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Application of a theory of nuclear symmetry-based reaction restrictions to the 0 2 + O 
—> 0 3 reaction provides a potential explanation for the symmetry-induced isotopic 
enrichment observed for laboratory and atmospherically produced 0 3 . Within this theory, 
the rate of formation of 0 3 from collisions of O and isotopically homonuclear 0 2 depends 
on whether the 0 2 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 02(e) levels produce 0 3 with 
the same efficiency as the allowed 02(f) levels can account for laboratory-observed 
isotopic fractionation. In particular, the theory explains the special enhanced formation 
of the completely asymmetric isotopomer 1 6 0 1 7 0 1 8 0 . 

Oymmetry-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 
considerations, 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 0 2 and O to produce 0 3 . 
The initial observation (I) was that strato­
spheric 0 3 was enriched in 1 8 0 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, 4 9 0 3 and 30O3 were 
nearly equally enriched), stratospheric mea­
surements of 4 9 0 3 (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 0 3 (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 0 4

+ by the trimolecular as­
sociation of 0 2

 + and 0 2 (11), 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 He2

+ , (C02)7
 + , and 

Ar ' CO z
+ 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 0 3 formation 

0 2 ( 3 2- ) + 0 ( ^ ) ^ 0 ? (la) 

where 0*'is a collision complex, and Jca, 
kd, and ks are the phenomenological asso­
ciation, dissociation, and stabilization rate 
constants, respectively; 0 2 and 0 3 are in 
their ground electronic states, and the O 
atom can be in either its ground (3P2) or 
first two excited ( 3PP

 3P0) 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 
0 2 ( 3 E~)/0( J P / ) collisions occur and, if so, 
how isotopic substitution modifies the 
effect. By analogy with the study of SIKIEs 
in He2

 + , 0 4
+ , (C0 2 ) 2

 + , and Ar • C 0 2
 + 

(11-15), I will address these questions in 
terms of an analysis of the nuclear-
rotational-vibrational-electronic-transla-
tional wave function (^nrvet) for the infi­
nitely separated 0 2 ( 3 2~) + 0(3P-) super-
molecule (denoted 02/0) and the electronic 
wave functions (c))e) of the O* collision 
complex. 

Using the coordinate system of (12) 
and noting that the ls22s22p4 electron 
configuration of 0 ( 3 P ) is symmetric under 
coordinate inversion, I have written a ze­
ro-order wave function suitable for a sym­
metry analysis of 02/0 as the product of a 
diatomic wave function and a relative 
translational wave function. The latter is 
composed of a spherical Bessel function 
(|J>L)) for the component of the transla­
tional wave function along the center of 
mass of 0 2 and O, and a spherical har­
monic (\LML)) for the rotational compo­
nent (17). The 0 2 wave function 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 3 S ~ ground electronic state, 
Hund's case a functions (|AJSS) with A = 
0, S = 1) and case b functions 
(|la(A)Ib(B); I)) were used for the rota­
tional and nuclear angular momentum 
wave functions of 0 2 , respectively (18). The 
appropriate atomic nuclear spins (la b) are 0 

Table 1 . Transformation properties of ^ ± and ^ ° 
under the operations of Dooh(M) (20). 

Symmetry 
operation 

E 
(12) 
E* 

CM
 

+ (" 
+ l 

(-

\ | f± 

\J/± 

_<\\J-S + l-2la\p± 

( _ 1 ) J - S + L ^ ± 

_-|\/-2/a + M|/.± 

-MV-
- ( - 1 
M)' 

ApO 

\JfO 

t-S + l 

\J-S 

' -2 /a + 

-2/aiJ/O 

+L\pO 
•LAJZ-0 

1344 SCIENCE • VOL. 274 • 22 NOVEMBER 1996 



fix "'0 ,inti ' "i3 ;inJ ' : tor " ~ 3 .  Noting that 
rllc llnya~ri.,l r l e c t r ~ ~ n i  111 0: are In z,+ : l n~ i  
T ,  mi>lecular nrbirnl ( 1  2 ) .  I 11;i\.e I\-rlttcn 
~ ~ i l - o s ~ l c r  aye function.; t;>r 0,/0 cxyllc- 
itl\r a,, 

