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ELECTRONTC STRUCTURE AND (IfIIEhi].(T/\], 1)\ffJ}\h1] Co
. Bruce . Maban

Departwent of Chemistry and Inorganic Materials
- L . . - . ) > .
Rescarch Division of the Lawrence Berkeley laboratory,

University of California, Berkecley, Califoinia 94720

“The connect iorn bctweon’thé measureable propertics of
.isblatcd molecules and the course, mcthaniSms, and rates of
reactions is-é central problem - in chemistry. While an enoymous’
number and varicty of empifical,'semiempiriCal, and fundamental
épproachés to this problem have and‘are being éXplorod, thei
successes df orbital and state symmetry and corr¢lation methods
have been'pafficulafly outstanding and widosPreéd. In addition,

the importance of intersections and avoided intersections of

poténtial energy surfaces in a varicty of thermal zs wsll og
. . o . R , . Lo 1,
photochemical reactions has become increasingly evidcnt. fo

providc a firh basis for the undersfanding of the bchavidr

of complex chemical systems; it is valuable to detcrhine‘the
degree to which one can rationalize or predict detailed
dynamical behavior in systems comprised of a sma11 number of
afoms, but which have several low-lying, 5trdng1y interacting
pbfential energyv$urfaces. ~The area of gaseou5'ipn—moleculc
féactions providés a pdrticularly effective vchicle for fhis
typé Qf‘study,’sincc even in sysfcms with‘very few eiectfons,
fhe surfaces corresponding to the different.chérge cxcﬁangc
states of reécténts and produCtS gcneraliy lie close to each
6ﬁher, and often interact'strongly. gMoreovér;gdetailed

information on the reaction dynamics of many of thesc systems



is available from ion bcecam scattering experiments.,

In this Account, I.shnll describe how, by using the known
clcctronic propertics of rcactants, products;vaﬁd intermediates,
Much of the dynamical behavior of thesc simple systems can be
understood. In pérticular, electronic state corfclation |
diagrams will be used to deduce the qualitative nature of the
potential surfaces which control the reaction dynamics. Moleculaf
orbital correlation diagrams have, of course, been applied:
~extensively éhd successfully2 to problems of this type, but
much less use has been made of electronic state correlations.s’4
One of the major purposes of this paper is to demonstrate the

value of making electronic state correlations and illuminating

them by orbital correlations.

Noble Gas-Hydrogen Systems

'The reactions of the noble gas ions and atoms with
respectiVely the hydrogen molecule and molecule ion together
constitute an intriguing example of the relation between
reactivity and electronic configuration. ‘Despité thé
simplicity of these systems, there are several possible product

channels. Letting A stand for any noble gas atom, we have

+ + :
H, -+ A > AH + H

2
+ +

AT+ H, > AHT H

'A++HZ+A +H2+
TN Y WP TA R T

2



B U0uU042006947

These processes, dn addition to simple collisional disgbciation
withdut_chargc_trunsfcr, constitute thé p05siB1e‘resu1ts.of‘
low ¢nctgy collisions. Tﬁc relati?c impOrtance;df the different
'channcls varies rather spectacularly in the noble gas family.

The reaction

H*
2

+lie > Heli + 1 Al = +0.8 eV

is endoergic, but proceeds réédily if the,necéssary.energy is
supplied'either'és relative transiational enefgyvof the
reactants, or as vibrafionai energy of Hzf. Indeed, the .
'.photdionization expefiments of Chupka5’6 haVe shown that
vibréfibnal energy is particularly effective in promoting

reaction. In contrast, the reaction

et 4 11,

r

> el + H Al = -8.3 eV -

has never been observed, and hés a rate consfant théf»is fouf
orders of magnitude7 smaller than thét.expectéd for an
‘exoergic ion-molécule reaction. |

The»explanation of these results, andja rationalization
of'What does ﬁappen‘When He* 'coliides with Hz' can be ~
gleaned from'Figure 1. There are plotted the potential energy
curvesbthat correspond to cuts through the poteﬁfiél energy
suffaéés in the asymptotié reactént and'producf regibns; The-
7separated atoms with lowest total energy are He + H+ + H.
-Bringing.togethcr nt ahd_H on the iowest surface merely
generates the Zig‘pofential energy curve of-Hzf,:if H¢ is
far éway.'bBringing‘tOgether.Ue'and H¥ géhcratés“the‘lowest

