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MQLECULAR ORBITAL CORRELATIONS,AND ION—MOLECULEgREACTION DYNAMICS

Bruce H Mahan

Department of Chemlotry and - Tnorganic Materlals Research
D1V1Q1on of the Lawrence Radiation Laboratory,
University of California, Berkeley, California‘

4fwe'éxaminé,the‘application'of molecular orbital
‘corfeiatiehtdiagrams to iOn—molecﬁleteollisienhpro~
ceesee.h-Ih situations where the reactaht.andvproduct
orbitals are few in number and well.spaced'in energy,
the correlation diagrams give a clear picture of how
the reactént electron cenfiguration‘evolves‘te'thét’
of the prodvctg. The - dlagrams lead toa 51mp1e
fexplandtlon of why the endothermic H (He,H)Heh and,“
' HZ(Ne,H)NeH. reactions occur, whereas the exothermic
hprocesses He+(H2,H)HeH+ and Ne+(H2;H)NeH+ have :
undetectably small Cross sectlons Similarly, it is
:~‘pOSSlble to use the dla rams to explaln why the
._co (HZ,H)HCO ‘and NZ(HZ,h)NZH ‘reactions proceed_by ’
.*Laifect interéctien mechanisms:despjte the substantiai
stablllty of the 1ntermcd1ate ions H CO and N2H2

iy ‘: : .:hl Sever 11 other appllcations of the dlagrams are dlscuPsedf’



In recent years, much experimental evidence concerning
the nature of gaseous 1on-molecule reactions ‘has been. obtained
While the origin of the sometimes spectacularly large cross
sectlons of these reactions is understood a’ number of other
phenomena have ‘been discovered that so far have had no clear,v
generally accepted-explanation For example, the reaction of
HS with He to form HeH' and H is a well-known,1’2 slightly
endothermic reaction which has a substantlal cross section at
kinetic energies above threshold. However,’ the corresponding
strongly‘exothermic reaction between_Hef'anlezldoes not occur.
The analogous‘situation'hOIds for the'(Ne Hz)"system 2, 3 In
contrast for (Ar- H2)+ and (Kr—H )+ formation of the rare gas
hydrides occurs4 regardless of where the charge 1nit1ally
resides. .

Another apparently puzzling set of phenomena is the obser-

vation5 6

that the NZ(HZ,H)N Bt ana co* (HZ,H)HCO reactions
proceed by direct, impulsive interactions,-rather than through
per51stent complexes, even at low relative kinetic energies.
The intermediate ions NZHZ and HZCO formed by electron impact
are well known7 to be stable. Their stability makes it clear
that the potential energy surfaces for these systems have the
‘deep wells which ‘should make the effects of pers1stent complexes-
appear in the product angular distributions. In fact, a per-
‘sistent complex has been detected8 ‘in the highly analogous »"
ot (HZ,H)HO2 reaction, and this makes 1t even less clear why
'the reactions of N2 and CO w1th H2 proceed by an impulsive

mechanism




The ahswer to these questions lies, of eourse, in con-'
_ 81derat1on of the detailed potentlal energy surfaces for the
reactlons.bgHowever, these surfaces are not»yet avallable, and.
may:be3obtéined for polyatomic systemsAOniy}after the expendi- -
ture-of.considefaole'cost:and effort..olh the meantime,>in£er;
pretation‘of scettering end'rate deta,must be based on.queli—'
tative'featufeS‘of the potential'eﬁergy suffgées diseerned by
'apprOXimate:ﬁethods. | |

‘The most obvious feature common to the surfaces for ion-
mOlecule'reactiOns'is the strong, long-range attraction which
arises from»the dipole momentiinducedvin a polarizable molecule 
by the approachlng ion. ThlS ion-induced dipole 1nteractlon
potential varles as —aez/(Zr ), where a is the molecular polar—
.1zab111ty, e is the electronic charge, aod r is the 1on»molecyle:
separation; 'ThiS»potenfial hae been used-euccessfully'and
probably correctly to rationalize the maénitudE‘and’energy‘
dependencevof‘the cfoss seotions-of_meny”ionemolecule reactions
in thellimit ofllow_relative kinetic eoergies-of collisiOn.9
It has'also_been used,-howevef,‘wiﬁh less obvious validity to.
"interpret'phenomena which arise from the relatively short.

range interactions involved in the details of atom transfers,lo’ll

'isotope effeots,lz and the occurrence of sticky collisions.
The expresolon for the ion- 1nduced dlpole potent1a1 is derlved
in Lhe perturbatlon and p01nt dlpole 11m1ts Therefore, any

'accuracy 1L exhlblts for 1ntermolecu1ar beparatlon whlch are. |

';of the order of bond dlstances or for potentlal energles Wthh



areiappreciable'fractionsyOf typical‘eleCtronic excitation
'energies,'must'se considered quite accidental. Moreover,'the‘
iOn—induced dipole potential giVes no information about the
details offthé bond.making and breakingrprocessesvwhich are
the essence of chemical reaction.' It‘is clear that some more
detailed guidance concerningvthe potential energy surface,
even if:of‘a qualitative nature; would beiuSeful. | |
-As7any'bimolecular“reaction occurs, thevmolecular
vorbitals of the reactants interact and evolve into the orbitals
of the collision ‘complex and then into those of the product
molecules.' Consequently it is poss1ble to make a correlation
dlagram ‘which shows the connection between the orbitals of |
reactants and products The Simplest such dlagrams are those
which correlate atomic to diatomic molecular orbitals, and sueh
diagrams have been a very great aid to the qualitative under—
standing of molecular stability. More recently, Herzbergls'v

has given several diagrams which correlate the molecular

,orbitals of polyatomic molecules w1thAthose of their atomic

| or molecular fragments. A few diagrams.Which correlated]orbitals

of the reactants and products of chemical reaction were given

by Griffing,l4g_]‘6 and it is her work which is the principal

basis for the’present paper( Another important early paper is

17

by Schuler, who demonstrated how to use group theory to pre—

dict the poss1b1e electronic_states of reaction products.

