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MOLECULAR ORBITAL CORRELATIONS AND ION-MOLECULE REACTION DYNAMICS 

Bruce H. Mahan 

Department of Chemistry and Inorganic Materials Research 

Division of the Lawrence Radiation Laboratory, 

University of California, Berkeley )  California 

We examine the application of molecular orbital 

correlation diagrams to ion-molecule collision pro-

cesses. In situations where the reactant and product 

orbitals are few in number and well spaced in energy, 

the correlation diagrams give a clear picture of how 

the reactant electron cOnfiguration evolves to that 

of the products. The diagrams lead to a simple 

explanation of why the endothermic 14(He,H)HeH+ and 

4 (Ne ,H)N eH+ reactions occur, whereas the exothermic 

• .• 	 processes He+(H2,H)HeH+ and  Ne+(H2 ,H)NeH+ have 

undetectably small cross sections. Similarly, it is 

possible to use the diagrams to explain why the 

+(112 ,H)HCO+ and N (H2,H)N2H+ reac co 	 tions proceed by 

direct interaction mechanisms despite the substantial 

stability of the intermediate ionsHCO+  an N24 
Several other applications of the diagrams are discussed. 
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In recent years, much experimental evidence concerning 

the nature of gaseous ion-molecule reactions has been obtained. 

While the origin of the sometimes spectaáuiarly large cross 

sections of these reactions is understood, a number of other 

phenomena have been discovered that so far have had no clear, 

generally accepted explanation. For example, the reaction of 

with He to form HeH+ and H is a well-known, 1 ' 2  slightly 

endothermjc reaction which has a substantial cross section at 

kinetic energies above threshold. However, the corresponding 

strongly exothermic reaction between He+ and H 2  does not occur. 

The analogous situation holds for the (Ne_H2)+ system. 2 ' 3  In 

contrast, for (Ar_H2)+ and (Kr_H2)+, formation of the rare gas 

hydrides occurs 4  regardless of where the charge initially 

resides. 	 . 	 . 	. 	. 	. 	. 	. 

Another apparently puzzling set of phenomena is the obser-

vation5 ' 6  that the 4(H2,H)N2H+ and CO+(H2,H)HCO+ reactions 

proceed by direct, impulsive interactions, rather than through 

persistent complexes, even at low relative kinetic energies. 

The intermediate ions N24 and H2CO+ 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 persistent complexes 

appear in the product angular distributions. In fact, a per-

sistent complex has been detected 8  in the highly analogous 

O(H2 ,H)iio reaction, and this makes it even less clear why 

the reactions of 4 and CO with H2  proceed by an impulsive 

mechanism. 
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The answer to these questions lies, of course, in con-

sideration of the detailed potential energy surfaces for the 

reactions However, these surfaces are not yet available, and 

may be obtained for polyatomic systems only after the expendi-

türe of considerable cost and effort. In the meantime, inter-

pretátion :f scattering and rate data must be based on quali-

tative features of the potential energy surfaces discerned by 

approximate nethods 

The most obvious feature common to the surfaces for ion-

molecule reactions is the strong, long-range attraction which 

arises from the dipole moment induced in a polarI2'able molecule 

by the approaching ion This ion-induced dipole interaction 

potential varies as -ae2/(2r4 ), where a is the molecular polar-

izability, e is the electronic charge, and r is the ion molecle 

separation This potential has been used successfully and 

probably correctly to rationalize the magnitude and energy 

dependence of the cross sections of many ion-molecule reactions 

in the limit of low relative kinetic energies of collision 

It has also been used, however, with less obvious validity to 

interpret phenomena which arise from the relatively short 

range interactions involved in the details of atom transfers2
0

'
11 

 

isotope effects, 12  and the occurrence of sticky collisions 

The expression for the ion-induced dipole potential is derived 

in the pertuibation and point dipole limits Therefore, any 

accinacy it exhibits for interrnoleculai separation which are 

of the order of bond distances or for jotential energies which 
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are appreciable fractions of typical electronic excitation 

energies, must be considered quite accidental. Moreover, the 

ion-induced dipole potential gives no information about the 

details of the bond making and breaking proôesses which are 

the essence of chemical reaction. It is clear that some more 

detailed guidance concerning the potential ener&y surface, 

even if of a qualitative nature, would be useful. 

As any bimolecular reaction occurs, the molecular 

orbitals of the reactants interact and evolve into the orbitals 

of the collision complex and then into those of the product 

molecules. Consequently it is possible to make a cOrrelation 

diagram which shows the connection between the orbitals of 

reactants and products. The simplest such diagrams are those 

which correlate' atomic to diatomic molecular orbitals, and such 

diagrams have been a very great aid to the qualitative under-

standing of molecular stability. More recently, Herzberg 13  

has given several diagrams which correlate the molecular 

orbitals of polyatomic molecules with thoáe of their atomic 

or molecular fragments. A few diagrams which correlated orbitals 

of the reactants and products of chemical reaction were given 

by Griffing) 46  and it is her work which is the principal 

basis for the present paper. Another important early paper is 

by Schuler, 17  who demonstrated how to use group theory to pre-

dict the possible electronic states of reaction products. 

Recently, Kaufman and Koski 18  have extended and applied these 

methods to the 0tN2  reaction, and Gimarc 19  has discussed the 

reaction in these terms. In addition, there has been' a 
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a copious, demonstration of the usefulness of correlation 

diagrams based on molecular orbital symmetry arguments in pre-

dIcting the steric course of reactions and the geometry of 

molecules. 

In what' follows we shall conStruct and discuss molecular 

orbital correlation diagrams for several ion-molecule reaction. 