n-her? \IJI'; 1:: ,111 II = I? lc\-el ,inLl ,Ire 
l i n e ~ r  conll-in~tion. of !! = ? 1 j!! = 1 f 
L ) ,  an,l tile ,~h\encc  or presence c3t a I7,1r 
over the orl~lt,ils ln the Slater ; icterr?lln,~nt~ 
.icn~tc.; an ct or fi pin-orli~r,il, rcspecrivcly. 
T h e  rvmmetr~ yrojierrie< ot  ELI. 7 ,  a ,inL1 17, 
,Ire an,~l\-:e,l I.!- ?c l .~ l l~~t~ir l i i l l  ~n~~ers l011  (PI)  
q r o ~ ~ p  tlleor\ (1 9 )  a n ~ l  the molecular q m -  
rnctr\- grouy 01' cllemicallv teaslhle permll- 
t;ltii,nc i; ;icnc~red D , l , ( \ i \  (?J). Uiin_o ta- 
bles \:I1 < i l l L l  \'I11 of i l  3 ) ,  I f,d~lllLl t11<1r ~ I J ?  
~ 1 1 ~ 1  'I/= ,1re elrller ~ ~ n c l l a n q e J  or t1.m.- 
t o r n ~ r ~ l  L I I ~ < I  III~IILI> t l ~ e ~ l ~ ~ e l \ . e i  ~111~1er the  
opcrarians o t  Jl . , , , ( l i \  ~ l ey len~ l~nq  on  rllr 
e\cnneaa i r  ii;liIne::; i)f  ~ O L I I .  angul,ir mo- 
menrunl ~lual1ruln mlml>er-, ( J  - S), 1% 21,; 
and L (T,lble 1 ) .  Because "'0 mil "0 
are lwsi)n\ and "0 1.; a temllnn, lIJ,,,:i 
I I I L I > ~  t rC~n>for~n  111 Jl ,c, ,( l l)  2s Z,? cr  1; 
l'O"'O and '"0"17 an,i a> or 1,; t;,r 
" ~ 3 ~ ~ 0 .  T h e  Pc~,~l~-allc)\~-e;l a ~ v ~ ~ ~ l ~ t i > t i c  
\v:1\-e tll1lctli>lls fin e,,lllsli>ll? i>t- isorL>l~lc<illy 

Nominal mass (daltons) 

Fig. 1. Cctii3zl-1sci- of tile expertiienta 0, sotc- 
1;13 e ~ i r ~ c l i ~ i i e ~ i t  o i  Ivlauel-sberger e l  a; IS: Iccsec 
c11.cIesl an:/ the nl.esenr rliec(erca1 rreartiietit 5~1th  
p = G 78 ,one8i c~rcles). Numbers In parenrlieses 
tirlcare :he 0 sctcpc compcstoti i k u  tici tile 
srr~~crute) ?.;ti1 "6 " "7, and ',8" sgnfy~ng "0. ' - 0 ,  
anrl ? O  respect~\vely 

Becarl\r rhe three CJ a t o m  can lxcome 
r L l ~ ~ ~ v , ~ l ~ ~ t  il l  LJ::> ilerermillin~ n.11lch <b<, 
(,lnil ~1111, \vliich l lJn, ,cc\  cL)rrclilte, \virh the 
grol111~1 c lecrro~~ic  \tare of (3: (.Al 111 C,, 
poil-ir-grol~p s\mmetr\-! rccjulrc. first deter- 
m ~ n i n c  the i11~1l1crti r r~resentar lnn uf 111 