\Recently, Kaufman and Koski18 have extended'and"applied these

19

methods to the O -N2 reaction, and Gimarc has discussed the S

sz-Dz reaction in these terms In-addition, there has been a



a copious,demonstration of the usefulnessjofvCOrrelation_»
diagramsfbased on molecular orbital symmetry'arguments in pre-
dicting“the“steric'COurse oflreactions.and7the'geometry of"
moleculesr ,

~In what'fOlIOWS we shall construct and discuss,molecular
orbital correlationvdiagrams for several ion-molecule reaction.
: We-confine.ourselves here to reactions in which the hydrogen'g
molecule»isfinvolved, since the most detailed dynamical
1nformatlon is avallable for these processes ‘The procedure
'to=be followed is stralghtforward A colllslon ceometry,' |
preferably w1th some symmetry elements, is selected, and the
molecular-orbltals of the reactants, intermediate complex, and
if possible, the products are resolved into spec1es of_the
appropriate point group: Then, starting with those of lowest
'energy,-reactant, intermediate, and produCt‘orbitals'of the
same species are connected. When no useful symmetry elements
are present, the nodal structure of the;orbitals}serves.as a
. guide. 'Mixing of orbitals.of differentdsymmetry under the
:1nfluence of nontotally symmetrlc nuclear motions 1is considered.
‘Considerable gundance concerning the. order of orbital energles
is avallable from_ultrav1olet and,photoelectron spectroscopy,
‘and SCFlcalculations;' Some ambiguities can oe resolved and
,predicted.features of the potential energy surfaces canibe
verifled-by appearance potential information from mass'spectrom—r
etry. The resultlrvr dlagrams are strlctly qualltatlve, but
Vdo allow one to understand several apparently paradox1cal

' expezlmental flndlngs, and prov1de a more ratlonal ba is for"



the.discuséion and prediction‘of_reaction dynamical»featqres

ﬁhan has.been available in the past.
THREE ATOM SYSTEMS

' First we cdhsider-the'éorrelation diagram for a linear
three aﬁbmiéystem which would apply to the He—H; reaction.
The appropriate form for the diagram has been given by Griffing

and’Vanderslicé;ls and Fig. 1 is an adaptation of their dlagram

to‘the”(H_e.-Hz')+ system. By using ionization energles to
measure orbital energies, we see that for the reactants, the
1s orbital of helium lies lowest, with the energy of -24.6 éV;

Thé dg orbital of H2 is approximately 9 eV higher, and the : |

o, orbital about 10 eV higher still. As He and Hj approach,
the He 1s orbital evolves into a nodeless o bonding orbital =

'of'the'HeHH+'comp1ex; and drops in'energy - This orbital'corf%- v
20 of HeH". The og 0

orbital of" H2 is raised in energy as the reactants approach, T ;E

lates to- ‘the nodeless 1o bondlng orbital

and starts to correlate w1th the 20 orbltal of HeH s Which

1s-strongly antibondlng,zo

- On the other hand, the cu orbital

of H2 initially drops in energy, and starts to correlatévwith'

the lsiorbital of the hydrogen atom. The impending’crdssings \
of the two uppefmost zefo—order orbitals is avoided, and their; ' : i
intéraétion'produces'two new orbitals. .The lower.of_fhesexhés'
‘dne nédé.iodaﬁed approximately qt théicéhtral H-atom; and i§"1f¢_?'- ;E
vtherefore weakly antibonding between the'end atoms. The upper i
ofbita1 has two nodes, one between the centfal atom and each

ehd atom. COnsequently, it is_strongly antibonding.




If -one enters the inltial electron conflguxatlon for
_He‘+ H2 on the diagram, 1t is clear that these reactants
evolve adiabatically and by a mlnlmum energy path to HeH (lo)2

and H(ls)1  This is con31stent with the reactlon

He + 'H2 —~Hent + H ' V'AH‘=_ 0.80 ev

_Whiohnth]a'subStantiai\cross‘seotion for.kinetic energies._
E above the‘thresnold |
| In contrast the electron conflguratlon Wthh corresponds

to He + Hz»leads to a more compllcaued situation. Only one
electron is 1n1t1a11y in the orbital whlch correlates to the -
vlo bonding orbltal of HeH ‘There are two posslble fates for:
the two electrong that'are.lnitially in Hz(cg)."Both:mignt
end up in H(1ls), giving_the,very high energy products Hen
and H . Alternatlvely, one electron mlght enter H(1ls), and
‘the other the 20 antlbondlng 01b1ta1 of HeH The consequence.
of the 1attcr dlspos1tlon would be a normal hydroven atOm

plus an excited, unbound HeH (lo) (20) which would separate
to Hefdend:H. The resuit o'f‘}‘l_e+'—H2 collisionS»would be simpiy‘
the diseociation of hydrogen, if_euffioient initialvrelative_
kinetic energy Were_available,nor the inelaetic and elastio
scattering'Of He' at lower energies; | | |
| ' Theulatter prediotion eéeme eonsistent withvexperimental .
obéervéﬁions,f The_cross séétiongl for atom transfer to He.;'
ifromeﬁzvié'iess then 10718 cmz, and for dlSSOClatlve charge :

exchangegzz less than 0.6 KZ.'
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The (NeaH2)+'system behavés‘esSentially‘identica11y2’3’22_
')+ o +

to the (He-H,)¥ system. Formation of NeH' from Ne and Hy is

well known, but no chemical products from the charge exchangéd
reactants have been detected. The orbital correlation diagram
for (Né—H2)+ is very similar to Fig. 1, since the ionization

energies of H, (15.5 eV) and Ne (21.4 eV) are quite different,

and thé fifst excited state of’Ner, like that of HeH+, is very

probably unbound. Thus, as was predicted for‘He"‘,_Ne+ should

be scattered elastically, inelastically, and at high energies,

23

with dissociation of‘HZ.' In fact, we have found_éxpériméntally"

that‘at-high'relative energies (16 eV) Net is back scattered -
from D2>bqth-é1astically, and‘inelastically with a large
relative energy loss (7 ev).

"kWe-see'tHat correlation diagrams lead to an explanation'9f<
y*

the apparently puzzling behavior of the (He-H2 »and'(Ne—H2)+

systems. This success or integrity of the correlations can in

large measure be attributed to large difference in the ionization

energiequf hydrogen and the lighter rafe.gases, which leads

to well-separated potential surfaces for the two initial charge

states. - Such dramatic chemical inequivalence of reactanfs and
-theif charge exchanged state may well occuf.in_other.systems;
- for example, FTo+ Li, or Mgt + H,. When the highest occupied

orbitals:of the reacting partners have nearly the same:energy,
héwever, we would expect that a pair of reactants and their

chafge'exchanged state would produce the same chemical products.