. . . . . + R . : :
1y potential cnergy curve of HeH , and this constitutes a



cut I‘hrouglf the lowest surfluace f’or-‘ the s)‘xlun in thg‘v pro_duch
région. _BCcugsc the rbuctanfsq“2f>+ Uc*and'thc products 

Hen” ? H both corrclate adiabatically to e + nt o+ I, we can
cxpect that thc system can pass adlabatlcally (i.e., on one
Born- Oppcnhc:mcr surface) from rcactants ‘to products The
samc conclusion can be reached for the other of the flfst-
four noble gathydrogen systems, as.was pointed out by Kuntz
and Roach. 8"'Indeed' reactibn with H2+ to form the protonated
rnoble gas molccular ion is observed experlmentally in all these
cases. The lowest potentlal energy surface for the HZ - He
system has been calculated by Brown and Hayesg for collinear
conformations, énd appears to have the qualitative featUres

expected'tovbe consistent with the observed5’6

effectiveness

of vibrational energy in increasing the reaction cross séction.
Consider now the higher energy atomic stéte He® + H + H.

Bringiﬁg together the two hydrogen’atoms'with paired spins 

generates the lz; grdund stéte-potentiai energy curVe,'Whicﬁ

is accordingly a cut'in.the reéctant region through the surface -

on which He' + H2 collisions occur. ‘The apparenf peculiarity

of having the ground:state of Hz lie above the}states‘of'H2+

is of course a result of our (proper) inélusion of the energies

bf He and Hef in the diagram. -T0>geherate a cut through the

' produét-region of this_uppef surfaée, we bring tqgether He'

and H. VThere afe caléulatidnslo'that'dcmonstrdté'that’the

resulting excited lz state of Hel® is tétally.répulsive; and

~the correspohaingAsx,State is at best vgrY-weakly:Bound;

Consequently, we have the first indication of the difficulty

of forming a stablc”l-{eH+ molecule from He' and HZ
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Vigurc‘lvshows thqt in thé'usymptotiC'rcactant region,
the potcnti&lfchrgy curve for HZ crdssos thc.rcpulsiQG-ZE;
stdtc of H2+;atvapprdximately'lz, and mayvintefsect the
'.rebulsivc wall of the 22; grohndtstafé of Hé%»at'u smaliér
distance.' These potential surface crpésiﬁgs:do-qccur when
helium is far away, énd not_interacfing with the hydrogeﬁ
moiefy.v In efféct,.the crossings OCCﬁr becaﬁsé fhére is no
electron»readily available to converthzf to HZ. However,
“since all the surfaces invdlved'aré:ofvzi - ?Aﬂ'symmetry,:thesé
~ intersections become avoided when the helium-hydrogen
- separation décreases. As a resUlt, the surface.which has
éSymptotically the character of He" ¥ H2 may upon cohtraction

of the H-H distance adiabatically acquire the characteristic

of 'He + H2+ (22;), and upon éxpansion of the H?H.distance,.
assume the charactefistics of He + H2+ (ZZ:).: In the latter
insténce,:the surface leads directly to dissociation to
H+_+ H + He. In the former case, the'shape of the.potential
“surface is affected, butlthefsyétem remains bound with respect
toH* +H. | |

| There are two important Questions to be'cbnsidered. 'First,
is.the:intefaction between the primitive crossing states in
faét Strong.enbugh to produce sﬁbstantiallmixing:and avoided-
.éfd$singsg and'thereby form an adiabétic'path frém He' + szto,
He +:H+'+ H? -Second;:are the avoided iﬁtersectiénsvreachcd.in
théfcoursé of a significant number of coliision~trajectories?
For the Hé+ - H, system, these questioné can only be_answered
by detailed calculation of thc thentia1 enefgy surfaces and

exact trajectorics on them. llowever, we can say that if these



avoided intérséctionsAurc accessible, the result of lie’
colliding with ”2 should be to producc dissociative ;hargd
transfer to 117 + 1l + lc. I% is unlikely that significunt
amounts of eit.her'llz+ or Hell’ can be formedf This argument
is consistéﬂt with recent expcrimental findings7 which show
that the cross section for disappearance of He" ih HZ is
vcfy small and that the product isvpredominahtly and perhaps
exclusively He +.H +,H+.

