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Open-shell restricted SCF and MC-SCF methods with the semi-empirical MINDO/3 approximation have

been applied to the 37 and II states of the formyloxyl and formylaminyl radicals.

In the MC-SCF formalism,

the 7—7* singly- and doubly-excited configurations are included. The optimized molecular structures and spin
distributions predicted by the SCF and MC-SCF methods are compared. For the II state of formyloxyl, the
restricted SCF method gives a distorted Cg structure as the most stable II structure, while the MC-SCF gives a

symmetric C,, structure.

The use of the MC wavefunctions is recommended for the evaluation of the molecular

and electronic structures of these radicals, in which a doublet instability of the restricted SCF solutionis expected

to occur.

Aminyl radicals?) are unique in that the central
nitrogen atom possesses both an unpaired electron and
a lone pair of electrons in its pure 2p, AO and hybrid
o AOj they are, therefore, capable of existing in either
a Il or 33 ground electronic state. Since the ¢ hybrid
AO is lower in energy than the pure 2p, AO, the II
state is the ground state of alkylaminyl radicals.
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When one of the alkyl groups is replaced by a carbonyl
group, an electron-withdrawing group, the 2p, AO
is stabilized by the carbonyl n* orbital. Thus, the
I and 3] states of the acylaminyl radicals® may be
expected to lie very close to each other, and their
ground state can not easily be predicted. The same
33-II problem occurs in the acyloxyl radicals,3% which
are important intermediates in the thermal and
photochemical decompositions of acyl peroxides.

Several semi-empirical and ab initio calculations have
been reported for solving the 3I-II problem for the
acylaminyl>®) and acyloxyl”® radicals. One theo-
retical problem involved in these radicals is the doublet
instability expected in the RHF wavefunction for the
three-electron # system. It has been pointed out!0-12)
for the allyl radical that the doublet instability occurs
in its & system for some region of its geometrical space,
and this instability does not depend upon the ap-
proximation employed in the semi-empirical or ab
initio RHF methods.’® In this study, a multi-con-
figuration(MC)-SCF formalism for the doublet states
is applied to the formylaminyl and formyloxyl radicals
in the hope of obtaining molecular and electronic
structures which are not disturbed by the doublet
instability of three-electron s system. The II and X}
states of these radicals are calculated by a three-con-
figuration MC-SCF equation with the semi-empirical
MINDO/3 approximation.!® Since the energy dif-
ference between the II and 33 states of these radicals
is expected to be very small,>-9 it is difficult to derive
any ultimate conclusion about the 3I-II problem of
these radicals by the present semi-empirical approxima-
tion. Attention is paid especially to the molecular
and electronic structures of these radicals, obtained

by both the open-shell restricted SCF and the MC-

SCF methods.

Procedure

The distortion of the nuclear framework of the
allyl radical leads to a further lowering of the RHF
energy,'1%) which is inconsistent with the ESR ex-
perimental evidence.'® This instability of the RHF
solution seems to be general in three-electron & sys-
tems.'? The instability problem which appears in the
three-clectron system has been examined in detail
for the H; system by Yamaguchi and Fukutome.1®)
They showed that the RHF solution is stable in only
a small region of the geometrical space of the Hj; system.
The CCC angle of the allyl radical, and also the cor-
responding angles of formylaminyl and formyloxyl,
are expected to be =120°. The UHF solution of
the H; system'® indicates that the correct wavefunction
of this region has the ASDW configuration, which
is expressed in terms of the RHF orbitals by a mixture
of three electron configurations. In the present for-
mylaminyl and formyloxyl systems, these three con-
figurations correspond to the ground configuration and
the n—n* singly- and doubly-excited configurations.
Thus, the following four configuration functions are
taken into account in the present MC-SCF formalism:

2117'0 = I...ii_...ml

WPE(l) = %{]-.-il?---m[—l-|--~k7~-m!}

1 - - —
Wi(2) = 1-/—§{|---ik---m| — I'--ki---ml—2|---ik---m|}

qPrE |---kl?---m|,
and the wavefunction is expressed by:
0 = C¥, + CT(1) + GTI(2) + CTLL. (1)
The electronic energy of Eq. 1 is written as:
Eoiee = Eg + ququ + > qur:([’Ql”% (2)
pa hars

where p, ¢, r, and s run over the ¢, m, and £ orbitals,
and where 4,, and B,,,, are expressed by the con-
figuration expansion coefficients (they are given in the
Appendix). Also,
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= X
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A troublesome aspect of implementing the MC-SCF
formalism involves the handling of the off-diagonal
Lagrangian multipliers, which insure orthonormality
between open- and closed-shell orbitals of the same
symmetry.l? Segal'® has put forward the “partition-
ing basis-set” technique, which simplifies the calcula-
tion of the wavefunctions of the excited states of mole-
cules. His method corresponds to a partial variation
method, in which the variations of open-shell orbitals
are expanded by virtual orbitals. Thus, the MO’s
obtained by this method are not optimum ones. How-
ever, its simplicity makes it possible to obtain many
types of MC-SCF wavefunctions easily. This tech-
nique, which has been applied to the calculation of
MC-SCF wavefunctions by Basch'® and also by the
present author,?) was used in the present study. After
treatment the same as that described previously,2®)
Fock-type eigenvalue equations are obtained:

Fil¢,> =¢,16,> (=12, m—1; %)
Fi| 9> = &l ¢:>
Ful¢pn> = em|pn>
Fil¢p> = x| pr> -
The operators, F, F;, F,, and F,, are given by:
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1
+ TBlcikkfkk + ByiiSri,

where r and s run over two orbitals, ¢ and &, and where
p runs over orbitals which are doubly occupied in the
¥, configuration. The [/, K, and H, , operators
have their usual meanings, and the f,, and g,, operators

are defined by:

S = ([, )1

£a03:) = ( [-4.04:@ar )00,

712

If the variation method is applied so as to minimize
the E,,, with respect to the LCAO coefficients, c,
of:

@, = Xey, .
equations equivalent to Eq. 3 are obtained:

Fic, =ce;

Fic; = cee; 4)

F,c, = cphen

Fiey, = ciey,

where the matrices, F,, F,;, F,, and F,, are evaluated
with the corresponding operator and the set of AO’s.
The configuration expansion coeflicients and the orbital
expansion coefficients are determined by an iterative
procedure described elsewhere.?” The spin density
at the rth AO is obtained by means of:2)

4 2 2
Pr= (1—?02)0% + (?C; +1/-——?70102)0r"

+ (%C H —*V%Clcz)cfk =+ ”1/4_?(0203—0002)0”071;-

The open-shell restricted SCF solutions, which are
being compared with the MC-SCF results, are obtained
by the repeated diagonalization of the correct general
SCF operator for the doublet state given by Hirao
and Nakatsuji.2 This gives correct converged solu-
tions even when the usual Roothaan open-shell treat-
ment diverges.

The semi-empirical MINDO/3 approximation!® is
used to evaluate the matrix elements. The calculation
of the simplest nitrogen-center radical, NH,, by this
approximation gives satisfactory results for both the
molecular structures of the IIy and >3y states and the
energy separation between these two states.2d)

Results and Discussion

Formyloxyl Radical. Formyloxyl has the possi-
bility of existing in the symmetric C,, structure and
is a good example for use in examining the difference
between the results obtained by the SCF and MC-
SCF methods. In the ¥, configuration for the II
state of formyloxyl, the lowest # MO(x), the second
w MO(n%), and the highest # MO(n*) are doubly-
occupied, singly-occupied, and unoccupied MO’s re-
spectively. In the MC-SCF formalism, the #, n% and
a* MO’s are assigned to the ¢, m, and £ MO’s of Eq.
1 respectively. In the calculation of the >3(B,) state,
the % o (by), and #* MO’s are assigned to the 7, m,
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Fig. 1. The structures and spin distributions of the II
and 3 states of the C,, formyloxyl radical.
Atomic spin densities are in parentheses. Bond lengths
are in A, and bond angles in degrees.

and £ MO’s respectively.?) The optimized?®) molec-
ular structures and spin distributions for the C,, II
and X states are shown in Fig. 1. The SCF and MC-
SCF methods predict a very similar molecular structure
for the II(A,) state and also for the 33(B,) state. The
spin distribution of the 33(B,) state by SCF and MC-
SCF also resemble each other. The negative spin
density appears at the central carbon atom in the
MC-SCF II state. Although the molecular structure
and spin distribution of the C,, formyloxyl are not
greatly afected by the inclusion of the excited con-
figurations, the relative energy between the 33(B,)
and II(A,) states is greatly reduced by the MC-SCF
formalism (Table 1).

The SCF calculation gives a stable II(A”") structure
for the distorted C, formyloxyl.?”) This is shown in
Fig. 2. This distorted C, structure is 19.6 kJ mol-!
more stable than the SCF C,, II(A,) state, and the
unpaired electron is located mostly (909,) at one of
the oxygen atoms in this structure. These results
indicate that the SCF calculation predicts the dis-
torted C, structure instead of the symmetric C,, one,
as the most stable IT state. The C,, structure of the
allyl » radical has been determined from the experi-
mental ESR coupling constants of allyl.'® When the
open-shell restricted SCF procedure is applied to the
allyl radical, the distorted C; structure is obtained,
while the MC-SCF MINDO/3 procedure presented
here gives the C,, structure,® which is consistent
with the experimental evidence for the allyl radical.
Thus, the C,(II) structure of the acyloxyl radical pre-
dicted by the present SCF calculation may not be
correct for the II state of acyloxyl.

When the MC-SCF optimization of the nuclear
framework, using the Cg structure in Fig. 2 as the
initial structure, was carried out for the II state, the
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Fig. 2. The optimized structure and spin distribution
(in parentheses) of the II(A”) state of the distorted
C; formyloxyl radical. The MC-SCF formalism does
not give the stable structure for the distorted form.