- An example of the latter situation occufs in-the.(Ar-H2)+
system. Both the'reactions
+

Ar + H2 ~'ArH+»+ H

 Ar + H —ArH' + H

are known to be rapid. A correlatlon dlagram approprlate for
" them is shown in Fig. 2. The 1on1zatlon energy of Ar to its
ground3P3/2 state is 15.76 eV, and can be taken as the energy
of the 3p orbital of Ar. The energy of thevog orbltal of_
H2 is rathernllledeflned' however. While the adiabatic ioni-
Zation’energy of H2 is 15.45 eV, the vertlcal 1on1zatlon energy
is 16 eV, and the vertlcal recomblnatlon energy of H2 ‘is
1455-eV. - Depending on whlch of these 1s‘cnosen as the energy
' of the dgiorbitai, it is degenerate with, or lies below or =~
aboVevthe Sp orbital of Ar. Consequently,'wecindicate the
positioneof Hz(og) by'a band of approxinetely‘Z.eV ampiitude
in Fig. 2. o

TheLSignificance of this unceftaintyvin the orbital energy
is considerable. In'construcﬁing and interpreting the corre4
':letion_diegrams; Wevafe following the,zero order rule that the
valence:ofbitai’of lowest energy in tne‘reacﬁants‘correlates
with the lowest energy orbital of the product If the reacfant
;orbitals are degenerate or nearly so, this unlque assoc1atlon
'-cannotnbe-made. Conqequenuly, the sygtems Ar ~H iandvAr~H2
must be considefed.equlva]ent and both correlate. to the-ground
~state. Orblta] occupancy of the colllslon complex and the

_reactlon product°
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There is another way of looking at this problem The
ﬁ-most_approprlate value for the energy of the cg-orbital in H2
- might be”the vertical ionization'energy,vlé eV. Thus for the"
Ar —H2 reactlon, we might assume that it is the lower energy,
doubly occupied H (c ) orbital which correlates to the lowest
 orbital of ArH'. Since this orbital is doubly occupied, the
products are formed in their ground states. For the Ar—H;
reaction;;the appropriate energy’fOr'the hydrogen cé orbital'
might be 14.5 eV, the vertlcal recombination energy for H2
Thus in thlS case the lowest reactant orbltal is the doubly
occupled‘Ar(Sp), which now correlates with the productcground
state. ~Once again, adiabatic.correlaticn forms products in
their groﬁnd‘states; and we conclude that both charge states
of (Ar¥H2)+”are'equivalent.' The same argument applies to
(Kr;H2)+; where similar behavior is observed expefimentally.
"The,uncertainty in orbital energies becomes even more

‘important‘fofbpclyatomic'icns and molecules. In interpreting

the correlation diagrems’for‘Such'Systems,‘it mustrbe'femembefed

that sometimes-rather small distortions in the nuclear frame-
work\can being the. energies of certain molecular orbitals'into_
near c01nc1dence, and thereby greatly influence the correlations

between reactants and products.

. For thevreactions of atomic ions like C+; N+, O+, and:

F¥ with H,, one may ask whether an indertion of the ion to form

a bent or linear H-X-H' ion can occur. Were such ions formed . |

'from'reactants in their ground states, the telocity vector

_distributions of the eventual reaction products HX+ and H might‘
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show the symmetry associated withvthe occurrence of a.per-
sistent collision eomplex for low collision energiesf.'To
}vtreat.thisxproblem, we assume thet the atomic ion approaches
 a1ong‘the’perbendicﬁlar'bisector of the Hé:bond,3and the C,
symmetry is maintained until valence interactions have begun.
We use the resultlng correlation dlagram between reactant
.orbitals and those of the bent and linear complexe° to dec1de
whether the ground state of the complex can be reached*adla— f
-batlcally, and also to con31der whether orbltal m1x1ng which
_results from dlstortlons frOm C2V symmetry is 1mportant |
We. begln by resolv1ng the orbitals of the ion and H2 1nto

the species of C2v" This can be done w1th the a551stance of
»tables provided by Herzber 13 or in this 51mple case, by
. 1nspectlon,  The Ug and Su orbitals of hydrogen transform as .
a; and b, in C, ., while the p orbitals of the heavy atom resolve
into a;, by, and by. The orbital energy level diagram for."
vbent and linear H-X-H molecules-has been given by Walsh;2> and
it is a simple matter to make the appropriate correlatlons
v'wh;chrresult lnithe'dlagram 1n Fig. 3. The H2 qg orbital is
éetvhelow:the ?p atomic orbitals, but'thevmodifications_which
must be made when these levels are reVerSed7are obvious. |

_,‘We must_expeet that there willlbe no‘cressingnoffthe ay
orbitals which originatetas qg'and po of the reactahts, and
eensequently an avoided crossing isrshown. The‘question’ of
Whethergdeviatioh’.fromszv symmetry mixes the a;, and b, orbitals
suffieientlytto‘lead to an avoided crossing cannot be ahswered |
Withoﬁt_deteiled caiculatiens for specific cases. For the R

present, we shall assume that no mixing occurs.
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vNow‘ddnéider'the two asséciative detachment reaction326’27
co - - o -13 3, .
~ C +H, »CH, + e AH = -2 eV, k < 107" cm"/sec v
e - o g7l 3,
O + H, »H,0 +. e . AH = -3.6 eV, k=6 x10 cm™/sec ¢

2
Sincefthe’grdund'staté of C is 4S, we have one electron in-
the al;vbl, and bz'p.orbitals, all with parallel spins. Thus -
from Fig. 3 we see that the reactants evolve to the valence
electron configuration (Zal')2 (1b2); (Sal)z,(lbl)l‘(4él)l.

