(f) produces
05 more efficiently than *20,(e) implies
by microscopic reversibility that thermal
dissociation of **O; will preferentially pro-
duce **O,(f) over 20, (e). The experimen-
tal investigation of this prediction would
provide a stringent test of the theory.
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Oceanic Carbon Dioxide Uptake in a Model of
Century-Scale Global Warming

Jorge L. Sarmiento™ and Corinne Le Quéré

In a model of ocean-atmosphere interaction that excluded biological processes, the
oceanic uptake of atmospheric carbon dioxide (CO,) was substantially reduced in sce-
narios involving global warming relative to control scenarios. The primary reason for the
reduced uptake was the weakening or collapse of the ocean thermohaline circulation.
Such a large reduction in this ocean uptake would have a major impact on the future
growth rate of atmospheric CO,. Model simulations that include a simple representation
of biological processes show a potentially large offsetting effect resulting from the
downward flux of biogenic carbon. However, the magnitude of the offset is difficult to

quantify with present knowledge.

The most important anthropogenic green-
house gas contributing to increased radiative
trapping today and in the foreseeable future
is CO, (1). International agreements to mit-
igate increased radiative trapping have be-
gun to take the form of atmospheric CO,
stabilization scenarios, such as those exam-
ined in a recent Intergovernmental Panel on
Climate Change (IPCC) study (2-4). The

major sinks for anthropogenic CO, emis-
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sions are the ocean and the terrestrial bio-
sphere. The oceanic sink in the IPCC stabi-
lization scenarios was calculated based on
the assumption that the ocean circulation
and temperature will remain constant over
the next few centuries. However, Manabe
and Stouffer (5, 6) have shown that the
global warming resulting from increased CO,
concentrations may have a significant effect
on ocean circulation and temperature. Here,
we examine the effects of such changes on
oceanic CO, uptake, using the coupled
ocean-atmosphere global warming model of
Manabe and Stouffer (5).



