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Abstract: The potential energy barriers which govern the kinetic feasibility of photochemical reactions result from avoided 
crossing between states of similar symmetry. The first type of avoided crossing, as investigated by Salem, is induced in general 
by the allowed crossing of MOs of different symmetry and intervenes only at the states level. The second, illustrated here in 
the ab initio SCF-CI calculated potential energy surfaces for the n- and n--initiated hydrogen abstraction by carbonyl groups, 
is a direct consequence of avoided crossings between MOs of identical symmetry. The memory of the MOs intended or "natu­
ral" correlations shows up—via pseudoavoided crossings of the electronic states—as barriers or wells in the excited states po­
tential energy surfaces. 

A factor which is often encountered in determining the 
kinetic feasibility of a photochemical reaction is whether suf­
ficient activation energy to drive the reaction can be effectively 
achieved during the lifetime of the potentially reactive excited 
state, that is, the rate of reaction relative to the rates of excited 
state deactivation by radiative or radiationless processes is of 
primary importance. Note immediately the order of magnitude 
of these activation energies. For an unimolecular or bimolec-
ular reaction to compete, in a singlet state, with fluorescence, 
its activation energy should be in the 6-9 and 0-3 kcal/mol 
ranges, respectively. For similar processes to compete, in a 
triplet state, with phosphorescence these numbers become 
larger: 14-18 kcal/mol for a unimolecular reaction and 7-11 
kcal/mol for a bimolecular event.2 An important point at issue 
in the construction of theoretical potential energy surfaces 
(PES) is then to be able to predict the existence of energy 
barriers, and, in particular, small energy barriers. 

Barriers in the low-lying excited states PES of a reacting 
system arise from avoided crossings between states of similar 
symmetry.3 In other words, these barriers show up as the 
memory of the intended or "natural" correlations of these 
states. A typical MO pattern inducing such an avoided crossing 
is schematized in a two-electron, four-orbital model (Figure 
la). The symmetric (S) or antisymmetric (A) character refers 
to the behavior of the MOs with respect to a given (unspecified) 
symmetry operation. The high-lying (IS) ' (2S) 1 state of the 
reactants continuously decreases in energy and correlates with 
the low-lying (1S)1(2S)1 state of the intermediates (Figure lb). 
At the same time the ( IA) ' (2A) 1 state of the reactants cor­
relates with the (IA) '(2A)1 state of the intermediates (or 
products). The "natural" crossing of the two curves is sym­
metry forbidden. The final correlation of the (IA) '(2A)1 state 
of the reactants with the (IS)1 (2S)' wave function of the in­
termediates is characterized by (a) the conservation of the 
overall electronic symmetry but (b) a simultaneous switch of 
both electrons from A to S MOs. This analysis accounts for the 
barriers encountered in the 37T7r* photodecomposition of tol­
uene into a hydrogen atom and a benzyl fragment31*'4 and in 
the 1TTiT* elongation of a CH linkage in formaldehyde (en-
cleavage).5 Let us emphasize that, in this first situation, the 
avoided crossing occurs between a pair of states and that the 
"natural" correlation of the S and A MOs which induces it is 
unperturbed by the SCF part of the calculation which treats 
independently the orthogonal A and S manifolds. 

Imagine, however, a pair of MOs of identical symmetry 
which would tend to intersect each other in the course of a re­
action. The resultant mixing will be solved for in the SCF step 
of the calculations. Barriers or wells in the MOs potential en­
ergy curves will eventually appear as the last remnants of the 

intended but avoided crossing. This in turn will lead to barriers 
(or wells) in the states PESs. Of course these perturbations will 
be rather small but their mechanistic importance is not to be 
underestimated given the limited activation energy an excited 
state can acquire during its lifetime. In the course of our sys­
tematic theoretical study6 of hydrogen abstraction by ketones 
we have encountered several examples of this second family 
of potential energy barriers. 

Let us first consider the n-initiated hydrogen capture in a 
simple formaldehyde-methane model. A CH methane bond 
is broken, an OH counterpart formed. The bonding tr CH MO, 
destabilized during the elongation of the CH linkage, would 
finally correlate with the sp3 hybrid on the methyl moiety 
(CCH3)- At the same time the OH a bonding orbital is built via 
the progressive interaction of the oxygen lone pair (n) and the 
Is hydrogen atomic orbital which is gradually released by the 
rupture of the CH bond. This means that n would naturally be 
stabilized and correlate with aou- The crossing between these 
two in-plane orbitals is strongly avoided, and, as a result, the 
final correlation links n and acH3 on one hand, <JCH and <TOH 
on the other3b (Figure 2a). A state correlation diagram based 
on these final SCF MOs would directly join the ''3n7r* states 
of the reactants and the ' ' 3 D,^ diradical states9 of the inter­
mediates. However, such a straightforward reasoning would 
bypass the consequences of the natural or intended correlations 
of the MOs, that is, the fact that the mr* states would wish to 
reach high-lying O-OH -*^* excited states of the zwitterionic 
CH 2OH ++ C H 3

- intermediates9 (Z,) while the D ^ states 
come from a high-lying change transfer CTCH-""TT* state of the 
reactants (Figure 2b). There is no avoided crossing stricto 
sensu between these two PESs since the MOs crossing has al­
ready been taken into account at the SCF stage of the calcu­
lations but the memory of the intended MOs correlations still 
appears as a small barrier in the ''3nir* states PES (9.2 and 4.6 
kcal/mol for the triplet and singlet states, respectively) and 
a deeper potential well in the corresponding charge-transfer 
PESs (~ 30 kcal/mol) (Figure 3).1 ' Finally let us remark that 
the pseudoavoided crossing of the states corresponds physically 
to the exchange of one electron between MOs of similar sym­
metry, that is, from n to CTCH (or <TOH t° CCH3)' 