A diagram which is very similar to Figure 1 can be drawn
for the (Ne - H2)+.system, with the major differenée being
that the reactanfvstates which'dissoéiate to Ne,'+ + H + H are .
3 eV lower thén the corfesponding curves in Figure 1. Thé
conclusions to be reached are the same: Ne + Hzf willlreact
to produce NeH+, Ne' + HZ should be largely unreactive and
produce no NeH" or H2+, If anyﬁhihg;rdissociative charge
tfansfer to H' + H should occur; but with small'cross‘section.
These conclusibns are consistent with théjexperimental facts
that dfe known:.'ll’12 .

Qualitétivély different chemical behavidr iS‘observed'in
the (Ar j.Hz)f system, and canvalso be rationalized by a
similar analysiéiof the a§ympt6tic potential ehefgyisurfaées
“displayed in'Figure 2. vAgain,'sinée the féactants H2+1+ Ar
and the products ArH+ + H-disSociate to H' + H + Ar, it is not
sufprising that there is én adiabaticxsurface.which'leads to
reaction. .In the lowest appfoximation, one would not expect
that there is a surface thch permits redttion of Ar® with ”2

to produce ArHY in its ground state. However, because of the
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ncur.coincidcﬂcé of the_ionizutidn'cﬁcrgics of'Ar and “2
‘(15.76 and 15.43 eV, respectively), thclpofchtiul curve for
H2+,(und Ar) intprse;ts that‘for “2 (and‘Ar4) Very neaf'thcv'
equilibriﬁm inférnuc]car distance of:HZ. “As th¢ argon-hydrog0n3%v
‘distance dccréases in a collision, this intersection becomes
' évoided,’and 1owef and upper aQiabatic noncroésing surfaces

| 8,13 . |

are generated, ‘The lower adiabatic surface has the

character of Ar= + H, at small i-H sepa_rz-xt'ion',--'é;tnd'_of_'A.rv«%_Hz‘+
‘at larger H»H'separations. Thus? during a collision of Ar'

- and H,, the_System can pass adiabaticélly‘to regions cioéely
related to Ar + H2+ by expansion of the H-H distance5 ‘If the
collision is of a grazing nature, the argon and hydrogen may
.sepafatevin this electrpnic conditidn; and thefeby produce
the simple tharge exchahge products Ar + H2+..vit is also easy;
to imagine that if theiéollisibniis of a_more'intimate nature,
produétioh of A_rH+ and H cén occur. Both theée processes have
been observed experimentaily. Moreéver, an exact‘élassicai 
 trajeétory analysis of Art - HZ collisions by Chapman'and
Pre$ton13 shows very cléar1y that gfazing‘céllisiOns lead
.priﬁtipally fo electron trénsfer,‘whi1e more iﬁtimate collisions

lead to atom transfer.

The foregoing analysés show how knowledge of the asymptotic-..f

properties of reéctahts“and prodﬁcts can be used to rationalize‘
or predict thé chemical béhavior of systems thaf'can 1eadvto N
moré than one set of reactidn prodqué. It is seen_that the

cenfral points of the analysis are deiinéation‘of the adiébatic'

correlations between reactants and products, and recognition



of surfacce jﬁfcrscctions and- of uvoidcd_Surfucc_crossingé.

An important le¢sson to be learncd is that these avoided surfuco
intersections can lecad to products whosce electronic orbital
qonfigﬁratioﬁs do not corrélate in lowest order with those of '@
the reactahté. This type of analysis can also be applied to '
rationalize the qualitative nature of the detailed reaction

dynamics, as the following examples show.

The ¢ - H, and N' - I, Systems
Thejréaction of ¢* with.H2 bfovides a‘particularly

instructive example of the correlation of ele;tronié structure
and reaction dynamics. Ion beam scat‘cering,e)_cperimen'cs_'14 show
that the velocity vector distribution of the’CHf product has -
considerable stmetrf about:the +90°% axis in the center-of~.
mass‘coordiﬁatc system. As has bcen extensively diScuséed,14’15 - _;
this is consistent with but does not necessarily indicafe, the
occurrence.of.é CHzf collision intermediafe whosellifetimé iS
greater thaﬁ a molecular rotational period. Superficially,
‘such a."long~lived" collision complex might be expected from
thé fact, known from appearance potehtial méasurements, that
the ZAl ground staté of CHZ+ lies épﬁroximately 4.3 eV below..
- the minimum energy of the reactants ct o+ HZ’ and 4.7 eV beléw
the'products'CHf(lz)'and H. Suéh a potentiai energy-welljcan
prodube thé'long—lifed collision complex that:isﬂéuggested_by
the experiméntal data. Hdwever,-thé question which should be .
answered is whethcr or not the potential ¢ﬁergy well is
accessible to reactants byva low energy adiabatic pdth; Iﬁ
other words, doés ¢t rcadily insert into_[i2 to fdrﬁ the.SYmmctric

+ ' :

‘Ho ?
LHZ ?



