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Finally we note that the C N D O / 2 - N O - C I parametric 
scheme does a pretty good job of estimating rotational bar­
riers in small molecules. The INDO-NO-CI results are less 
good and the CNDO/S parameters are not useful for calcu­
lating rotational barriers (Table VI). In cases where the 
SCF process very nearly produces the dominant configura­
tion, the CNDO/2-NO-CI 'wi l l offer little improvement, 
but where alternate low-energy configurations are available 
(derealization) the natural orbital CI should offer im­
proved electronic structure interpretations. 
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spite of the fact that the nitroxide group is known to exist in 
both planar3 (a = 0°) and bent4 (a ^ 0°) geometries. On 
the other hand, the question of the geometry around the 
radical carbon in the isoelectronic ketyl series has recently 
been the object of both experimental5 and theoretical6 in-
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vestigations. Table I. Total Energies of H2NO (au) 

This prompted us to investigate the conformation and hy-
perfine structure of the nitroxide and ketyl groups in the 
simple H2NO and H2CO - radicals using ab initio quantum 
mechanical methods. The calculation of the ground-state 
electronic wave function, energy, and hyperfine splittings 
was performed using the spin-restricted LCAO-SCF meth­
od of Roothaan.7'8 A configuration interaction including all 
spin-adapted monoexcited configurations with three uncou­
pled electrons was then carried out using perturbation theo­
ry.9 Under those conditions, the total energy is given by 

(D -ESCF "*" 

with 

^ 4 ^ 2 En - E6.v* 
(2) 

The total hyperfine splitting of nucleus M is 

with 
«M = «d + «sp = (87r/3)(^e/£0teM/3M(pd + pj (3) 

Pd - |0u(rM) |2 

Psp = Z Z _ 2 ( y M * ) Uru)*A*u) (4) 

In these equations, Esp and psp are the energy correction 
and spin density arising from spin-polarization effects re­
spectively. The 0d are the doubly occupied MO's of the 
ground-state, the <£v* are the associated virtual MO's, and 
4>u is the singly occupied orbital, responsible for the dereal­
ization spin density pa-

Two basis sets of Gaussian-type orbitals were used. Basis 
I was composed of (7s,3p/3s) functions10 contracted to 
(3s,2p/ls). Basis II was built from basis I by adjunction of 
d orbitals on first-row atoms (C, N, O) and p orbitals on 
hydrogens11 (3s,2p,ld/ls,lp). 

Basis I. H2NO. Starting with an approximate geome­
try,12 the bond lengths (NO,NH) and bond angle (HNH) 
were successively varied in a cyclic procedure until a mini­
mum in energy was located for the planar form (NO = 1.34 
A; NH = 1.00 A; HNH = 123°). The introduction of out-
of-plane geometrical parameters confirmed the stability of 
the planar structure. However, there is only a 0.6 kcal dif­
ference between a = 0 and 30° (Table I). 

H2CO-. The initial geometry was adapted from the par­
ent neutral molecule13 except for the CO bond length which 
has been taken as 1.34 A by analogy with H2NO. The bond 
length and bond angles were varied in turn using the same 
cyclic procedure until the total energy was minimized. This 
point was achieved for a pyramidal structure (CO = 1.33 
A; CH = 1.09 A; HCH = 117°5';« = 24°). The computed 
inversion barrier is 0.446 kcal (156 cm -1) as shown in 
Table II. 

Basis II. H2NO. Starting with the above geometry, the 
same process of optimization led to a pyramidal equilibrium 
form (NO = 1.27 A; NH = 1.00 A; HNH = 123°; a = 
17°). The inversion barrier is then 0.064 kcal (22 cm -1). 

Basis I 

Basis II 

Basis III 

a, deg 

0 
30 
0 

17 
0 

26°22' 

0 UHF calculation. 

Table II. Total Energies 

Basis I 

Basis II 

a, deg 

0 
24 
0 

27 

•EscF 

-130.027677 
-130.026646 
-130.125392 
-130.125494 
-126.59425 
-126.59477 
-126.5973» 

of H2CO-(au) 

•ESCF 

-113.465440 
-113.466150 
-113.531012 
-113.532407 

Esee + £ a p 

-130.035687 
-130.034443 
-130.140818 
-130.140843 

£SCF + Esv 

-113.475202 
-113.475691 
-113.544414 
-113.546823 

At this stage, it is of interest to mention (Table I) that a 
previous unrestricted SCF calculation14 of H2NO using a 
noncontracted basis of a rather limited size (3s,2s,2p) led to 
a pyramidal equilibrium geometry (NO = 1.32 A; NH = 
0.99 A; HNH = 116°25'; a = 26°22'). Using the same 
basis set (basis III) in the present restricted SCF formal­
ism, we found that, all other parameters unchanged, their 
pyramidal form was lower than the planar one by 0.326 
kcal (114 cm -1). Therefore, the structure found for the rad­
ical site is independent of the UHF or RHF formalism but 
highly sensitive to the basis. The NO bond length of 1.34 A 
(basis I, RHF) or 1.32 A (basis III, UHF) reduces to a 
value of 1.27 A (basis II, RHF) in fair agreement with ex­
periment.3'4 This suggests that polarization functions which 
spread far from the NO axis give a better description of the 
singly occupied antibonding orbital and consequently of the 
nitroxide group. 