If we'then’imagine that the‘highéstjenérgy'4al antibonding |
electroﬁ:is detached,.wé are 1eft with a SUbstantially excited

state of CHz.which has one 1b, bonding electron promoted to
1
reaction would not be possible in thermal energy collisions.

the 3a *nonbdnding ofbital. 'Thus the adiabatic autodétachmeht

However, 1f there were mixing of the %a. and 1b orbitals

1 2 ,
induced by departures from'Cz-V symmetry, the ground state con-

b

figurationAOf CH, could be reached, and the detachment reaction
.wouid'be enérgetica11y possible. Since the reaction has a
rate'cohstéﬁﬁ?G_Which indicateés that detacﬁment'occurs 1éss
'frequently'thah one inv104 collisions, it:appears that the
3a, and 152 orbitals do not mix appreciably. | | |
FOr%the,o“-Hz
the 0~ wili'have the p-electron configuration (al)l(bl)Z(BZ)ZQ

reaction, in at least some of the collisions

Figure 3 shows that this configuration, with detachment othhe{;

'4alrelectroh,,doeé evolve to the ground state of the’Hzo
' mo1ecu1e;:_The reaction does in fact occur with large, but less

2T

than unit collision frequency. Thus the correlation diagram,

'_interpfetediin a straightforward mannér;'is consistent with
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two expérimentalbfactsl ‘Weafe.unaole;-however,“to'exolain
on;this basis why the S';-H2 associative qetaChmeht reaction
doés no“c‘_-:occur.28 N

Application of the correlation diagrém7to the reactions
of'grOuhd state‘C+; N+, O+, and F¥ with H, 1eads to'the'con;
clusion that invthe absence of a,-b, orbital interaction in
no case:cah'the grouno electronic configuretion of ﬁhe interé'
mediateiHXﬁ+ molecular ion be reached aaiabatically‘from the
‘reactants.'.Ali four-reactions'can~give XH+ by a difect inter-
action through a linear XHH{'compiex,.and.coﬁeequently we'
expect to observc the asymmetry characterlstlc of dlrect 1nter~
actions in the product velocity vector distributions. Only |
the Nt —H2 reaction has been studied by measurement of product
‘angﬁiar.d;strlbutlons,zg and it has been found to proceed by‘
a direct'ihtefactionvmechaoiemfat relative energies above S.f
eV; However, before any firm conclus1on concernlng the

acce331blllty of the ground state of NH 1svreached the

2
‘reactlon ‘should be suudled at lower relatlve energles._ The
C (H H)CH regction has been studied with a flxed tandem mass .

spectrOmeterso

but apart from the finding that there is no
~barrier in excees of the endothermicity, no explicit'information_“
on the dynamics of the reaction was obtained. Further invest-
igatioﬁs'of‘this closelyurelated serieS’of reections~aﬁ low.

‘relative energies should be valuable.
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' FOUR CENTER SYSTEMS

' Here we consider such reactions as

~cot + p, =pco* + D CAH = -1.0 eV (1)
g + | o S -
N + Dy — DT 4D AH = -2.1 eV (2)
+ +
O, + D, = DO, + D AH = 2.0 eV - (3)
+ + : _ , .

Reactions 1-3 have been studied extensive1y5’6’8’31-33 by
product_velocity'vectOr distribution measurements over a wide
range of'initial energies, and details of such experiments for
the‘aeetyiepe—deuteriﬁm reection,wili be reported Subsequently.34
There are some clear chemical similarities emong these reactions,
but the-most important for our purpbses is that:in each.case,
the ground state potential energy surface has‘e Sﬁbstantial
minimumpfor at least one configuration of the atoms. That is,
the ions Hzco+,’N2H;, Hzog;‘and CZHZ'are'weil known in mass
spectrometry, and,their‘appearance potentia1s show that they
lie 2.5'to 3 eV below the separated reactants in reactions
1-4. Consideringvthis common feature apd the similar meleeular
complexities it has beeh quite surprising to find that reactions
1 and 2 proceed by direct interaction mechanisms even at quite
1ew energies, while in reactions 3 and 4,ipersistent complexeS-
are involved. | |

'We consider reaction 1 as involVing a coilieion which
| maintains.CZV symmetry until'the_intermediate'ﬁ

2CO+ is formed.

n Thevbrbitals of CO+ and Hz'are resolved.into the species of



&

.with the"CeH-antibonding

-15-

C,,»> and then systematically correlated with the orbitals
of formaldehyde. ‘The resulting correlation diagrem is shown
in Flg 4. An approximate‘energy scale isiprovided with the ﬂ

energles of the various oertals of the reactants and 1nter—

 mediate located u51ng the results of photoelectron and ultra-

violet spectroscopy 13,35 The p031tlons of the higher anti-

-bondlnv orbltalo, the orbltals of HCO ; and of the crossing

'p01nts are largely congecture. While the energetics of the

'H2—CO system have gulded constructlon of the diagram, no

'empha51s is placed on the numerical values of the energles,
’so the dlagram should be applicable w1th mlnor modifications

'tovany Hzexz or»Hz—XY- system in which the order of the orbltalé

is 51m11ar

As “H. CO 1sgformcd.from H, end CO+, we expect the oxygen

2 2
2s orbital to remain essentially unchanged, while the carbon
28 and hydrogen oé orbitals combine to form a pair of orbitals
which initially correlete with an al-a; pair which are C-H

bonding”and'antibonding The po bonding orbital of CO+ starts

to correlate with the C-O ¢ bondlna orbltal of formaldchjde

As a result there is an av01ded crossing of two a4 orbltals,

-and}the'cg.orbital of’H2 appears to correlate with the_C—O”c

| orbital of formaldehyde, while the ¢ orbltal of CO correlates.

* :
aq orbltal of formaldehyde The

other correlatlons are qulte stralghtforward One v.Orbital

of CO corre]ates w1th the bondlnc orbital of'HéCO+, while

| thelother»comblnes with the Ou orbital of hydrogen to produce
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a C-H.bchding-antibcnding paif. vThe bg_ncnbonding orbital
of fcrmaldeﬁyde comes_largely from the'bzrj*orbital'cf-CO+
Consider'now the adiabatic evolution cf"CO+(22+) and
HZ(;Zg)'iﬁtothe’complex H200+.‘ One electron is missing from.
the bonding'pc orbital of CO+, SO depending'On the strength'of
the interaction between the highest occupied a; orbitals of
the reactants, either one or two electrons w111 occupy the a1
C—Hvantibondlng orbital of H

2CO . No electrons are found in

the b2 orbltal. Thus the orbital occupation reached adiabati- .

2
cally in the collision is not that of the ground state of HzCO s
but is that of an excited_configuratlon which has one electron
in a C-H antibonding orbital, and no electrons in the non-

bondirg by orbital. In terms of the species of C, , the

2v’

reactants'correlate”to a 2Ai‘state of the complex, whereas the
groundvstate of the complex is 2B2' If this is an accurate
descriptiOn_of'the evolution of the system in a collision, then
it is not'Surprisingvthat the effects of the potential well
'associated with the ground state of HZCO+ are not evident in
the angular distribution of products. | |

It_may be argued that since the highest occupied a, orbital
tof the reactants crosses the empty b2 orbital, the system can |

evolve to the ground state of HZCO if the a, and b2 orbltals-"

1
are. coupled by the antlsymmetric b2 bending or stretching
motion of .the CH2 group. This- 1nteract10n might be expected
. to be weak, however, since the two orbltals concerned are

1arge1yvconcentrated onvopposite ends of the HZCO ‘molecule.