A first attempt to answer this question can be made by
/ : ’ :

using a mo]oculur orbital corrolutjon'djugrum to determine

how the various possibic Clcctron‘configurations of the
rcactants ovolve to those of the.intermediote CH2+; ‘An'
orbital corrclation diagrqm suitable for this analysis is -

shown in Fig. 3. VWe considon the'part of the diagram in>which
C+'approaches ”2 along the porpcndicular bisectorvof the bond,
so that the system reméins in the CZV point‘group. From Fig. 3,
which shows only the valence shell orbitals, it is clear that
in the 2A1 ground state of CH2+, the C-H bonding Zalband lb2
orbitals are doubly occupied, and the largely non—bonding Sai
orbital is singly occupied.' For C+(2P) approaching H2 in thevv
CZV (isoceles triangle) conformation, we have two electrons in
‘the carbon Zs(al) orbitél, two more in the hydrogen ég(al)
orbital,'oﬁd one electron in the carbon 2p orbital;'which may

be of b: bZ’ or ay symmétry, depending on whether the'symmétry

1’
axis of the orbital is perpendicular to the nuclear plane,

oriianlane parallél or perpendicular~to'the internuclear axis
of'Hé. The latter choicé generates a ZA1 potential surfacé,

‘since all electrons are in orbitals of al.symmétry. Thus, this

2Al'surface which has lowest enefgy'in_the,reactantvregion_

,doeS not have the same orbital occupancy as does the 2A1

‘electronic ground state of CH2+.near its moStvstablé“equilibrium
geometry. In fact, as Figure 3 shows, the orbital occupancy
of the reactants corresponds to the configuratidn (Zal)2

X v .

'(Sai) (431*)1, in whioh the bonding 1b2 orbita1 is unoccupiced,

and the antibonding 4a1*,0rbital possesses one electron.
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Consideration of the c:].cc.tron'Con"f":ig_’,uru.tion Teads to the
conciﬁsion that as €' approaches H2 on the 2/\1 surfutc; tho'
~potential encrgy must rise. chntuaily fhis "reactant' surface
mustvattempt to cross the ZAi surface whiéh‘hés thc:ground state
electronic éoﬁfiguration, and which dissociates in the loWéQt'.
or diabatic approximation to_C(IDj and H2+(22;). .Tﬁe‘rCSult .. . -
is the behavior indicated on the electronic state correlation
diagram, Figure 4. While a corrélation'diagram';an.Only
represent the true potential energy surface in a very limited
and almost entifély quélitative manner,.certain:featureé can
be displayed.with'considerable assurance.' In Figure 4, we
‘see that the ZAlground state of'CH2+'is accessible to the
reactants C+(2P) and HZ’ but only if the system passes over
what must be a considerable potential enérgyvbarrier, It is
important to'notC'hbw both statevand otbitallébrrelatiuns
éantribute to.this conclusion. Since Statesvof the same
symmetry do not cross, the lowest ZAl stéte of reactants must
corrclate adiabatiCally»to the 1Owesti2Al staté of the inter-
mediate. However, this forces the electron orbital 6ccupancy
. to change as the system evolves from;reactaﬁts to the inter-'
mediate. Consideration of the 6rbitals'occupied in the reaétants
léads to ‘the conclusion that they are éeparated from the - .
intermediate-byia poteﬁtiallenergy barrier.