H2CO-. Starting with the above geometry, reoptimiza-
tion of bond lengths and angles has led to a quite similar py­
ramidal form (CO = 1.30 A; CH = 1.09 A; HCH = 
116°5'; a = 27°). The inversion barrier is then 0.875 kcal 
(306 cm-1). 

The preceding results are not significantly modified when 
adding the energetical corrections given by the first-order 
perturbation treatment15 to the SCF values (Tables I and 
II). Introduction of polarization functions leads to a small 
shortening in the CO bond length, the structure found for 
the radical site being much less sensitive to the basis in the 
ketyl than in the nitroxide. 

In either event, the potential energy curve is very flat­
tened around the a = 0° position for the nitroxide and the 
inversion barrier, if any, is undoubtedly of the same order of 
magnitude as the zero point vibrational energy of the out-
of-plane vibration. Therefore, a precise determination of a 
in H2NO appears to be somewhat speculative. By contrast, 
the depth of the energetical well for the ketyl and the relat­
ed inversion barrier are more significant, so that a pyram­
idal structure can be reasonably expected for H2CO - . 

Both radicals, in their pyramidal forms, are described by 
the electron configuration 

(la')2(2a')2(3a')2(4a')2(la")2(5a')2(6a')2(2a")2(7a') (C5) 
It should be added that there is only one more electron in 
the 2a" level, essentially nonbonding at the oxygen, com­
pared with the lowest excited (n-7r*) singlet or triplet states 
of formaldehyde. Interestingly, the geometrical parameters 
and inversion barrier determined here for H2CO - are in 
close concordance with experimental findings16 and theoret­
ical calculations17 on excited H2CO. This is in agreement 
with Walsh predictions on H2AB molecules18 and supports 
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H2NO H2CO 
a.u a.u 

0 2 0 0 L 0 2 0 0 t 

0 20 40 60 a° 0 20 40 60 Q0 

Figure 1. Nitrogen and carbon-13 spin densities; <ZN (G) = 115.3/3 (au), 
ac (G) = 401p (au); derealization contribution (O), spin-polarization 
contribution (A), total spin density (+). 

the common assumption according which n electrons have a 
minor influence on the molecular geometry. 

For the equilibrium geometries, the computed splittings 
(basis II) are a N = +6.09 G, ao = -41.70 G, a H = -8 .94 
G for H2NO, the experimental values being19 \as\ = | aH | 
= 11.9 G, and a c = 51.31 G, a 0 = -17.30 G, a H = 
— 11.27 G for H 2 C O - , the experimental values being5* | a c | 
= 37.68 G J a H| = 14.26 G. 

All our results are correct in sign, as compared to avail­
able experimental data.5d '20 They are in good agreement 
with the observed values, especially for H 2 C O - , if one con­
siders the high sensitivity of a c to out-of-plane distorsions 
as illustrated by the variation of spin densities reported 
below. In assessing the quality of agreement with experi­
ment, it should be kept in mind that a large basis set and 
rather extensive configuration interaction are required in 
order to obtain convergence of the hyperfine splittings,21 

especially for nitrogen.22 

Nevertheless, the comparative evolution of the nitrogen 
and carbon-13 hyperfine splittings with a is illuminating 
(see Figure 1). 

Both direct and indirect spin densities are positive. The 
net lowering of spin polarization as a increases is complete­
ly overwhelmed by the derealization contribution. The 
most striking feature of these curves is the higher amplitude 
of the variation of ac compared with that of a\. This can 
be simply apprehended by inspecting the distribution of spin 
populations, which are often identical with spin densities pw 

in semiempirical estimations, in the equilibrium geometries 
of H 2 NO GON- = 0.24; p o 1 = 0.76) and H 2 C O - (pc* = 
0.63; po"" = 0.33).23 The difference between these two iso­
electronic compounds is that the unpaired electron is mainly 
located on the central atom in the ketyl group, contrary to 
the nitroxide group. This is responsible for the strong sensi­
tivity of a c to geometrical changes at the radical site. Thus 
we would anticipate an increase in a N and a c with the out-
or-plane bending. 