T fw

b e e e o

v - S
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Therefofe,hthe7c0nc1usion that H, and CO+ cofrelate ohly’with
excited ‘states of HZCO seems quite secure._’ | o

There is experlmental ev1dence whlch sﬁpports this conclu—
: 'sier;f The mea.sured36 appearance potential of €O’ from HACO 1is
4.5 velts-above the value calculated.from the'heats ofvformation
of Hé{ Cof;.and H2CO. This shows that there is indeed a'poten—
tial barrier'betweeh Hy, + CO+'and‘H2CO+ which iS 4.5 ev high.
Since 4;5 eV is approximately the bond'dissociation'energy of .
HZ’ the value of the appearance potentlal of CO from HZCO
.suggests that two hydrogen atoms, rather ‘than Hz, may be formedh
along’ with_CO,. 'Thus, elther there is.a 4.5 eV barrier between
H, + co* and ground state HZCO ,-or only 2H 4 CO' can correlate
With5grqund state'HZCO + In elther case, the potentlal well
of H2C0+ is not accessible in low energy collisions of H, and,
cot. |

I we consider the evolution of ground state HZCO to
H + HCO , we find from the correlatlon dlagram no reason to
expect a barrier in excess of the minimum energy’necessary tc
form”pfoducts‘ In conflrmatlon of thlu, the appearance potential
Of HCO+ fromvformaldehyde7 is in fairly good agreement with
the value calculated from thermodynamlc data (1nc1ud1ng the
admlttedly uncertaln proton affinity of CO ) N

The follow1ng plcture emerges from the correlatlon dlanram
ahd appearance‘potentlals.. As. shown Echemat;cally in Flg. Sa,
_”Héﬁahducdf approaChing,in‘the 02 configuratioh ehCCuntef a
,4;5 erbarfier’befofe reachinn the nglOD of mlnlmum pouentlal

energy. - uyatcmu whlch havc chough encr; &y to su1mountvthls'

_barfier are_very unstable with reupect to H + HCOf, and thus
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spend only a very short time as H200+g_ A calculation using
RRKM unimolecular reaction rate theory and the energetics of
Fig. 5a indicates a maximum lifetime for Hzcof which 1s of
the ordéf of one of two vibrational periods. The products of
'such.pfoceséés'will have an intensity distribution:whiéh'is
charaétefisticvof a direct interaction. When the reactants
'have'less than 4.5 eV inifial'relative eﬁergy; the region of
minimum botentialvenergy cannot be reached, and no 16ng-lived
éompléﬁes‘are formed. | |
Since the reaction between'CO+ and H2 has a large cross’
Séctioﬁ'evén for relative energies below 0.1 eV,'there must be

a path’between reactants and'products whichvdoes not have a

potential energy barrier. This leads us to construct the

correlation diagram for collinear HZeCO+ configurations showq.

in Fig. 6. There is very little guidance from experiment

available to aid the construction of this diagram, aside from

the_orbiﬁai energies of the reactants and those of HCN, which -

is isoeleqtfonic to HCO+. It is clear, however, that the
ﬁ_orbitéis ovaO evolve in'a‘straightfofward way into thbse
of.HCO+. The o orbitals may be correlated by reéognizing that
and thé

to a first approximation the o _ and OZ orbitals of H

_ _ & 2
2s orbital of carbon combine in the same manner as 1is shown

in Fig;'l for'the H2—Hé system. This simple scheme, which

would result in 2s(C), cg(Hz) and d:(Hz) correlatingvrespectively

with o (C-H), 1s(H), and o (C-H) of the HCO and H products,

is complicated by the crossings of these o orbitals with the

A




relative energies of collision.

'_~19€

bonding and antlbondlng g orbitals’ of the CO group. Theset
interactionu lead to the avoided cross1ngs 1nd1cated in Fig. 6

" We now 1ntroduce the 11 valence electrons of the H2 -+ CO
system; The o‘orbltal of CO is occupied by only one electron,
with 311-1OWef orbitals filled. Tt is clear that as the system

evolves toward H + HCO', the ground state electron configura-

tion*is-maintained ~and thus there is no reason to expect any

substantlal potentlal energy barriers to occur 'Atiqualitative

_assessment ‘of the bonding character of the occupled orblta]s

does. not sugbest the occurrence of any partlcularly deep

-potentlaltwell for any llnear conflguratlon. Thus the potential'

seems to have the qualitative characteristics which are required

to explain reaction by direct interaction at even the lowest

- To*summarize' A‘correlation'diagram'suggests and
appearance potentlal measurercnts conflrm, that there is a -

4.5 eV barrler between H2 + CO and the ground state of C2V

_HZCO . Thus the'potentlal.well correSpond;ngﬂto HZCO is not

accessible -in low energy coiliSions of Hy and cot. fTheICOrref

1at10n dlagram for colllnear c0111s1ons suggests that there

are. no- hlgh barriers or deep wells between reactants and products
=for these conilgurations. Tne reactlon should thelefore pioceedv_e
by a direct interaction mechanlsm at all energles,.ao is -

obberved cxperlmentally

 We tuln now to the N2 H? sys teml Hére‘the'qtabie«intér;_

jmedlate Whth might glve risc to a. per 1etent c011¢510n complex

s the_dlfldecglon,-HN:NH_., We muot 1hezefore construct a’
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correlation diagram for the approach of N; to Hz which leads
to‘one‘hydrogen atom on each nitrogen and which maintainsvcz;
symmetfy. | | |

| The result 1s shown in Flg. T. The'essentially nonbonding
2s ai and b, orbltals of N2 in combinatlon with the O and c*‘
‘orbitals. of H2 produce al-al and b2-b2 N-H bonding and anti-
bondlng orbital pairs in N2H2. The og 1 and o b2 bonding
and;antibonding orbitals of N2 evolve into the correspondlng
orbitals of N2H2 " One -7 (out of. plane) orbital pair of
,nltrogen is essentially unchanged, while the other, in-plane,
wev pair of orbitals becomes the al and b2 nonbondlng'orbltals

of N,Hf. The correlations to the orbitals of a linear HAAH

molecule are also given in‘Fig. 7, so that the diagram can

" be used to discuss formation of'CzH2 from 02 and Hz; for example.