PI yro~~yi Di,,jhf) (1 9) [D , , , ( l l )  1 D<,,jLl)]% 
,ill~i tllell ;Ictcrminlllq tllc correlation c~t 
D i l , j l i )  repre.;ent,Irlc>lls In the C1, polnr 
~ C I L I ~ ~  [D,,,j\l) 1 C-~]. . , In the last tn-(I col- 
n m n ~  L)'r' T~l l l e :  2 and 3, it can lye seen chat 
i)111\ jJ - S) = e \ e n  <rate- o t  ''0 'C allil 
1'~31'0 <IIIJ 1 = ?\.en a n ~ l  (J - 5 )  = ?\.en or 
1 = J I - S! = , ,LI~I st,lres i>f l 7~ ' r1 ;o  
correlclte \'ilth rile gri>uilJ elcirri~illc stclte ot 
0;. fiec,~ucc t h e e  stare:: are tllc j'parli-1 lal~el 
.t,ltci, rlle correlat~on >chemc> ill Taliles 7 
,inLl 3 liwdict ,I SI-mmetry rebtrlcrion IlaseJ 
011 t11e q'j parity 1al.el bt<ire (It i \~>t<~y~ic<lllv 
h i ~ m i ) n ~ ~ c l e , ~ r  0,. This tindlng 15 ; ~ n , i l o i ~ ~ ~ s  
ti1 parity- lnliel st,lte re\trlction.: ~ , lent l f~eJ  
f i~ r  O,-~. (CO,),  , , i n~ l  . i s  . C C I ,  (1 1 .  14. 
15).  N o  c\-inmetry re\trlction> ,Ire l?reLllcteL1 
tor colll~li>ns ot  ~\i>to~iic:i l l~- here~.onucle;ir 
0, ;lnJ O i i eca~~re  ,111 le\-ela ci~rrelatc n l t h  
the qruun;i srarc o t  0; ~n rluk case. 

The  cclulllhr~um ~ra t l c t i c~~ l  i.:j rarltl 1: 2 : 1 
tor :all i r ~ ) t o ~ ~ ~ c ~ ~ l l v  l ~ o ~ l l ~ ~ ~ ~ l ~ c l e ~ ~ r  ~ 3 -  ~ ~ l ~ > l e e ~ ~ l e i  
( 3  1 !. Thu:, under con,lirlc>~ls i ~ t  0: ~ L ~ L I I -  

5) mmc'try restrictlo11 is a t x t o r  clt 2, \vhlch I\ 

Inore t1i;ln .;~ltficiel~t to a c c o ~ ~ n t  tor ,111 1:rho- 
~ - ~ t ~ l r v  :IIIJ ~ ~ t n ~ o s ~ : l ~ e r ~ c  ~ l l ) s r r v ~ t ~ i > ~ l s .  H o \ \ ~ Y -  
?I-, <I> LllscllsseLl >IIY>\.e< rl1r syllllllctry I-?~tI-lc- 
rlon is 1.y no me;r~-is riqc>ri>u.. The  resrrlctlon 1s 
rel,r\;etl 1.v m ~ s i n g  ot  rhe ,~iymptoric O2 ( J  - 
5) = even level:: \vith ( J  - S! = cliiil le\,el\ at 
,111 ~ntermeiliatr OL/O separatl~>n (T;lhle> 3 
anL{ 3 ). 111 terms of the air mytoric \va\.e h n c -  
tic111 ( lu ; l~i t~~l i i  111111113eri, rhls rn ix ln~  c~rn  he 
accomplisl~eil rhe ,~n:ul,~r momentum Lou- 
?1111(: t e r i ~ ~  J . (L + j ) ,  \vllere J and j are the 
t0t~11 , inyl~l,~r mc>ment~~rn (esc1~1::ive ot n ~ ~ c l e a r  
s p ~ n )  of O L  :mcl 0, recFrcti\.cly, a n ~ l  L is the 
orl31ral ,~neul,ir momentum of tlir i>:/i3 cnlll- 
\Lon. Thls i i~uyling lyrc>\-iilei ,i posl l~le  e~~31.1- 
11,itlon for the oli\er\.e;i tenlpcranlre and pres- 
sure etfects 011 lnlii~rator\. ~>otc>pic cnr~clll l lc~lt  
(i-fi), hcc,~~lse the ;lynamical etfects i ~ t  the 
ccluphng ma\- dejienil 011 rlle magnlt~lde ot Q 
a d  i ,lniI on the relarl\-e cli>clry of 0, , in~l  
i'. Fllrther, a j ,lepenLIenie for the cc>upllng 
lisi>viLles a l~ossllile nlrchanis~ll f i~ r  ~ln~der- 
sr,ln~ling the c>li\er~-e~l ~leprnLleilce <>II rlle 
methi>~l <)i' 0 atoll1 ti)rnrarlon (4-6), \I-llich 
C O U I ~ I  p~ .o~ i l~ce  1-arving .Ilctributlc~ns of 'PI, 
'PI ,  and 'P, rrares. 