These ab initio calculations clearly show the similarity of 
the isoelectronic ketyl and nitroxide radicals. They throw 
some light on the large variety of geometries and oN found 
in nitroxides. They clearly show that the nitroxide function­
al group does not possess a well-defined intrinsic geometry, 
as the rigid carbonyl group does, for instance. So, the con­
formation at the radical site, the inversion barrier, and the 
nitrogen coupling will be critically dependent on the molec­
ular framework.24 Nitrogen inversion studies in closed shell 

molecules have provided similar conclusions.25 They also 
suggest that the ketyl functional group should be nonplanar. 
The value of the out-of-plane distorsion at the radical site, 
the inversion barrier, and, of course, the a c coupling con­
stant would be expected to depend to some extent on sur­
rounding interactions. 
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Surface crossings, whether real or intended, are playing 
an increasingly important role in the interpretation of or­
ganic phenomena. It is well known that in Woodward-
Hoffmann thermally forbidden reactions, there is an in­
tended crossing between the ground-state surface and the 
surface for the doubly-excited state.3 More recently the 
photochemical Norrish type II process has been shown to 
involve an intersection between the energy surface for excit­
ed reactant and that for ground reactant.4 A similar surface 
crossing occurs in other major photochemical reactions.4 

Certain organic transients have two neighboring singlet sur­
faces with intersections and near-intersecting regions.5 Our 
purpose here is not to deal with rigorously allowed intersec­
tions between electronic states. The theory of these cross­
ings is well established.6 Our intention is to bring to light 
the different types of "intended" or "avoided" crossings be­
tween states of the same spin multiplicity. In certain in­
stances the avoided crossing occurs near a real crossing. In 
other cases the "intention" to cross is unknown to the real 
surfaces; the crossings are due to an approximate starting 
description of the wave functions for the two neighboring 
surfaces. 

The first part of this paper contains a classification of the 
different types of avoided crossings which are known. In the 
second part of our work we introduce a method which al­
lows for proper calculation of the neighboring surfaces in an 
avoided crossing region. Finally, in the third section, we 
demonstrate a simple law for the energy gap when a rigor­
ously allowed crossing is destroyed concomitant to the de­
struction of a symmetry plane. The manner in which this 
gap varies with nuclear geometry is emphasized. 

A Classification of Avoided Surface Crossings 

A useful study of certain avoided crossings and of the ap­
propriate terminology has been given by O'Malley.7 The fa­
miliar distinction is made between stationary adiabatic 
states, which diagonalize the electronic Hamiltonian, and 
whose surfaces would be followed by slowly moving nuclei, 
and nonadiabatic (or diabatic) states for which the total 
electronic Hamiltonian is not diagonal. An avoided-crossing 
situation arises when the nonadiabatic surfaces intersect 
but when this intersection disappears by inclusion of the re­
maining off-diagonal terms 

SN = 14.27 G), cf. R. M. Dupeyre and A. Rassat, J. Amer. Chem. Soc, 
87, 3771 (1965); 9-aza-bicyclo[3.3.1]nonan-3-one-1-oxyl (CNC = 
114°2'; a = 3O0T, an = 17.55 G), cf. R. M. Dupeyre and A. Rassat, J. 
Amer. Chem. Soc, 88, 3180 (1966). 

(25) J. M. Lehn, Fortschr. Chem. Forsch., 15, 311 (1970). 

\ adiabatic / 

nonadiabatic ,- C nonadiabatic 
^ i — ^ . 

/ adiabatic \ 

We have been able to distinguish between four types of 
avoided surface crossings. The first type (A) occurs in the 
neighborhood of a true crossing of electronic states. The 
other types (B, C, D) originate from "incorrect," nonadia­
batic starting electronic wave functions, which are useful in 
that they are a good initial basis for discussing the "cor­
rect," adiabatic, surfaces, In these cases a physical crossing 
never occurs. 

In the first case the previously adiabatic states and sur­
faces, which described correctly a physically correct inter­
section in one region of multidimensional space (C, symme­
try), become nonadiabatic when they are carried over into 
those regions of multidimensional space where the crossing 
is forbidden (Ci symmetry). However, they again serve as 
a useful starting point for the study of the new, avoiding, 
adiabatic states in this region of space. 

Type A. Neighborhood of a Symmetry-Allowed Crossing 
(Destruction of the Symmetry Element). The first type of 
avoided crossing is encountered for molecular geometries 
close to, but not identical with, a symmetrical geometry in 
which a crossing occurs rigorously between two electronic 
states. A common case will be the crossing between a sym­
metric A' state and an antisymmetric A" state for a molec­
ular system with a plane of symmetry. Such interactions 
have been called "accidental" 6d but are quite common. Ex­
amples of such crossings in organic chemistry include o,ir 
bitopic reactions413 (such as hydrogen abstraction by ke­
tones), certain cr(<r,7r) tritopic reactions415 (coplanar a cleav­
age of hexadienones), etc. In the former family, one surface 
leads to a zwitterion, the other to a diradical; in the second 
family, the two surfaces lead to diradicals of different sym­
metry. If one or several nuclei are displaced slightly so as to 
destroy the symmetry plane, the crossing becomes forbid­
den since the adiabatic states must now have the same sym­
metry. Its intended character, however, shows up clearly for 
displacements which are not too large. Such a type A avoid­
ed crossing is illustrated in Figure 1. 
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