We confine ourselves here to reactions in which the hydrogen 

molecule is involved, since the most detailed dynamical 

information is available for these processes. The procedure 

tobe followed is straightforward. A collision geometry, 

preferably' with some symmetry elements, is selected, and the 

molecular orbltals of the reactants, intermediate complex, and, 

if possible, the products are resolved into species 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 srmrnetry elements 

are present, the nodal structure of the orbitals serves as a 

guide Mixing of orbitals of different symmetry under the 

influence of nontotally symmetric nuclear motions is considered. 

Considerable guidance concerning the order of orbital energies 

is available from ultiaviolet and photoelectron spectroscopy, 

and SCF calculations 	Some ambiguities can be resolved and 

predicted features of the potential energy surfaces can be 

verified by appeirance potential information from mass spectrom-

etry. The resulting diagrams are strictly qualitative, but 

do allow one to understand several apparently paradoxical 

expei imental findings, and provide a more rational basiS for 



than. has been available in the past. 

THREE ATOM SYSTEMS 

First we consider the correlation diagram for a linear 

three atom system which would apply to the He_4 reaction. 

The appropriate form for the diagram has been given by Griffing 

and Vanderslice,'. 5 and Fig. I is an adaptation of their diagram 

to the (He_H.)+  system. By using ionization energies 'to 

measure orbital energies, we see that forthé reactants, the 

is orbital of helium lies lowest, with theenergy of -24.6 eV. 

The °g  orbital of 112  is approximately 9 eV higher, and the 

orbital' about 10 eV higher still. As He and 4 approach, 
the He is orbital evolves into a nodeless a bonding orbital 

of the HeHH+  complex, and drops in energy. This orbital corre-

lates to the nbdeless la bonding orbital20  of HeH+.  The 

orbital of H2  is raised in energy as the reactants approach, 

and starts, to correlate with the 2ci orbital of HeH+,  which 

20 i 	
' 	 * 

s strongly antibonding. 	On the other hand, the a orbital 

of H initially drops in energy, and starts to correlate with 

the is orbital of the hydrogen atom. The impending crossings 

of the two uppermost zero-order orbitals is avoided, and their 

interaction produces two new orbitals The lower of these has 

one node located approximately at the 1 central H-atom, and is 

therefore weakly antibonding between the end atoms. The upper 

orbital has two nodes, one between the central atom and each 

end atom. Consequently, it is strongly antibonding. 
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If •one enters the initial electrcn configuration for 

He+ 4 on the diagram, it is clear that these reactants 

evolve adiabatically and by a minimum energy path to HeH+(la)2 

and H(ls) 1 	This is consistent with the reaction 

He + 4 - HeH+ I- H 	 H = 0.80 eV 

which has a substantial cross section for kinetic energies 

above the threshold 

In contrast, the electron configuration which corresponds 

to He + H 2 'leads to a more complicated situation. Only one 

electron is initially in the orbital which correlates to the 

JE bonding orbital of HeH+  There are two possible fates for 

the two electrons that are. initially in H 2 (ci g ). Both :might 

end up in H(ls), giving the very high energy products HeH 

and H. Alternatively, one electron might ente.r H(is), and 

the other the 2a antibondingorbital of HeH+.  The consequence 

of the latter dispOsition would be a normal hydrogen atom 

plus an excited, unbound HeH+(1(5)1(20)l  which would separate 

to He+  and H The result of He+_H2  collisions would be simply 

the dissociation of hydrogen, if sufficiert initial relative 

kinetic energy were available, or the inelastic and elastic 

scattering of He at lower energies 

The latter prediction seems consistent with experimental 

observations 	The cross section21  for atom transfer to fle+ 

from H2  is less than 10_ 18  cm2 , and for dissociative charge 

exchange, 	less than 0.6 A 
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The (Ne _H2 )+ system behaves es$entially identically 2 ' 3 ' 22  

to the (He _H2 )+ system. Formation.of NeH+ from Ne and 4 is, 

well known, but no chemical products from the charge exchanged 

reactants have been detected. The orbital correlation diagram 

for (Ne_H2 )+ is very similar to Fig. 1,. since the ionization 

energies of H2  (15 5 eV) and Ne (21.4 eV) are quite different, 

and the f±rst excited state of N eH+, like that of HeH+,  is very 

probably unbound. Thus, as was predicted for He Ne+  should 

be scattered elastically, inelastically, and at high energies, 

with dissociation of •H2 . In fact; we have found, experimentally23  

that at high rel ative energies (16 eV) Ne+ is back scattered 

from D2  both elastically, and inelastically with a large 

relative energy loss (7 eV). 

'.Weseéthà.t correlation diagrams lead to an explanation of 

the apparently puzzling behavior of the (He_H2)+ and (Ne-H 2 ) 

systems. This success or integrity'of the correlations can in 

large measure be attributed to large difference in the ionization 

energies of hydrogen and the lighter rare gases, which leads 

to well-separated potential surfaces for the two initial charge 

states. Such dramatic chemical inequivalence of reactants and 

their charge exchanged state may well occur in other systems, 

for example, F + Li2  or Mg+  + H2 . When the highest occupi.ed 

orbitals of the reacting partners have nearly the same energy, 

however, we would expect that a pair df reactants and their 

charge exchanged state would produce the same chemical products,. 
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An example of the latter situation occurs in the (A r_H2 )+ 

system 130th the reactions 

,Ar++H2 _ArH+.+H 

Ar +4_1 ArH+ + H 

are known to be rapid. A correlation diagram appropriate for 

them is shown in Fig 2 The ionization energy of Ar to its 

ground 3P3/2  state is 15.76 eV, and can be taken as the energy 

of the 3pdrbitai of Ar. The energy of the o g orbital of 

H2  is rather ill-defined, however. While the adiabatic ioni-

zation energy of H2  is 15.45 eV, the vertical ionization energy.  

is 16 eV, and the vertical recombination energy of 4 is 
14.5 eV. Depending on which of these is chosen as the energy 

of the c.i g .orbital it is degenerate with, or lies below or. 	' 

above the 3p orbital of Ar. Consequently, we indicate the 

position of H2 ( g ) by a band of approximately 2 eV amplitude 

in Fig.. .2. 	 . 