. . )
Insertion of the 11 valence electrons of N2 and.Hé into
the-ioweet reactant orbitals leads to the conclusion that
'N2H2 would ‘be formed adlabatlcally w1th at least one electron

in the al N- -H antlbondlng orbital. This conclusion would be

con31stent with the fact that ion beam experlments have produced

no evidence that a persistent complex occurs in this reaction.
However, if one considers the p0531b111ty of orbltal mix1ng

by electronlc v1brationa1 interactlon, the 51tuat10n becomes
somewhat amblguous._ Dlstortions of spec1es B2 may eliminate

: the-CrOSSings'of the curves leading to the a; and bg orbitals
+

of’NZHZ, and thereby allow adiabatic evolution of the reactants .

to the,gfound state of NZHE" Thie vibronicvinteraction'and
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djof-such_complexes would be very small approx1mately 2 X 107
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mixing of the a; and bg orbiteis could’very easily be stfong,
siocedin dontrast to the situatioo in ‘the HZCO+ case, the
orbitale i0verlap.rather‘substantially.»_However, even with
the occurrenoe'of this vibronic-mixing, some potentialbbarrier
betweeo the reactants and N2H2 mlght remain, and prevent low |

energy;reactants from reaching the regions of potentlal energy

minima.

Unfortunately, there has been no published measurement of

- the appearance potential of Ng from NEHZ’ so it 'is not possible

to use experimental data to resolve the question»of the.exist~

ence or importance of this barrier, as was done for the CO+-H2

system. However, an answer to this question is not neoessary-
in order to decide why no.persistent complex is observed in

; -+ . L . e P
the NZ—H2 system. Figure 5b shows the relative enthalpies of_

Nt + H,, N,Hi, and N,H' + H which can be calculated from tabu-

2 2’ 2ve _
lated data and the proton affinity of N
' 37

2
The potential well of N

recently measured by

ZHZ is only

'approximatelyzo.S‘eV deep with respect to NZH + H, and no

dissOciation barrier ih excess'of this is expected. If we
assume that there is no barrler between N2 + H2 and N2H2, then

even complexes formed by essentlally zero energy oolllslons

. between'N2 and H2 would have a total energy six tlmes the mlplmum

E_heoeseary to decompose to products. Congequently, the lifetime

-14

sec, acpording to an RRKM calculation. ~This is so'short_that-

“the feaction will appear'tolprooeed by-direot‘intefaotion. Iif
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any barrier between reactants and the complex does exist,
reactants with enough energy to cross it will form ' complexes"
whose 1ifetimes would'be even shorter than 2 X 10~ 14 sec.
Moreover, the direct interaction path through linear HHNN is
also available to the system, and will undoubtedly contribute
to the scattering pattern. ' '

‘To summarize, we can say that it is likely that v1bronlca

coupllng makes the N2H2 potential well accessible to NZ-H2 at

some fairly small collision energy. However, even if this

well is acceSSible at the lowest energies,'the lifetime of the

collision*complex is expected to be much shorter than a

rotational period, and the reaction will appear to go by a

direct interaction mechanism. This 'is observed experimentally.

The'correlation diagram which applies to the O;—H2 system

is 1n many respects s1m11ar to that for the N2 H2 system. Once |

again we assume that 02V symmetry is maintained as a noniinear,
planar, ‘HOOH+ molecule is formed from reactants. However,
the po bonding orbltal in O2 lies below, rather than above,
the Wu orbitals,; and the 2s orbitals of O2 are lower than those

in Nz,'and‘particlpate correspondingly less in the bondlng,

These considerations make no substantial change in the qualif o

tatiVe arguments which follow, and so Fig. 7 can be applied to

the (O 2)+ system.
In the 02( T ) -H, system, one electron occupies the vg

-orbital of 02, and all lower orbitals are filled. An adiabatic

evolution to H O2 would produce a highly excited molecule w1th

2

2 2 2
the configuration (1a1) (1b2) (2a1) (2b2) (3al) (1b1).

(laz)o,(4a;)2{ However, the crossing of the orbitals which

4

\
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: comp]ex occurs _

‘correlate to g (H ) and v (O ) may be ellmlnated by v1bron1c
interactlon produced by the B2 bendlng and stretchlng modeo
of Hzo2 In addition, coupllng between the antlbondlng 4al
-orbltal and the a2 orbital might arise from the tor51ona1
motlon of A2 species, but the strength of thls coupllng might
be small Consequently, the initial correlation of the ¢ (H )
'_orbltal ‘to the 4al antlbonding orbital, even if modlfled by
v1bron1c m1x1ng, would seem to produce a potential energy
barrier between H2 + O2 and H202 This supposition is con-
firmed_by‘e)';periment,38 since the appearance potential of
O;'from HZO,'indiCates that there is a 2.5 * 0.5 ev barrier
between H2 + 02 and. the potentlal well region of H202
Dlsuoc1atlon of a strlctly planar HZOZ to H + HO2 would
produce an exclted conflguratlon of " HO2 with one electron |
eyc1ted from a o™ nonbondlng orbltal to the v orbltal This
correlatlon to excited products can be av01ded if HZOZ is non-
planar, since this smtuatlon nermlts 1nteractlon and m1x1nb
of the v and ol orbltals. ThlS may very well ‘be the correct
descrlptlon of HZOZ slnce the appearance potentlal of HO2
from HZOZ ohOWS that the ground state is formed and that there
is no bdrTLPT betwecn HZOZ and H + HO2 in excesu of the dlsso—
c;atlonfenergy. | ' » '
. :We are 1ed, therefore, to the potentlal energy‘proflle

' hglven in Fig. 5c. . The reason why a lbng llVCd H coll;s1on

40

2 2
even f01.1n1tral relative energies as high

.as 5] eVﬁis'now clear. There is a deep potential well which is
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a conseduence nof only of the étabiiity of'Hzog, but: of the
pOtentiainbarrier in the reactaﬁt'ghannel. Thus ‘in this case
the tendency for the reactants to correlate in the lowest

_ épproximatibn to an excited state of the complex actuaily pro-
| duéesxthé feature which is in large measure responsible for

~ the occuirence of a persisteht complex;

We can also use Fig. 7 to analyze the réaction of metae

“stable Og(4wg) with hydrogen. 1In Og(4vg), only one electron

. ¥
occupies the po bonding orbital, while the two vg orbitals each

have oﬂe~electron. The correlation diagram shows that this
necessarily leads to an exicted state of HZOZ,'with'ohe 0-0
o-bonding eléctron excited tbva 5 a; 0-H antibonding orbital.
A long-lived complex would hot be expected, and'indeed experi-
ment‘i'l shows that the reaction proceeds by a direct interacﬁipn
mechanism. | |