Muchvthe same argument can be constructed for the zBl
sﬁrféce of Fig. 4. On this surface, reactants have aﬁ |
electronic Cdnfiguration which according to Figure 3 correlates

VA

~to the highly excited (Zal) (381)2~(1bi)1 configuration of



+ . - . . - ; ’ - +
Chl, . The configuration of the lowest 2Hl state of CH, ncar
L . } X oL

its cquilibrium Conformution_is (ZQI)ZH(TbZ)Z (]hljl, which
corresponds to the highly éxcitcd reaCtanfs C(SP) and-H2+(2XS).
Thusvthe zBl surface must have a potential énérgy barricr
vbefween the réactants and the potential cnergy wcll, as is
‘indicéted in Figure 4. Again,rhccess of_reactants with low:
'kinetiC'energy to the strongly bound fegions of CHZ+ is
blocked. |

The'behavior of the 2B2 surface is qualitatively different -
from that of the two previous situations. The electronic
cdnfiguration‘of the reactants on the 2B2 suffaée corresponds
' to_(Zal)2 (1b2)l (3a1)2, thé.éxpected configuration of thc

lowest szbstate of CH2+. Because there are three bonding

electrons and ho antibbnding electrons present, the surfac¢
vmight be’eXpQCted to be flat or slightly attractive atvlarge‘
C+-H2 disfances, In fact, ab initio calculatibn51§ éhow that
thé’surface is rather flat initialiy, but rises at small C+-H2
seﬁaratidhs. "The ZBZ surface therefbre crosses the lowest zA1
and ZBi
in energy. - These croSsings arc allowed in strict CZQ nuclear

surfaces in the'region where they are rapidly dropping

conformations bécéuse_of fhe different symmetries of the stétes,
- Itfthefcforevabpears that in C2v conformations,'reactanté'Qith
low kinetic energy'do not have access to_the,déepspbtential '
energy wells éséoéiated with the 2B1 and 2Al.st_ate's of CH2+.

.In the light of these cOnsiderations alone, it'woﬁ1d>be hard -
td.understand the occurrence of a long-lived collision complex

‘in the_C+(IIZ;H)CH+ reaction at low kinetic energies.
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A significant new feature appears when scalene triangular

geometries for (?H7+ are considered. In thevACS' point group, -
the zBl state of Ci, becomes 2./\", but both the 2/\1 and 2‘1%2
2

statés'bccomc 2/\'. Thus the crbssing of the ZBZ and A

A 1 .
surfaces, allowed in CZV symmetry, becomes avoided in CS'symmctry.

\ . 2 A
Accordingly, reactants on the B2 - "A' surface can pass

2 2

adiabatically by a low energy path to the A' - A1 ground

state of CH The deep potential energy well of CH2+.is

2 | _

therefore accessible to the reactants.even when they have low

kinetic energy, and the occurrence of a long-lived tollision_
. 4 + . . oL '

"complex in the C (HZ,H)CH reaction 1is quite reasonable.

There is a rather pictorial'description of the mixing bf
2, 2 ‘
the A1 and B,

complex is distortcd from C

states tﬁat occurs when the C+—H2 collision
' v to Cg geometry. The carbon 2p
orbitals whi?ﬁ 1ié‘in the-(y?z) planerdefinedxby the nuélei
togethef produce in the isolated atomic ion an electron
distribution thch is cylindrically symmetric, ahd appears to
be a doughnutfin the y-z plane. ASVC+ approaches.Hz, the
doughnut-1like électroﬁ distribution is distorted. If the
nuclear conformation has C2v symmetry, thes§ ih;plane'orbitalsv
can be resolved-and“eXpréssed,in-terms of either the conven-
vtiqnél'sz(alj or Zpy(sz orbitéls of carbon,_which'point
respectively perpendicular and ?arallel to the axis of HZ'

Occupation of one of these orbitals'prodﬁces.either'the_
2Albor 2B2 surface. - When the nuclear conformation departs

from C2v symmetry, both these surfaces contain contributions

from what have been dcsignated as.th»ealland-b2 2p orbitals,
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hothrnixod‘with the o-a' orbital of “2'. The iowcr of'tho.two
2/\' surfaces generated in this: manner has the lowest lylng a'
-01h1tal< occupicd to tho maximum entcnt posslb]c . Its closc
relation tovthc'zl\1 ground state of CH2 is dlspla)ed by
writing the clectron configuration as (231-23') (1b,-3a')
(3a -4a’ ) _w11th shows lhc association of the orbitals in
"sz and Cs symmetry explicltly. In_bfief:v on the lowest
energy surface available to C° + Hz,:allvelectrons have.a'
symmetry for CS nuclear conformations. Thisaéurface'evolves
adiabatically to the ground-state of CH2+, which has its’
~minimum energy in the aymmetric CZV conformation, and is then
deéignated 2A1.