The significance of this uncertainty in the orbital energy 

is considerable In constructing and interpreting the corre-

lation diagrams, we are following the zero order rule that the 

valence orbital of lowest energy in the reactants correlates 

with the lowest energy orbital of the product 	If the reactant 

oibltals are degenerate or nearly so, this unique association 

+ cannot be n'ade 	Consequently, the systems Ar -H2  and Ai-H2  

must be considered equivalent, and both correlate to the ground 

state oibital occupancy of the collision complex and the 

reaction products 
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There is another way of looking at this problem. The 

most, apprOpriate value for the energy of the a g  orbital in H2  

might be the vertical ionizatiOn' energy, 16 eV. Thus for the 

A r+_H2  reaction, we might assume that it is the lower energy, 

doubly occupied H2 (cr g ) 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-4 

reaction, the appropriate energy for the hydrogen 	orbital 

might be 14.5 eV, the vertical recombination energyfor'4. 

Thus in this case the lowest reactant orbital is the doubly 

occupied Ar(3p), which now correlates with the product ground 

state. 'Once again, adiabatic correlation forms products in 

their groundstates, and we conclude that both charge states 

of (ArH2 )+ are equivalent The same argument applies to 

(Kr-H2 ) , where similar behavior is observed experimentally. 

The uncertainty in orbital, energies becomes even more 

important for polyatomic ions and molecules. In interpreting 

the correlation diagrams for such systems, it must be remembered 

that sometimes rather small distortions in the nuclear frame-

work can being the.energies of certain molecular orbitals into 

near coincidence, and thereby greatly influence the correlations 

between reactants and products. 

For the reactions of atomic ions like C+, N+, 0+, and 

with H2 , one may ask whether an insertion 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 velocity vector 

distributions of the eventual reaction products HX+  and H might 
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show the syrnmetry associated with, the occurrence of a per-

sistent collision complex for low collision energies. To 

treat this problem, we assume that the atomic ion approaches 

along the perpendicular bisector of the 11 2 ,bond, 'and the 

syinmetry is maintained until valence interactions have begun. 

We use the resulting correlation diagram between reactant 

orbitals and those of the bent and linear complexes to decide 

whether the ground state of the complex can be reached adia-

batically., and also to consider whether' orbital mixirg which 

results from distortions from C2  symmetry is important. 

We begin by resolvingthe orhitals of the ion and H2  into 

the species of C2v• . This can be done with the assistance of 

tables provided by Hérzb'erg2 3  or in this simp]e case, by 

• inspection. The a and a ' orbitals of hydrogen transform as 
g 	U 

a1  and b2  in C2 , while the p orbitals of the heavy atom resolve 

into a1 , b1, and b2 . The orbital energy level diagram for 

bent and lineax H-X-H molecules has been given by Walsh, 2  and 

it is a simple matter to make the appropriate correlations 

which resul.t in' the diagram in Fig. 3. The H2  ag  orbital is 

set below the 2p atomic orbitals, but the modifications which 

must be made when these levels are reversed are obvious. 

We must expect that there will be no crossing of th? a 1  

orbitals which originate as a g  and pa of the reactants, and 

consequently an avoided crossing is shown. The.' question of 

whether deviation from C 2 , symmetry mixes the a 1  and b2  oibitais 

sufficiently to lead to an avoideo crossing cannot bc answered 

without detaflcd calculations for specific cases 	For the 

present, we shall assume that no nixing occurs 
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k < 10 	cm'7sec 

= 6 x 19-10 cm3/sec 

electron in 

L spins. Thus 

electron configuration (2a1 ) 2  (lb2 ) 1  (3a1 ) 2  (lb1 ) 1  (4a1 ) 1 . 

If we then imagine that the highéstenergy 4a 1  antibonding 

• 

	

	electron;is detached,.we are left with a substantially excited 

state of OH2  which ha& one lb2  bonding electron promoted to 

the 3a1  nonbonding orbital. Thus the adiabatic autodetachment 

reaction would not be possiblein thermal energy collisions. 

However, if there were mixing of the 3a1  and lb2  or'bitals 

induced by departures from C2  symmetry, 'the ground state con- 

• 

	

	figuration Of 0112  could be reached, and the detachment reaction 

would be energetically possible. Since the reaction has a 

rate constant26  which indicates that detachment occurs less 

frequently than one in 10 collisions, it appears that the 

3a1  and lb2  orbitals do not mix appreciably. 

Forthe 0-H2  reaction, in at least some of the collisions 

the 0 will have the p-electron configuration (a1)(b1) 2 (b2) 2 . 