'itvis also useful to construct the cdrrelatidn diagram
for Hzeog'c011isions under. the assumptioﬁ that the collision
occurs through a planar nonlinear or'L—shéped-intermediate.
In this case, dne of the #u orbiﬁals of Og evolves to an O-H
‘bonding érbiﬁal on one oxygén atom, While thé'corresponding

Wg orbital tecomes a nonbonding orbital on the other oxygen

atom. The T

. % .
a and vg orbitals perpendicular to the plane of

the complex remain'largeiy unchanged, as is also true in a

first approximation for the cg and Su orbitals of O;. The Ug
* - . -

and Su orbitals of H2 evolve in the first approximation to an

0-H antibonding orbital of 105 and the 1s orbital of the free
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hydrogen atom. The resultlng diagram,. Fl"v 8, has several
curve crosSing . Since ﬂmeonly useful uymmetry operatlon of
suoh a nonlinear planar complex is refleetlon 1nﬂthe plane of .

the moleou1e, it can be argued that there is strong mixing of

.all orbltals Wthh are symmetric- under this Operatlon, and.

consequently all Cr0551ngs of such orbltals are av01ded.

t Figure 8 has been drawn w1th thls po;nt in mind.

-'Several conclusions are possible from Fig. 8. First,

O;(gvg);Can react directly with H, via this nonlinear complex

to give Hoguand H. .It'has been suggested that the failure of
‘the RRKM'or quasieuilibrium'theory to explain thefrelative
v1ntens1tles of the reaction products'Hog,-OH+ and'HéO+ can

~ be rat10na117ed if some of the HO2 is formed by a direct

40

1nteractlon process._ Second the-dlrect reaction between

0 ( w ) and H ‘Can occur through a nonllnear complex, but the

2
product appears to be-an.excited configuration"of HOZ'WLthvone

eleetron”present in'the.w orbltal and one electron m1051ng

from the ¢ 0-O bonding orbltal. Slmllarly, the Hy-0, reaction

would produoe'a configuration in which an electron had been

exoited‘from the o™ orbital to the m orbital. Since the

.reactlon of 05 ( Ty ) with H, to formﬂground étate Hog“isiZ 2 eV
vexothermlc, 1t 10 poss1b1e that a low lylng electronlc state
'of_HOZ m;ght_be‘formed. The'Hz—O2 reactlon ;s only be,eV exof‘
‘thermic,.howeVer,'so it is unlikelyithat an‘excited state of
| Hogrcould be'produced by the.reaction at room temperature._ It

-seems” likely that either the m orbitals are mixed by deviations
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from planar geometry in the nonlinear 0-0- H H complex SO that
the system can "evolve to ground state products, or the H2 0,
reactlon proceeds ‘through the complex whlch has the hydrogen
perox1de.structure,'and whlch can'dissoc1ate to-ground state
prodUCﬁe, | -. |

| Werconsider how Fig. 9, the correlation diagram for the
reaction of.acetylene ion with hydrogen. The reactants
approaCh_wlth Cév symmetry and evolve to.ﬁﬁe Dy, symmetry”of
ethylene. We -assign the symmetry species of the orbiﬁals
consistently under the convention that the z-axis lies in the
planebandris the perpendicular bisectOr of the carbon-carbon -
bond.'rTﬁe7more conventional symmetry designations for ethylene
which assﬁme.a z-axis perpendicUlar to the molecular plane

are given in brackets.

-

The ¢ and o orbitals of acetylene all evolve in a straight-

forward andcobvious way to those oflethylehe; The oé orbital
of hydrogen COMblnes with the in-plane Wu orbital of acetylene'
to produce a bzu C-H bondlng antlbondlng palr of Olbltals in
ethylene, while o (H ) and one (CZHZ) give in a similar
manner ng C-H bondlng and antlbondlng orbitals of ethylene.
eOnly one crossing of importancevoccurs,'which_is between fhel
lines leading;to the.bSg C-H bonding and by, C-H‘antibooding‘
orbitals of ethylene. These two orbitals could be mixed by
thetwovB2u vibrations of ethylene, of by motions of species

BZ as the reactants approach with C?v symmetry. Because the-

“two orbitals overlap rather well and are probably both sensitive
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to hydrogen'motion,'the vibronie coupling between them is

probably large

The acetylene ion has the conflguratlon '--ﬁi, and_conse—*

quently, as~02H2 and H? COllldeAWlth CZV’symmetfy, onec electron

is present in the T2 béu orbital which. is initially C-H

antlbondlng. Because only one electron is. 1n thls orbltal

' and becauselof the vibronic coupllng of b2 ‘to the C- H bondlng

-*j
T ~b2—b3g

between5the'reactants-and CéHZ.‘ This expectation is confirmed_,

orbital, we do not expect a large activation barrier

by the‘eXperimental observation’ that the appearance potential

of C,H} + H, from C,H, is the same as that calculated from the

relevant’heats of formation. Slnce no potentlal barrler in
excess of the bond energy is expected for the w1thdrawa1 of
>one;hydrogen atom from CZH4’ we expect the potential energy |
profile shown in Fig. 5d. | N
Inasnuch as the deep wellrcorresponding’to CéHZcis.cOmpletely
accessible'in lowdenergy collisions, we expect that the feaction
between,CzH; and H2 would show evidence of the occurrence of

a persistent collision COmplex W'34 have measured the velocity

‘spectra at zero laboratory scatterlng and of c,,D. H from_

272
2D2 7.H2 COlllSlono.b At hlgh relatlve energles (5 5. eV)

'>C2D2H has 1ts maximum 1nten51ty near the value calculated for

opectator strlpplnw, but as the 1n1t1al relatlve energy is
lowered, tnls_peak moveSftoward the center of mass. - At less

thanVS*evcinitial relative energy,,the distribution'is symmetric-

~about the center of mass velocity. While this is_not-an entirely
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>conC1usiue‘proof of’the'occurrence of a-persistent complex,
it is highly suggestlve that the expectatlons derlved from‘
the correlatlon dlagram are correct.