: The foregoing arguments were constfuoted in anticipation
and as ratlonallzatlons of tne experlmental results14 on the
reaotlve scatterlng ot pv by HZ" bubsequent to the completlon
of:that work and construction of tho argumentS’based on the
correlation,diagfam, Liskow, Bender, and Schaefer16 perfofmed
extenaive SCF-CI calculations to determine certain profiles |
oftthe ct-H potential energy surfaces. Some'of_the resuita,

2
of'these caloulations arc shown in Figure 5. The barrier on

1
'from the correlation-diagram is nicely confirmed by the cal-

the ZA surfacetbetween reactants and the complex anticipated

cuiations. The barrier on the zBi surface,'which was not

anticipated in the original work, is also clearly'démonstrated.

"As required by experiment, the calculations show that for Cs

geometries, the 2B2 and ZAl states interact to form a 2A'

surface which provides a low energy path from réaotants to the .
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Ch, (ZA]) potential cnergy well.  Thus the major qualitative

fecatures of the potential surface deduced from cxperiments,

corrclation diagrams, and the asymptotic propertics of reactant,

product, and intermediate states arc substantially confirmed
by the ab initio calculation.

Can the lessons learncd from this énalysis be profitably
applied‘elsewherc? The reacfion 6f N+(3P) with Hzlfo give NH+':
provides a test. This reaction is thermoneutral or slightly
exoergic, and it is known that the potential_energy of
éymmetric NHZ+ in its 3B1 ground statevlieé approximately 6 eV_
below that of reactants and products. If this state is
accessible to low ehergy reactants, é long-lived collision
complex should be observed. |

Construction of the cgrrélatidn diagram for the.N+—Hé'
reaction is greatly aided by our knowledge ofgthe C+~H2 system.

As N+(3P) approaéhes.Hz in the szAconformatioﬁ, 3Bl, 332, and

3A2 states'are generated. The'SB1 state is very closely
' 2

related to the "A;

generated by adding a noh—bonding 1b1 electron to the C+~H2

state of the C+—H2 system, since it can be

system and appropfiatély increasing the nuclear charge. The
3

Bl surface should therefore be repulsive at large N+—H2

distances, and then drop abruptly to the deep ground state
potential cnergy well of symmetrical NH2+;, This behdvior_is

indicated in Figure 6.

Similarly, the 3Bz'state of N+-H2 is génerated from the

repulsive ZAl state of_C+—H2Aby addition of a bonding 1b,

_electron. This surface should also be repulsive, but not as

14
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much as the ]&] state. . As l'igurce 0 shows, the ]&2 surfdace does
: not provide access to the deep potential wells of NH2+} The.
3A2 state of N -lI, cunvbc obt(lned from the szrstatc of-C+-H2,‘
again'by addition of a non—boﬁding lbl clectron. ‘Accordingly;

the 3A surface of the N+-H2 system is indicated to be rather

2
flat in Figufe 6.

|  The surfaces appropriate'for strict CZ' sfmmetry of£c1
no access Lo the deep potential energy well of NH2 by_a low
energy path. However, in Cs symmetry, the 3A2 and 3B1 surfacés
both assume SA" character. Thus the crossing of the 3A2 and'SBl
surfaceS'indiéated in Figure 6 is actually avoided'wheh the
system is distorted from'CZv symmetry. The réactahts do ‘in
fact have a low energy adiabatic path to the potential energy
lwell; and from there to the products_NH+'+ H. Do the experimental
‘measurements of the product distribution indicéte the octurrénce
of a 1ong-1i§ed collision cOmplex, as might befexpecfed from -
this ana1y5157 The VeIOCity‘vectér distributibns of NH'
measu1ed at reactant energles of 2 eV and above17 indicate that
the reaction proceeds by a direct, short-lived interaction, not
a'long~1iVed complex. : Only whcn the initial relatlvc energy 1s
reduced to the vicinity of 1 eV and below18 does any 1nd1cat10n
of a long-lived complcx appear. |
| ‘This result is superf1c1ally surprlslng,‘51nce the NH2
' weil is very deep, and might be expected to produce a long-
liVed collision complex:at énérgiesvés_high_és 3 eV. Howcﬁer;
an exp1anationvis.avaiiable. In order to reach th_eISBl - Span
~well of NI ¥ thé reactants on thé 1Qwer SA“ Surfacevmust travel

2 .
adiabatically past;thevregipn where the SBlband 5A2 surfaces
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intersecct.  In the Timit of vunjshing relative velocity, systems
on the lower 3'/\” surface will remain on this suffu¢c_QS‘it
cvolves fo the sBi - 3A” gréund state well of NH2¥. llowever,
thn the relative velocity is finite, the sysfcm may exhibit
diabatic bchqvibr,,und make a tranéition to the upper SA”
surface. At small N+—H2 seﬁaratjbns this surface is related
to the excited SAZ sfate of.NH2+, whiéh has no deep potential
cnergy well. As Figure 6 shows, the system can then evolve
to the producté NH' + H.