Cnii~rtunately,  qu,~ntlt;itl\-c lirciliction 
ot the strenvth o t  the s\-mmerrv rehtrlction 
ir Jl tf icl~lt .  Ne\  crrhcleas. progress can lye 
made 17) inrroilucing an a,l~ll>t,~hle parame- 
ter i a!  ti> aiCOlIl1t L>r the traction of llomo- 
l l~ lc lc~lr  C>2(L?) tllclr <>\-crc<>llle. the rc5tr1c- 
rlon. It is con\.enienr to ilctllle ~i re t r ic t ion 
tacror (RF! that 1 i  e;111,11 t ( ~  ( 1  f 2f i ) / 3 ,  
( 7  + 7P)/'9, or 1 for the 'r'~~)rm;ltion c>t 0, 
ciintalning one,  r\\.o, (Jr three .ilftcl-ent icn- 
rapes$ re~~iect lvcly .  Norm,~l~:eil rci '"I:, the 

Table 2. Cot-l-eaten c i  Faul~allc;l~ec: ? .me  fL,nctons f c  ' "'0,10 4 0;. 

J' - s I '1' ,. -t Qi= 1'1,b~r.:- r(+.! &.(!dl D,l,l!v,7; J c:! 
E\!en Eve;- 

11, - d,: 1, kl 13 E' 2k. EN 5; 
Even 

Odc: E\!en 'I' 
Orld } ( ,L"z p 

Odcl 3, 
6. 

-Ir~ecl~~cbe I-ep eseitat on of <'I; I -  0 , 4 ; ~  sj1-il--~et~, 

Table 3. Cot-I-eaton of Pac~l~-aIlc~;~:ec $i>:ave f~ ;-ctons ier --'O,:O - O;, 

Eve;- Even 
Odd Odcl dl; 

Odd Odd Odd 
Even Orlc 
h e n  Occ 
Odd Even 
Ocd E\!en Occ 



tlleuretlcal percent e~ll-ic111nent fL>r 0; i 1 f  

Lsotnylc c i ) ~ n p o i ~ t i o n  (ijk) i.: i . i ~  e n  lyy 
[RF ( ' " ' " L ~ , ) / R F ( " ~ ; )  - 11 x 111C'lo. X 
part~~11.11-1y s ~ g n ~ t i c a n t  c i )mpar~~c>n  c,111 he 
maile to the experl~iient:il result\ i)f Xlauers- 
l~erger z t  (11. ( 8 ) ,  n~l-io 111easureLi isotope 

el~ricl-iment tor all ~ . ~ t o p ~ ) ~ n c r s  of Oi  ~ i s inp  
ox-en ellricheLl in "0 am1 "0 (1'1'). T h e  
hest agreelilent \mi achlevecl fix P = 11.75 
(Fig. 1 ) .  Uhlllg this \ , ,~lue t;>r P. RFs i>t 2.55 
and 11.95 \\.ere Je t e rn i~ne i l  for '$0; and 
'".jCO3~ respectlr-ely, \ I -h~cl i  coliiparzs II-ell 
rn~rll  t h e  ava~ lah le  esperililelltal reiults. 
LJ I I I~L>~I~I  J G S C ~ I I - ~ ~ I I ~  \ ~ ~ t l - i  t11e Y L I ~ I O L I ~  1:1l~- 
oratory ailci , i tmosp l~e r~c  lneasiirements 1s 
no t  expected fix a t  1ea.t tour reason>. First, 
the  obiervecl ~ s o r o p ~ c  e n r ~ c l ~ m e n r \ ,  and 
t l~erefore  p In rhi. model, v,iry \vith ex- 
p e r m e n t a l  c o n i i ~ r ~ o n , .  S e c o ~ l ~ l ,  n o  ac- 
c o ~ ~ l n t  Ivas taken of maas-dependent k ~ n e t -  
IC Isotope effects. T h e  ~mpnrt:rnce o t  rhl5 
effect 1. .;l~c>n.~l hy the  esperime~-itally dl.- 
jer\;ed ileplerlL>ll o t  1'C3"C>17C> a ~ i d  
I s~) I SO "0 re la t~ve  to "'01%'%0 (Fig. 1)  