The second example we wish to discuss is the 7r-initiated 
hydrogen abstraction reaction, again in the simple methane-
formaldehyde system in which the captured hydrogen atom 
ends up at the carbon center of the carbonyl chromophore thus 
producing methoxy and methyl groups.12 The calculated MO 
pattern is represented in Figure 4a. The bonding TTCO function 
which is already localized at the oxygen end of the carbonyl 
correlates with a pure p orbital of the alkoxy oxygen atom 
(n'0).13 The mixing of the three remaining in-plane MOs (<TCH> 

0002-7863/78/1500-2009S01.00/0 © 1978 American Chemical Society 



2010 Journal of the American Chemical Society / 100:7 / March 29, 1978 

REACTION COORDINATE 

OS)W 

(1A)1 (2A)1 

(1A)1 (2A)1 

(1S)1 (2S)1 

REACTION COORDINATE 

b 

Figure 1. (a) Symmetry-allowed crossings of A and S MOs in the four-
orbital two-electron model, (b) Symmetry-forbidden crossing of totally 
symmetric excited wave functions. 
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Figure 3. Calculated potential energy curves in the n-initiated hydrogen 
abstraction in the formaldehyde-methane system (in the starting and final 
geometries the bond lengths and angles are in angstroms and degrees, 
respectively). 

0CH - S -

n LA , - ' " ' - -, , 

JCH3 

P+H-CH3 f + CH3 

1,3 
0 CH- 1 1 

1,3 
Z1

1OoH-KcO' 

© 
IH GCH3 

X 

' n_K* I X 
JH OCH3 

H H 

Figure 2. (a) Calculated MO correlation diagram in the n-initiated hy­
drogen abstraction in the formaldehyde-methane system.10 (b) "Natural" 
behavior of the nx* and ffcHir* excited states of the formaldehyde methane 
system during the abstraction.10 

CT*CH, and 7r*co) is continuous but involves an intended 
crossing which is erased at the SCF stage of the calculations. 
Indeed ir*co which is mainly concentrated on the carbon atom 
tends to form the antibonding <T*CH orbital and is therefore 
destabilized. The <T*CH methane MO is stabilized by the 
elongation of the CH linkage (its antibonding character de­
creases) and—were it not for the avoided nature of its inter­
section with ir*co—would correlate with the spMike orbital 
of the methyl moiety (<TCH3)> Using the final SCF MOs one 
would predict a straight correlation of the pair of ''3mr* states 
of the reactants with the ''3D,.,. diradical states of the inter-
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Figure 4. (a) Calculated MO correlation diagram in the x(C) initiated 
hydrogen capture in the formaldehyde-methane system.14, (b) "Natural" 
behavior of the nv* and 7T7T* excited states.14 

mediates on one hand, and of the -mr* triplet with the D a a 

triplet diradical on the other. Though the gross behavior of the 
states would be correctly explained, this analysis overlooks the 
fact that, for these three states, an additional energy barrier 
exists which is due to the natural correlations of the antiboding 
MOs. If one considers this natural evolution it appears that the 
n7r* and 7T7r* states correlate with (degenerate) excited func­
tions of the zwitterionic intermediates CH3O - + CH3+ (n -> 
<T*CH a n d n' -* <TCH*> respectively). At the same time the D^ 
and D„a states are linked with high-lying charge-transfer forms 
of the reactants (namely, n -» <T*CH and w - * CT*CH> respec­
tively) (see Figure 4b). '4 Of course, the resulting pseudoa-
voided crossings are strongly prevented by the mixing which 
has already intervened at the MO-SCF level. Still the system 
conserves some memory of it in the energy barriers (~20 
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Figure 5. Calculated potential energy curves in the x(C) initiated hydrogen 
abstraction in the formaldehyde-methane system (in the starting and final 
geometries the bond lengths are measured in angstroms, the angles in 
degrees). 

kcal/mol) which are superimposed on the quasi-linear as­
cending energy changes suggested by the final MO correlations 
(Figure 5). Note that the n7r*-Dffx and Tir*-DaT correlations 
require the (charge-transfer) jump of one electron from the 
7r* to the <X*CH function. 

Two types of avoided crossings therefore govern the mor­
phology of excited states PESs. The first, as discussed by 
Salem,5 occurs at the states level and is initiated at the MO 
stage by the allowed crossing (s) of MOs of different symme­
try. The second, as illustrated in the preceding examples, al­
ready occurs at the MO stage and involves MOs of identical 
symmetry. The discussion of the natural correlations of the 
states is only a convenient—and formal—way to clarify the 
additional barriers (or wells) which may appear in the surfaces. 
Let us again insist that the rationale behind these features is 
to be looked for at the MO level. The mechanistic importance 
of these two types of crossings is comparable. Both usually 
result in small barriers (<20 kcal/mol) but the major role such 
barriers play in the kinetic feasibility of photochemical reac­
tions makes their prediction a key factor in our understanding 
of the behavior of excited species. While the first type (states 
avoided and MO allowed crossings) is easily detected by simply 
looking at the MO pattern obtained at the SCF stage, the 
second (MO and states avoided crossings) requires a careful 
understanding of the MO's "natural" correlations or, in other 
words, of "where the MOs wish to go". 
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