Motion on the diabatic A" - 3A2 surface should lead to

product formation by a direct, short-lived interaction. The
'Vclocity vector distribution of Nt should therefore by
“asymmetric at the higher relative energies as is observed

experimentally. At low relative energieé, the system should
3 SB
FELN 1

visit the deep potehtial_energy well, and form product by a

-

surface,

behave adiabatically, and remain on the leower
y .

+

long-lived interaction. This adiabatic behavior will be morec
pronounced, the greater\is the splltting Between the upper.And'
lower 3A” surfaces, and-the'smallef iéfthe inifial reiafive |
translational energy. Thus .it is the scparation between the
two BA“ surfaées,_rather than the depth of the potential énergy'»,
well which cbntrois formationiof a }ong-lived_complcx.in this
system. | |

The foregoing argument provides an adequate ecxplanation
of the behavior ofvthe N+-H2 system. However, its vélidity
probably can only be established by an éiaborate calculation

“of the cxact pbtentiai energy surfaces in the region of the
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17 .
vsA;, - 31?1 ijitcl‘soczti<)n. 1th le this example i].llhﬁf]}ltcw% the |
limitations of the pycdictions fhat can be mddc from dsymptotic
stutélpf0pcrti¢s and corrclhtion diagrams, if also shows ﬁdw
these techniques can Tead tolrecognition of at Icést the
ppssibility'bf certain types oflothcrwiéc-uhexﬁbcted behaViOr:

.In>his papervwhich first outiinedfthe»eléctronic state
Corrclation-fcchnique, Schuler3 emphasized the importanée of
corrcldtiﬁg reactanté and products through the least gymmetric
iﬁtermcdiatc complex. The formation of longflived intermediates
in the C+-H2_and-N+-H2 systems illusfrates thi$ point, since
it is 6n1y the scaléneﬂtriéngular cbnformations that provide
leiénergy-adiabaticvpaths from reactants to the deep potential .
wéll of the_intérmediate.  0n the other hand, it is‘important
té realize thaﬁ if dnly Cq cénformations had been ﬁonsidered,
»anbimpoftant aspect of thelN+-H2 problem would have been
overlooked. In highly symmetric nuclear conformatlons the
éiectronit statcs eaeh:belong to one of a varieﬁy of symmetry
species. Some of these states of different symmetry may CToss
éagh other; In less symmetric conformations, fewer symmetry
spécies are available, and.some of the sfatés which cfossed
invsymmetric confofmations may belong to tHe_same symmetry -
species .of the less symmetric conformation. Thus their.v
“v.CrOSSanS becomo avoided as the intermediate is dlstorted
 However bccausc these states cross in. symmctrlc conformatlons
they will approach. ca(h other cloqely even in less symmetrlc

conformatlons, 1hCrcby_fac111tat1ng dlabatlc behavior, or

“clectronic transitions in the course of recaction. In short,
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making corrclation diagrams for symmctric conformations is ]
good wny'to_djscovor the possibiiity of didhntic hohuvior,

A brief comment on the dynamics of 'tho O+(112,H')O.H+_:
rcact15n19’2° is in order because of its obviously closc
relation to the C+—H2 and N+~H2 systemst -The ZBl ground
stnto of HZOf 1ies approximatoly'S eV below the ground states
of the reactants and products and again one can entertain the -
p0551b111ty ‘that a long- lived complex reaction mechanism will
be followed |  However, the correlatlon d1ag1am17 for th15~
system shows that the reactants o* ( S) + H ( z ) move 1n1tlally
on a 4A2 - 4A“ } 42 surface whlch leads adlabatlcally to
products, and has no deep wells that can produce a long- llved

2
that leads to the ground'state of'H20+._ BecaUse electron'spinﬁ

collision complex. This 4A surface does cross the-ZB1 su1face

- is for the most part conserved in systems of 1ow atomlc number

4 4 4.