Figure 3 shows that this configuration, with detachment of the 

4a1  electron, does evolve to the ground state of the 1120 

molecule. The reaction does in fact occur with large, but less 

than unit collision frequency. 27  Thus the correlation diagram, 

interpreted in a straightforward manner, is consistent with 

C+H2 —CH2 +e 	•.tH=-2eV, 

0+H2 —H20+e 	iH=-36eV, 

Sincethe ground state of C is 4S, we have one 

the a1 , b1 , and b2  p orbitals, all with paralle 

4-1n..' 4- 4- 1-. a fl an a 4- n n 4-  
• 	 L, 	 U%) the valence 
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two experimental facts We are unable, however, to explain 

on this basis why the S-H2  associative detachment reactiun 

does not occur. 28  

Application of the correlation diagram to the reactions 

of grOund state C 	N, 0+,  and F±  with H2  leads to the con- 

clusion that in the absence of a 1 -b2  orbital interaction in 

no case can the ground electronic configuration of the inter-

mediate HXH+  molecular ion be reached adaabatically from the 

reactahts.. All four i•eactions can give. XH+  by a direct inter-

action, through a linear XHH+  complex, and consequently we 

• 	 expect to observe the asymmetry characteristic of direct inter- 

actions in the product velocity vector distributions. Only 

the NtH2  reaction has been studied by measurement of product 

angular distributions, 9  and it has been found to proceed by 

a direct interaction mechanism at relative energies aDove 3.7.  

•eV. However, before anyfirm conclusion concerning the 

+ accessibility of the ground state of N1-  is reached, the 

reaction should be studied at lower relative energies 	The 

C+(H2,H)CH+ reaction has been studied with a fixed tandem mass 

spectrometer 3  but apart from the finding that there is no 

barrier in excess of the endothermicity, no explicit information 

on the dynamics of the reaction was obtained Further invest-

igations of this closely ielated series of reactions at low 

relative energies should be valuable 
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• 	 FOUR CENTER SYSTEMS 

Here we consider such reactions as 

•CO++D2DCO++D 	H=-1.OeV 	(1) 

N+D2 +N2D++D 	LH=-2leV 	(2) 

0+D2   -  DO+D 	AH= 20eV 	(3) 

C24+D2.C2H2D++D 	LH= 02eV 	(4) 

Reactions 1 3 have been studied extensively 5 ' 6 ' 8 ' 3133  by 

product velocity vector distribution measurements over a wide 

range of initial energies, and details of such experiments for 

the acetylene-deuterium reaction will be repbrte.d subsequently. 34  

Ther.e are some clear chemical similarities among these reactions, 	H, 

but the most important for our purposes is that in each case, 

the ground state potential energy surface has a substantial 

minimum for at least one configuration of the atoms. That is, 

the ions H2CO+, N24, H2 0, and C 2  H are well known in mass 
spectrometry, and their appearance potentials show that they 

lie 2.5 to 3 eV below the separated reactants in reactions 

1-4. Considering this common feature and the similar molecular 

complexities it has been quite surprising to find that reactions 

1 and 2 proceed by direct interaction mechanisms even at quite 

low energies, while in reactions 3 and 4, persistent complexes 

are involved. 	 • • 	• 

We consider reaction 1 as involving a collision which 

maintains C 2 , symmetry until the intermediate H2CO+  is formed 

The orbitals of CO  and H2  are resolved into the species of 	• • 

• 	• I 
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and then systematically correlated with the orbitals 

of formaldehyde. The resulting correlation diagram is shown 

in: Fig. 4. An approximate enerr  scale is provided, with the 

energies of the various orbitals of the reactants and inter-

mediate located using the results of photoelectron and ultra-

violet spectrosopy. 135  The positions of the higher anti-

bonding orbitals, the orbitals of HCO+,  and of the crossing 

points are largely conjecture. While the energetics of the 

H2_C0+ system have guided construction of the diagram, no 

emphasis is placed on the numerical values of the energies, 

sothe diagram should be applicable with minor modifications: 

toany H2 _4 or H2_Xy+  ystem in which the order of the orbitals 
is simila±. 	

: 

+• 	 + A s. H2 CO is . forrncd from H2  and CO , we expec the oxygen 

2s orbital to remain essentially unchanged, while the caibon 

• 29 and hydrogen a g  orbitals combine to form a pair of orhitals 

• 

	

	which initially correlate with an •a 1 -a1  pair which are C-H 

bonding and antibonding. The pci bonding orbital of CO  starts 

to correlate with the C-O ci bonding orbital of formaldehyde 

As a result, there is an avoided crossing of two a 1  orbitals, 

and the ci g  orbital of H2  appears to correlate with the C-O ci 

orbital of formaldehyde, while the ci orbital of CO  correlates 

with the C-H antibonding 4 orbital of formaldehyde The 
other correlations are quite straightforuard 	One v.orbital 

of CO  corre]ates with the i -  bonding orbital of H2CO+,  while 

the other combines with the a orbital of hydrogen to produce 
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a C-H bonding-antibonding pair. The b nonbonding orbital 

of formaldehyde comes largely from theb2 orbital of CO 

Consider now the adiabatic evolution ofCO+(2)  and 

H2 () into the complex H2CO+.  One electron is missing from 

the bonding pci orbital of COP,  so depending on the strength of 

the Interaction between the highest occupied a 1  orbitals of 

the reactants, either one, or two electrons will ocdupy the a 

C-H antibonding orbital of H2CO+.  No electrons are found in 

the b orbital. Thus the orbital occupation reached adiabati- 

cally in the collision is not that of the ground state of H2CO+, 

but is that of an excited configuration which has one electron 

in a C-H antibonding orbital, and no electrons in the non-

bonding b orbital. In terms of the species of C 2 , the 

reactants correlate to a 2A1  state of thecomplex, whereas the 

ground state of the complex is 2B2 . If this is an accurate 

description of the evolution of the system in a collision, then 

it is not surprising that the effects of the potential well 

associated with the ground state of H2CO+  are not evident in 

the angular distribution of products. 