As a- flnal example, we dlscuss the OH (HZ,H)H O reactlon
Because -of the great stability of H30 ) 1t would seem 11ke1y
that. a- per31stent comp]ex mlght occur in this reactlon The
correlatron dlagxam is most- ea511y constructed if it is

vassumed that OH ( w) and- H2 approach in a T- shaped conflguratlon

of-02V symmetry. The correlations are then very much 11ke thosee

invthe'Hz?CO+ reaction. The resulting planar DSh H30 is then-
' allowed‘tofrelax to its equiiibrium Czy symmetry. There is,
of course, no implication that the molecules rigidly follow
this sequence of geometries in the reaction, but the intro-
ductlon of the planar intermediate makes the correlatlon
dlagram eas1er to construct and also appllcab]e to the CH ﬂ2
reaction. The result is shown in Fig. 10. -

- In OH ( v) two electrons with parallel spln occupy the
two degenerace pT orbltals, and all orbltals of lower energy.
are fllled. As the reactants approach, v1bron1c 1nteraction
may mix ’the‘oga1 orbital of H2 with the pT b2 orbital of OH,
but our analys1s of the reactions of atomlc ions with hydrogen
seemed to be most con51stent with the idea. that this interaction
. was not important. The out of plane or umbrella motlon'of'
v§30+;would'also tendvto mix the ogal and pvrb1 orbitals as Hy
approachesVOH+. However, even 1f elther or. both  of these

interactions occurs, one clectron will be found in the al O-H .
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antibondingyorbitai of_H30+, if thé électroh spin:conéervation
.ruleiis obeyed; 'Therefore;:the ground state of the HSO+
comﬁlex is:not accessible to the reacténts'OH+(3w) and H2(1z),
aﬁd-no evidenée for a péréistentbcomplgx is:expectedg We34
have’méaSured ﬁhe‘veldcity spectra of H20+ from this reaction

.at relatlve energ1e° from 5.0 to 7 6 ev and find evidence for~

only a dlrect 1nteractlon process.

CONCLUSION

We have explbred the application of molecﬁléf orbital
’correlatlon dnagrams to a number of ion- molecule 00111510n
| processes. In situations where the reactant and product orbltdls
are few in»number»and well spaced in energy,_the correlation
between reactant and product electronic configurations is 
clear ahd.leads to Several predictionsawhich are cbh;isﬁent
with Rnoﬁﬁ experimental fadts._ When the orbital energieé are
vmoré ¢losely spaced so that-orbital energy dégeneracies occur
as reactants évolve'tO'prodﬁcts, the correlation dlagrdms can.
be ambiguous. Howévef, reference to measured ion appca*ance
»potentials'can sometimes remove such~amb1gu1t1es and prov1ae
a. qua]ntatlve plcture of Lhe potentlal energy surface thch
'1s sufflclent to predlct the maJor Teatureg of Lhe dvnmxlcs of
a 1eactlon. 1t would appear that desplte-thelr qualitative
hature;”aé'these‘diagrams are médified and refined in the lighﬁ’
of new expprlmcntul and .ca 1cu1étibhal dﬁta, they wili brovidé
i'an Ln01e¢ulnglv uooful gu1ap'bo tho unooxstandlng of a varlety

of rcact;ve collis 1on plOLC 55 C3 .
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Figure Captions -

Fig. 1. .A'correlation diagram for the 1owest orbitals of thc
linear ('HeHH)+ system. The Orbiﬁal,energies are only
1vSemiquantitative, except for the'atomiC'Species.- Thé:
lowest-order correlations are indicated by the dashed
lines which cross.‘ | |
Fig. 2. A correlation diagram for the lowest orbitals of the
)* |

'1inéér'(ArHH system. The energy of the O orbital.

of H, is indicated by a shuded band to represent the

2
spréad between the vertical ionization energonf H2
b,andnthe verﬁical_recombination energy of H;. ‘
Fig. 3.f.AAcorrelétionAdiagram*fdr_éollisions of a:heavj étom
 6r ion x wifh H,. During their approach, the reactanté
gre’assumed_tb maintain Cév symmetry;“The croSsing

¥ .

1
Fig. 4.'_A COrrelation diagram for CO*—HZ collisions. It is

of the a, and a curves in all probability is avoided.
'ééSumed~thaf sz symmetry is maintained aslthé-reactants’
appnoécn. Tbe;circléd crossings between the a4 orbitals
: originating as qg(Hz) and o(CO) and o (CO) pfobably are
: avOided. | o | E
FPig. 5. .Schématic répresentations of the principal features of
fdurfpotential energy suffaces. .(a) Surface.for'thé'f“"
'co+(v112,H)_Hco+, reaction. The 4.5 eV barrier between
'rea¢tants and products is eségblished by thevappearancé |

- potential of co’ from n,cot. (b) Surface for the

2 .
| N;(HZ,H)N2H+_reaction. The barrier suggested by the




4

Fig.

Fig. 6.
Fig.v7{
‘Fig. 8.

9.
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Figure Caﬁtions'(Continued)

corre]atlon dlagrams but unknown experlmentally is

indicated by the shaded area. (c) Surface for the

1 O?(H H)Hog'rEaction. The location of-the barrier

and well are determined from appearance. pOtEDulals

(d) Surface for the C HZ(HZ,H)C H5 reaction. The

barrler suggested by the lowest order orbltal corre-

1atlon but apparently e11m1nated by v1bronlc 1nter—

'actlon is 1ndlcated by the shaded area.

A correlation dlagram for the colllnear reactlon of

CO with HZ‘ The - 01rc1ed crossings are probably

avoided

A corre]atlon diagram for the addltlon of - H2 to a T

: system of a dlatomlc molecule to form either a bent
or llnear 1ntermed1ate and eventually a’ linear
.triatomie prbducf;‘ The circled crossings are very

:probably avoided. It is assumed that the og orbital

of A2 lies above the T orbltals, as would be the case

-.for N2’ but reversal of the order of these orbltals

makes no 1mportant_changes 1nethe correlatlons.

A corrleation diagram for the reaction Oy (H,,H)HO,

proceeding through a nonlinear'collision complex.

A correlation_diagram for the addition of Hy to CyH,.

“The molecular orbitals are 1abeled assumlng that-the
dz axXxis is the perpendlculal blsector of the carbon—

~carbon bond. The d051gnat30ns for the- ethylenc orbltal



”Figure Captiohs‘(Continuedlf'

 ,assum1ng Lhat the Z ax;Lu is perpendlcular to the

"molecular plane are glven 1n brackets.”,f

Fig. 191

A correlatlon dlagram for: the OH ( H)H O reaction‘”

and other s1m11ar reactlons in whlch the 1ntermed1ate

"";may be planar or. pyramldal

N
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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