i n  accord n-1t1-i theoretical preii~ctlons 
(23) .  Thlrci, the  l~oss~hlllt!- nf i.otoy~c e s -  
change n.11en k1 In reactlon 3c 1s 0, n,as 
no t  c o ~ l ~ ~ c l e r e i l .  Folirtli, pc~ss~ble  SIKIE. in  
reactlolls 313 or 3c n.erc. I I L ) ~  cons~dereii .  
Tlils last pi1111t may he s l g n i f ~ c a ~ l t  l > e c ~ u s e  
there i\ some e s p e r ~ n l e ~ l t a l  evidence ( I  3 ,  
14) that  a ilecl-ease 111 syiillnetry ma\- en -  
hance the  el-ierqy t~.ansfer .rab~llzatlon .tep 
of the  formation mechanism. T h ~ s  effect 
may he relevant t o  the  enha~lcecl proiiiic- 
rion of 1'~31%'"~3 relati\,e t o  1 " 0 " 0 1 6 ~ 3  
01-.erveil 111 qome lahi>raror!i (24) al-iil ar- 
mo.pllerlc (25-213) measiirements. 

Ea r l~e r  tl-iec>ret~cal treatments ha\-e at-  
rempteci ti) ratlonall-.e SIKIE5 in Oi for- 
mation in  ternis of ~ncomple te  energy ran- 
Llo~iiizatio~l in 0:; or 111 terms of esciteci- 
stare curve crnsslllg.: (39, 33)  hiit c m ~ l d  
no t  accnlunt for tlie special ellricll~nellr of 
tlie conipletely asymmetr~c 1qi)topomer. 
Thi.  e ~ i r ~ c l i m e n r  can he ratiollalized w t h -  
111 the  conceptual fra~iiework presenteLi 111 

this report. T h e  preient exp1anatiol-i Lilt- 
fers qualitatively trnln earlier approaches 
hy focuq~~lg on  the symlnerrv properties ot 
the ~nflnltel\-  sep,imteci 0- + C3 reactant. 
and horn- they correlate n-lth those of ~ 3 ;  
instead of conqliierillg the 0:; coml>les only. 
T h e  ~ n t e r p r e r a r ~ o n  that  j2C3,(J) praciucea 
'YO3 n o r e  efflcientl\- t han  "O,(L') ~ ~ l l p l ~ e s  
by mlcro\copic reversib~l~t!; tha t  thermal 
i i l s ~ o c ~ ~ i t i o ~ l  o t  4'0: ~v~11  preferentlallv pro- 

~ - ?  

iiuce j 2 0 2 ( j )  cn.er '-Ol(e). T h e  expe rmen-  
tal lnvcstlgarloll of t h ~ s  preii~ctiL>l-i n-ould 
yri>vlde a stringent test o t  the  theory. 
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Oceanic Carbon Dioxide Uptake in a Model 0% 
Century-Scale Global Warming 

Jorge L. Sarmiento* and Corinne Le Quere 

In a model of ocean-atmosphere interact~on 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 b~ologrcal 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. 

T l i e  most nuportant al-irl-irupogell~c greell- 
h i~use  gas contril.utiny to ~ncreased radiative 
trapping toclay and In the t;)reseeahle f~lture 
IS C O ,  ( 1 ). Internatii>l-ial agreelilents to m ~ t -  
yare  lncreasecl rad1atlr.e trapping ha1.e be- 
gun to take the f i~ rm of atmospher~c CO: 
stabillzat~on qcenarlos, such as th(>ce exam- 
11-ieii 111 a recent Intergn\-ernme~?tal Panel on  
C l~ lna te  Challpe ( IPCC)  stud)- (1-4). T h e  
~n.ijor slllks for allthropogen~c CO. emls- 
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sic~l-is are the ocean and the terrestrial hio- 
syhere. T h e  ocealllc slrlk in the IPCC stabi- 
l~za t~o l l  scenarios rvas calc~llated hasecl o n  
the ashu~nptli>n that the ocean c ~ r c u l a t ~ o n  
,111d relixleratilre n.111 renlalll co~ls ta~nt  over 
tlie next few centuries. However, hflal-iahe 
anL{ Stout'ier (5. 6) have shown tli,it tlie 
global narmlng resulr~ng tr0111 increased CO, 
c (>~~ce~ l t r a t io l l s  lnay have a s lgnlf~ca~l t  effect 
on  c>ccan c~rculation and telnveratlll-e. Here, 
nre ex,im~ne the effects of .;i~ch chanyes on  
oceal-iic CO, uptake, L I S I I I ~  the co~~p le i i  
ocean-atrili>sphere glohal warming 11li)ciel of 
hlanabe and Stoutfer (5). 