It may be argued that since the highest occupied a 1  orbital 

of the reactants crosses the empty b2  orbital, the system can 

evolve to the ground state of H2CO+  if the a1  and b2  orbitals 

are coupled by the antisymmetric b 2  bending or stretching 

motion of the CH2  group. This interation might be expected 

to be weak., however, since the two orbitals concerned are 

largely concentrated on opposite ends of the H2CO+  molecule. 

I' .  

\. 
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Therefore, the conclusion that H2  afid CO correlate only with 

excited states of H2CO+  -seems quite secure.. 

• 	There is experimental evidence which supports this conclu- 

sion. The measured36  appearance potential of CO  from H2CO is 

4.5 volts above the value calculated from the heats of formation 

of H2 , COP, and H2CO. This shows that there is indeed a poten-

tial barrier between H 2  + CO  and  H2CO+  which is 4.5eV high. 

Since 4.5 eV is approximately the bond dissociation energy of 

H2 , the value of the appearance potential of CO from H 2CO 

suggests that two hydrogen atoms, rather than H 23  may be formed 

alongwithCO+. Thus, either there is a 4.5 eV barrier between 

112 + CO and ground state H2CO+,  or Only 211 + CO  can correlate 

with ground state H2CO+  In either case, the potential well 

of H2CO+  is not accessible in low energy coliisions.of H 2  and.. 

co+ 

+ If we consider the evolution of ground state H 2CO to 

H + HCO+,  we find from the correlation diagram no reason to 

expect a barrier in excess of the minimum energy necessary to 

form rproducts 	In confirmation of this, the appearance potential 

of HCO+  from formaldehyde7  is in fairly good agreement with 

the value calculated from thermodynamic data (including the 

* 	admittedly uncertain proton affinity of co+) 

The following picture emerges from the correlation diagram 

and appearance potentials As shown schematically in Fig 5a, 

H2  and CO approaching in the C 2  configuration encounter a 

4.5 eV barrier before reaching the region of minimum potemtit1 

energy. Systems which have eflough ene 	to swmount thisLj  

barrier are very unstable with respect to H + HCO+,  and thus 



spend only a very short time, as H2CO.  A calculation using 

RRKM unimolecular reaction rate theory and the energetics of 

Fig. 5a indicates a maximum lifetime for H2CO+  which is of 

the order of one or two vibrational periods. The products of 

such processes will have an intensity distribution which is 

characteristic of a direót interaction. When the reactants 

have less than 4.5 eV initialrelative energy, the region of 

minimum potential energy cannot be reached, and no long-lived 

complexes are formed. 

Since the reaction betweenCO+  and H2  has a large cross' 

section even for relative energies below 0.1 eV, there must be 

a path between reactants and products which does not"have a 

potential energy barrier. This leads us to construct the 

correlation diagram for collinear H2_CO+  configurations shown, 

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

available to aid the construction of this, diagram, aside from 

the orbital energies of the reactants and 'those of HCN, which 

is isoelectronic to HCO+.  It is clear,, however, that the 

ir orbitals of CO evolve in a straightforward way into those 

of HCO+.  The a orbitals may be correlated by recognizing that 

to a first approximation the a
9 
 and a orbitals of H2  and the 

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

in Fig. 1 for the H2 -He system. This simple scheme, which 

would result in 2s(C) c
9
(H2 ) and ci(H2 ) orre1ating respectively 

with o(C-H), ls(H), and 'cr 	of the HCO*  and H producits, 

is complicated by the crossings of these a orbitals with the 
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bonding and antibonding orbitals of the CO group These 

interactions lead to the avoided crossings indicated in Fig. 6. 

We now introduce the 11 valence electrons of the E2  + CO 

system. The c orbital of CO  is occupied by only one electron, 

with all lower orbitals filled 	It is clear that as the system 

evolves to4ard H + HCO+, the ground state electron configura-

tion is maintained, and thus there is no reason to expect any 

substantial potential energy barriers to occur. At qualitative 

assessment of the bonding character of the occupied orbitals 

does not suggest the occurrence of any particularly deep 

potential well for any linear configuration Thus the potential 

seems to have the qualitative characteiistics which are required 

to explain reaction by direct interaction at even the lotet 

relative energies of collision.  

To summarize A correletion diagram suggests, and 

appearance potential measurerents confirm, that there is a 

4.5 eV barrier between H2  + CO and the ground state of C 2  

H2 CO+ Thu3 the potential well corresponding to H 2CO+ is not 

accessible in low energy collisions of H 2  and CO 	The corre- 

lation diagram for collinear collisions suggests that there 

are no high barriers or deep 'iells between reactants and products 

for these configurations 	The reaction should theiefoe pfoceed 

by a diiect interaction mechanism at all energies, as is 

obsei ved experimentally 

We tuin now to the 4-H?  system Here the stable intei-

mediate which 'right give rise to a persistent collision coniplex 

i the di-i'ide ion, HN=NH+ 	We must therefore construct a 
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correlatIon diagram for the appro'ach of $ to H 2  which leads 

to one hydrogen atom on each nitrogen and which maintains 

symmetry. 