'syStems on the A2 - A" I surface can not reach the deep

-ZBl we11 w1th any appreciable probablllty Consequently, it
is not surprlslng that this reaction proceeds by a direct,

short—llved interaction mechanism even at the lowest energles.

Summary

Analysis of the behavior of a nnmber of triatomic_ion—
molecule systems shows that certain properties of the reactants,
products'and’intcrmediates can.be used to deduce thehfeasibility,
conrse, and detailed dynamic mechanism of a reaction. Correla-
tion of the clectronic states of reactonts'and_products is’

important, for in the course of a reaction, the principal
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contributing clectronic orbital configuration may chuﬁgc
substantially. In constructing_thcsc Corrclafjon dihgfams,
information from onc systcm mny’he usced to ascertain the
qUalitutch_nutUre of some of the potential eﬁefgy_surfaccs

in other systems. Surface crossings and avoided crossings

arc important. To ascertain thc existence of thesc features, 

it is ncéessury not only to corrclate states corresponding
td higﬁly symmetric nuclear conformations, but to consider
“the effects ofvdistdrtions to 10wer'symmetry;'r1n additioh;
the effect of variation of codrdinates other than:what appears
to be the réaction_cdordinaté should be assessed. Bofh
adiabatic and_diabatic behaviof'near avoidcd-crossings.is'
possible and has been observed to affect the reaction dynamics
profoundly. It ‘is to BedhOPed that thefe will.be continued
development of methods Whiph permit facile qﬁantitative
asscssment of the nature of avoided crosSings of potentiai
enefgy surfaces withoﬁt extensive computatiOnal effort;
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FIGURJ CAPTIONS

Figurce 1. Potential cenergy curves for the diatoms in the asymptotic

recactant and product regions of the (Hc—HZ) -system.  Note the
. - 1.+ + 2.+ .

crossing of the curves for ”2( Xg) and “2 ( Lu) which occurs
in the reactant region of He' + ”2’ but which becomes avoided
‘when all three atoms are closc to each other.

Figure 2. Potential cnergy curves for the diatomic reactants and

v : + s :
products of the (Ar - Hz) system. Note that the crossing of
1.+ + 2.+ : ;
the curves for HZ( Lg) and H__2 ( Zg) occurs very near the
minimum energy of the former state. This crossing becomes
avoided when all three atoms are close to each other, and
permits formation of ArH® from H, + Ar+, as well as from
+ .

H2 + Ar. | _

Figure 3. A molecular orbital correlation diagram for the approach

. of a second row atom or ion to hydrogen. At the left, the

correlations are made aSsuming'sz conformations, whereas au
the far right, a collinear approach is assumed. ‘The mixing

2
to C, symmetry is indicated by dashed lines.

of alvand b: orbitals which occurs when the system is distorted
'Figure 4. A correlation diagram linking the‘electrohic.states of .
| reactaﬁts; intermediates, and products of’the'tC5H2)+‘system.
On the leff of thevdiagram,_étates'which arise er-isesceles
.triangelar conformationsv(CZVJ are indieated, which on the
right, correlations for collinear unsymmetrical conformationsl
are shown. The crossing Qf_the,zBé and 2AIVState“s which
.occurs for strict C2V symmetry is avoided iﬁ CseéymmCtry, as

is indicated by the dashed curves.
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Figure 5. Calculations by Liskow, Bender, and Schacfer of the

minimum encrgies on the lowest ZAl;-ZBl, andlzB? states of
c ' | .
AP

of-mass of ”2 and the carbon nucleus. vNote the barriers

between reactants and the_CH2+ complex on the 2A1 and 2B2

The coordinate R.is the distance between the center-

surfaces. , The crossing of the 2Al énd ZBZ suffucesvshown
here becomes avoided when thevsyétem-is.distérted to CS
symmetry. ‘
Figure 6. A correlation diagram linkiﬁg the relevant electronic
| states of reactahts,'products, and intermédiates of the
(N;H2)+‘system. _The'arrangement of'the~diagram‘is aé“in
Fig. 4, with C

2v
on the right. Note the close rcsembiance to the correlation

,correlations on the left, and Coov correlations

diagrém for the (C-Hz-)+ system, particularly thg'crossing of

.the 3A and 3B

. , states, which is avoided in C_ symmetry.
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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.




-

...
TECHNICAL INFORMATION DIVISION
LAWRENCE BERKELEY LABORATORY
UNIVERSITY OF CALIFORNIA
BERKELEY, CALIFORNIA 94720