The result is shown in Fig. 7. The essentially nonbonding 
* 

2s a, and b,, orhitals of N,, in combination with the 	and g 	u. 

orbitals of H2  produce a1 -a and b2 -b N-H bonding and anti- 

+ 	 * * 
bonding orbital pairs in N 2H2 . The cJ

9
_a1  and o_b2  bonding 

and antibondihg orbitals of N 2  evolve into the corresponding 

orbitals of N24. One 7r7r* (out of.plane) orbital pair of 

nitrogen is essentially unchanged, while the other, in-plane, 	H 

of orbitals becomes the a and b nonbonding orbitals 

of N24 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 c24 from C and H2 , for example 

Insertion of the 11 valence electrons of 4 and H2  into 
the lowest reactant orbitals leads to the conclusion that 

N24 would be formed adiabatically with at least one electron 
in the a1  N-H antibonding orbital. This ëonclusion would be 

consistent with the fact that ion beam experiments have produced 

no evidence that a persistent complex occurs in this reaction. 

However, if One considers the possibility of orbital mixing 

by electronic-vibrational interaction, the situation becomes 

somewhat ambiguous. Distortions of species B2  may eliminate 

the crossings of the curves leading to the 4 and b orbitals 
of N2$, and thereby allow adiabatic evolution of the reactants 

to the..ground state ofN24.. This vibronic interaction and 
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mixing of the 4 and b orbitals could very easily be strong, 
since in dontrast to the situation in the H2CO+  case, the 

orbitals overlap rather substantially. However, even with 

the occurrence of this vibronic mixing, some potential barrier 

between the reactants and N24 might remain, and prevent low 
energy reactants from reaching the regions of potential energy 

minima. 

Unf.Ortuhately, there has been no published measurement of 

the appearance potential of 4 from N2 H2 , 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 -H 2  

system However, an answer to this question is not necessary 

in order to aecide why no persistent complex is observed in 

the 4-H2  system Figure Sb shows the relative enthalpies of,  

4 + H2 , N2 B., and N2H+ ± H which can be calculated from tabu-
lated data and the proton affinity of N 2  recently measured by 

Schiff and coworkers. 37  The potential well of N2 $ is only 

approximately. 0.5 eV deep with respect to N 2  H + + H, and no 

dissociation barrier in excess of this is expected 	If we 

assume that there is no barrier between 4 + H2  and N24, then 

even complexes formed by essentially zero energy collisions 

between $ and H2 wouid have.a total energy six times the minmum 

necessary to decompose to products 	Consequently, the lifetrre 

of such compTiexes would be very small, approximately 2 X 1014 

sec, according to an RRKM calcuTiation 	This is so short that 

the reaction will appeai to pioceed by direct interaction 	If 
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any barrIer between reactants and thecomplex does exist, 

reactants with enough energy to cross it will form "complexes" 

whose lifetimes would be even shorter than 2 x 10_ 14  sec. 

Moreover, the d 1 rect interaction path through linear H}INN+  is 

also available to the system, and will undoubtedly contribute 

to the scattering pattern. 

To summarize, we can say that it is likely that vibronic 

coupling makes the N2H potential well accessible to 4-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 0-H 2  system 

is in many respects similar to that for the 4-H 2  system. Once 

again we assume that C 2  symmetry is maintained as a nonlinear, 

planar, HOOH+  molecule is formed from reactants. However, 

the . pa bonding orbital in 4 lies below, rather than above, 
the 7r orbitals, and the 2s orbitals of 02  are lower than those 

in N2 , and participate correspondingly less in the bonding. 

These considerations make no substantial change in the quali- 

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

• the (02 _H2 ) +  system. 

In the 02 ±(2 7rg )_H2  system, one electron occupies the 7r
9 

 

orbital of 4, and all lower orbitals are filled. An adiabatic 
evolution to H24 would produce a highly excited molecule with 
the configuration (1a1)?  (l1 2 ) 2  (2a) 2  (2b2 ) 1  (3a1 ) 2  (lb1 ) 2. 	 • 

(1a2 ) °  (4a) 2 . However, the \crossing of the orbitals which • 	H 
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correlate to cy 
9
(H2 ) and 7Tg (02 ) may be eliminated by vibronic 

interaction produced by the B2  bending and stretching modes 

of H2 O 	In addition, coupling between the antibonding 4a 

orbital and the a2  orbital might arise from the torsional 

motion of A2  species, but the strength of this coupling might 

be small. Consequently, the initial correlation of the a9(H2) 

orbital to the 4a antibondirig orbital, even if modified by 

vibronic mixing, would seem to produce a potential energy 

barrier between H2  + 0 and H2 O. This supposition is con-

firmed by experiment, 38  since the appearance potential of 

O from H2 02  indicates that there is a 2.5 ± 0.5 eV barrier 

between H2  ± 0 and: the potential well region of H 2 0T. 

Dissociation of a strictly planar H2O to H + HO would 

poauce an . excited configuration of HO2  with one electron 

excited from a a nonbonding orbital to the ir orbital. This 

correlation to excited products can be avoided if H 2 O is non-

planar, since this situation permits interactjcn and mixing 
* 	n 

of the ,r and a orbitals. This may very well be the correct 

description of H2 0 since the appearance potential of H0 

from H2 02  shows that the ground state is formed, and that there 

15 no bariier between H2 0 and H + H0 in excess of the disso- 

• 	ciation energy .  

We are led, therefore, to the potential enprrr 

given in Fig Sc.The reason why a lbn-lived H2 O collision 
3940 	 - compiex.occurs ' 	even for initial relative energiesas hign 

as 5 cv is now clear. There is a deep potential well lrhih is 
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a consequence not only of the stability of H 2 0, but of the 

potential barrier in the reactant channel Thus in this case 

the tendencyfor the reactants to correlate in thelowest 

approximation to an excited state of the complex actually pro-

ducesthê feature which isin large measure responsible for 

the occurrence of a persistent complex. 

We can also use Fig. 7 to analyze the reaction Of meta-

stable 0( 4irg ) with hydrogen. In O 
4~ 7r 9)J  only one electron 

occupies the pcT bonding orbital, while the two 1T orbitals each 

have one electron. The correlation diagram shows that this 

necessarily leads to an exicted state of H2 0, with one 0-0 

o-bonding electron excited to a 5 4 0-H antibonding oroital 
A long-lived complex would not be expected, and indeed experi-

ment 41  shows that the reaction proceeds by a direct interactn 

mechanism. 

It is also useful to construct the correlation diagram 

for H2 -0 collisions under the assumption that the collision 

occurs through a planar nonlinear or L-shaped intermediate 

In this case, one of the v orbitals of 0 evolves to an 0-H 

bonding orbital on one oxygen atom, while the corresponding 

lrg  orbital becomes a nonbonding orbital on the other oxygen 

atom. The 7 and 	orbitais perpendicular to the plane of 
• 	

the complex remain largely unchanged, as is also true in a 

first approximation for the a g  and a orbitals of 0 	
The g 

and a orbitals of H2 	 ri evolve in the first appioxiation to an 

0-H antibonding orbital of 1102  and the is orbital of the free 
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hydrogenatom. The resuItirg diagram, Fig.8, has several 

curve crossings 	Since the only useful symmetry operation of,  

such a nonlinear planar complex is reflection in the plane of 

the molecule, it canbe argued that there is strong mixing of 

all orbitals which are symmetric under this operation, and 

consequently all crossings of such orbitals are avoided. 

Figure 8 has been drawn with this point in mind 
• 	

Several conclusions are possible from Fig. S. First, 

0(L•irg) can react directly with H2  via this nonlinear complex 

to give HO and H It has been suggested that the failure of 

the RRKM or quasieuilibrium theory to explain the relative 

+ 	+ 	+ 
intensities of the reaction products HO2 , OH , and H2 0 can 

• 	 be rationalized if some of the HO is formed by a direct 

40 i nteraction process. 	Second, the direct reaction between 

+4 
02( lTg ) and H2  can occur through a nonlinear complex, but the 

product appears to be an excited configuration of HO with one21 

electron present in the ir orbital, and one electron missing 

from the a 0-0 bonding orbital. Similarly, the 4-02  reaction 

would produce a configuration in which an electron had been 

n 	 * 
excited from the a orbital to the r orbital Since the 

reaction of O( 4 ?Tg ) with 112  to form ground state HO is 2.2 cv 

exothermic, it is possible that a low lying electronic state 

of HO might be formed The 4-2 reaction is only 0 6 eV exo 

thermic, however, so it is unlikely that an excited state Of 

HO could be produced by the reaction at room temperature 	It 

seems likely that either the ir orbitals are miYed 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 4-02 

reaction proceeds through the complex which has the hydrogen 

peibxide sfructure, and which can dissociate tground state 

prodticts. 

We consider now Fig. 9, the correlation diagram for the 

rëactionof. acetylene ion with hydrogen. The reactants 

approach with C2  symmetry and evolve to the D2h  symmetry of 

ethylene. We assign the symmetry species of the orbitals 

consistently under the convention that the z-axis lies in the 

plane and is the perpendicular bisector of the carbon-carbon 

bond. The more conventional symmetry designations for ethylene 

which assume .a z-axis perpendicular to the molecular plane 

are given in bracKets 

The cy and cy orhitais of acetylene all evolve in a straight-

forward and obvious way to those of ethylene The c g  orbta] 

of hydrogen coribines with the in-plane 7r
u 
 orbital of acetylene 

to produce a b2  C-H bonding-antihonding pair of oibitals in 

ethylene, while cY(H2)  and one w(C 2H2 ) give in a similar 

mannex b3g  C-H bonding and antibonding orbitals of ethylene 

Only one crossing of importance occurs, which is between the 

lines leading to the b3g  C-H bonding and bi  C-H antibonding 

orbitals of ethylene. These two orbitals could be mixed by 

the two B2  vibrations of ethylene, o±' by motions of species 

B2  as the reactants approach with C2v  symmetry. Because the 

two orbitals overlap rather well and ai e pi obably both sens LtiVe 
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to hydrogen motion, the vibronic coupling between them is 

probably large 
3 

The acetylene ion has the configuration 	and conse- 

quently, as c24 and H2  collide with C 2 , symmetry, one electron 

is present in the w_a1_b2 orbital wiich is initially C-H 

antibonding. Becauseonly one electron is in this orbital 

and because of the vibronic coupling of b 2u  to the C-H bonding 

ir _b2 _b3g  orbital, we do not expect a large activation barrier 

between the reactants and C 2H 	This expectation is confirmed 

by the experimental observation 7  that the appearance potential 

of c24 + H2  from C2H4  is the same as that calculated from the 
relevant heats of formation Since no potential barrier in 

excess of the bond energy is expected for the withdraal of 

one hydrogen atom from C2H, we expect the potential energy 

profile shown in Fig 5d 

Inasrnkch as the deep well corresponding to C 2H is completely 

accessible in low energy collisions, we expect that the reaction 

between C2H and 112  would shou evidence of the occurience of 

a persistent collision complex We34  have measured the velocity 

spectra at zero laboratory scattering and of C 2D2 H 1  from 

C2D - H2  collisions At high relative energies (5 5 eV) 

C2D2H+ has its maximum intensity near the value calculated for 

spectator stripping, but as the initial ielative energy is 

lowered, this peak moves toward the center of mass 	At less 

than 3 eV initial ie]ative energy, the distribution is syviretric 

about the center of mass velocity. Uhile this is not an entirely 
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conclusive proof of the occurrence of a.persistent complex., 

it is highly suggestive that the expectations derived from 

the correlation diagram are correct. . 

Asafinal example, we discuss the OH+(H2 ,H)H2 0+ reaction. 

BecauseOf the great stability of 11 30+, it would seem likely 

that a persistent complex might occur in this reaction. The 

correlation diagram is most easily constructed if it is 

assumed that OH+( 37r ) and 112 approach in a T-shaped configuration 

of C2 ,, symmetry. The correlations are then very much like those 

in the H2 C0+ reaction. The resulting planar D3h H30+ is then 

allowed to relax to its equilibrium C 3  symmetry. There is, 

of.course,no implication that the molecules rigidly follow 

this sequence of geometries in the reaction, but the intro-

duction of the planar intermediate makes the correlation 

diagrath easier to construct. .and also applicable to the CH+_H2 

reaction.. The result is shown in Fig. 10. 

In OH+( 3ir ) two electrons with parallel spin occupy the 

two degenerate pr orbitals, and all orbitais of lower energy 

are filled. As the reactants approach, vibronic interaction 

may mix the clgal orbital of H 2  with the piT b2  orbital of OH, 

but our analysis of the reactions of atomic ions with hydrogen 

seemed to be most consistent with the idea that this interaction 

was not important. The out of plane or umbrella motion of 

H30+  would also tend to mix the ga1  and pirb1  orbitals as H2  

approaches OR 	However, even if either or both.of these 	. . 

interactions occurs, one electron will be found in the a 1  0-H 



-29-- 

antibonding orbital of H30+, if the electron spin conservation 

rule is obeyed. Therefore, the ground state of the 

comiex is not accessible to the reactants OH+(37r) and 

and no evidence for a persistent complex is expected. We 34  

have measth'edthe velbcity spectra of 112 0+  from this reaction 

at relative energies from 5.0 to 7.6 eV and find evidence for 

only a direct interaction process. 

CONCLUSION 

We have explored the application of molecular orbital 

correlation diagrams to a number Of ion-molecule collision 

processes. In. situations where the reactant and product orbitals 

are fewin number and well spaced in energy, the correlation 

between reactant and product electronic configurations is 

clear and leads to several predictions which are consistent 

with known experimental facts When the orbital energies are 

more closely spaced so thatorbital energy degeneracies occur 

as reactants evolve to products, the correlation diagrams can 

be ambiguous 	However, reference to measured ion appcarance 

potentials can sometimes remove such ambiguities and proviae 

a qua] atative picture of the potential energy surface i ,,rhich 

is sufficieit to predict the major features of the djnaics of 

a reaction. It would appear that despite .theirqualitative 

nature, as these diagrams are irodafied and refined in the light 

of new eperiiorital and calcul-itional data, they will piovide 

an mci easingly useful 	oL to the undei standing of a variety 

of lLtctive collision J)1oLCe 
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Figure Captjons 

Fig. 1. Acorrelation diagram for the lowest orbitals of the 

linear (HeHH) system. The orbital energies are only 

semiquahtitative, except fOr the atomic species. The. 

lowest-order correlations are indicated by the dashed 

lines which cross. 

Fig. 2. A correlation diagram for the lowest orbitals of the 

linear (ArHH)+  system. The energy of the a g  orbital 

of H2  is indicated by a shtded band to represent the 

spread between the vertical ionization energy of H 2  

.•afl.the vertical recombination energy of IT 

Fig 3 A correlation diagram for collisions of a heavy atom 

or ion xwith H2 . During their approach, the reactants 

are assumed to maintain C2  symmetry. The crossing 

of the a and a curves in all probability is avoided 

Fig. 4. A correlation diagram for CO+_H2  collisions. It is 

assumed that C 2  symmetry is maintained as the reactants 

approach. The circled crossings between the a 1  orbitals 

• 

	

	 originating as 0g(H2)  and o(CO) and *(co) robably are 

avoided. 

• Fig.. 5. Schematic representations of the principal f.eatures of 

four potential energy surfaces. (a) Surface for the 

co+(H2,H)Hco+ reaction. The 4.5 eV barrier between 

reactants and products is established by the appearance 

potential of CO  from  IT2CO 	(b) Surfrce for the 

$(H2,H)N2H+ reaction. The barrier suggested by the 
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Figure Captions (Continued) 

corrélation diagrams but unknown experimentally is 

indicated by the shaded area 	(c) Surface for the 

o(H2 ,H)Ho reaction. The location of the barrier 

and well are determined from appearance potentials. 

(d) Surface for the CH(H,H)C 2H reaction. The 

barrier suggested by the lowest order orbital corre-

lation but apparently eliminated by vibronic inter-

action is indicated by the shaded area 

Fig. 6, •A correlation diagram for the collinear reaction of 

CO+ with H2 . The circled crossings are probably 

avoided. 

Fig 7 A correlation diagram for the addition of H 2  to a ir 

system of a diatomic molecule to fOrm either a bent 

or linear intermediate and eventually a linear 

triatomic product. The circled crossings are very 

probably avoided. It is assunied that the cy orbital 

of A2  lies above their orbitals, as would be the case 

for N2 , but reversal of the order ofthese orbitals 

makes no important changes in the correlations. 

Fig S. A corrleation diagram for the reaction o(H 2 ,H)Ho 

proceeding through a nonlinear collision complex. 

Fig 9 A correlation diagram for the addition of H 2  to c 2 H2  

The molecular oxbit&ls are labeled assuming that the 

z-axis is the perpendiculai bisector of the carbon-

carbon bond The dcsignatons for the ethylenc orbital 
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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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