TaBLE 1. RELATIVE ENERGIES (k] mol-!) oF THE
> anp I STATES OF THE FORMYLOXYL RADICAL

SCF MC-SCF
S)(B,) 0.0 0.0
TI(A,) 59.8 9.2
II(A”) 40.2 —

symmetric IT structure shown in Fig. 1-(b) was obtained
as the optimized one. It may be concluded that the
stable Cg II structure of formyloxyl predicted by the
SCF calculation results from the doublet instability
expected in the RHF solution for the C,, structure of
the three-electron s system, and that this instability
is removed by the MC-SCF treatment. The wavefunc-
tion of the C,, II(A,) state, Fig. 1-(b), is:
0.974%, + 0.039%% (1) + 0.210¥°%(2) — 0.0817'%

The contribution of the doubly-excited configuration,
¥, to this state is small. It was found that the
exclusion of the doubly-excited configuration from the
present MC-SCF formalism also gives the C, (A,)
structure, instead of the C (A") one, as the most stable
II state. Thus, the inclusion of the singly-excited con-
figuration in the MC-SCF formalism appears to be
sufficient to remove the doublet instability expected
in the RHF solution of C,, three-electron radicals.
It should be noted that, if the symmetry of formyloxyl
is restricted to C,,, a reliable structure for the II state
is obtained by the restricted SCF calculation, since
the SCF and MC-SCF structures of the II states (Fig.
1) closely resemble each other. The reliable spin
distribution can be obtained by the SCF calculation,
followed by the CI calculation.

Formylaminyl Radical. The optimized structures
and spin distribution for the II and X states of for-
mylaminyl are shown in Fig. 3. The difference in
the molecular structures between the SCF and MC-
SCF II states is not very large, but it is important;
the lengthening of the CO bond and the shortening
of the CN bond are more obvious in the MC-SCF
structure than in the SCF structure. This indicates

Vi >
H— —  H—C

c\N’ \N

o "
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Fig. 3. The structures and spin distribution of the II
and 3} states of the formylaminyl radicals. Atomic
spin densities are in parentheses. Bond lengths are
in A, and bond angles in degrees.

that the single-determinant SCF calculation overesti-
mates the contribution of one of the canonical structures
to the II electronic state of this radical. This trend
also appears in the calculated spin distribution; the
larger spin density on the oxygen atom is obtained
in the MC-SCF structure. As is to be expected from
the analysis of the formyloxyl radical, the difference
between the SCF and MC-SCF structures for the II
state of the acylaminyl radical may result mainly
from the unstable nature of the restricted SCF method
for this radical. A large difference is observed in the
SCF and MC-SCF spin distributions in the 3J(A’) state
(Figs. 3¢ and 3d). This may come from the difference
between the SCF and MC-SCF structures. The de-
crease in the HCN and CNH angles causes a larger
interaction between the 1s AO of the H-C hydrogen
atom and the hybrid odd-electron AO of the nitrogen
atom, and the spin delocalization occurs from the
nitrogen to the hydrogen atom. A similar trend has
been observed in the spin distributions in the SCF
SI(A’) state, which are calculated as functions of the
CNH angle.

The ESR spectra of several acylaminyl radicals
have been obtained.»® The nitrogen splittings are
~15G (1 G=10*T), and the N-CHj proton splittings
are =29 G. These values are very similar to those
of the dialkylamino radicals,’»® whose ground state
is of the z-type, and also indicate that the odd-electron
AO at the nitrogen atom is not the sp hybrid AO,
but almost pure 2p AO. These ESR results support
the I ground state for the acylaminyl radical, although
it is not possible absolutely to exclude a 3y structure

with the CNC angle of =180°, The MC-SCF results
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TaBLE 2. RELATIVE ENERGIES (kJ mol-!) oF THE
31 anp II STATES OF THE FORMYLAMINYL RADICAL

SCF MC-SCF
SIA) 0.0 7.1
TI(A”) 26.4 0.0

in Table 2 indicate that the ground state of formyl-
aminyl is of the II(A") type, which is consistent with
the results of the ESR experiments. However, the
energy difference between X} and II is very small.

The ab initio STO-3 G and 4-31G calculations by
Baird and Kathpal® show that the 3]y state is much
(>40 kJ mol-1) higher than the Il state, while the
present results predict they will lie very close to one
another. In their calculations of the formylaminyl
radical, all the bond angles around the carbon atom
were assumed to be 120°. As may be seen from Fig.
3, the bond angles around the carbon atom deviate
greatly from 120°; the optimization of these angles
is important in estimating the relative energy between
the II and X states.

Significant differences have been observed between
the SCF and MC-SCF molecular electronic structures
for the formyloxyl and formylaminyl radicals. They
come mainly from the doublet instability of the re-
stricted SCF solutions for the 3z-electron radicals.
The allyl 3s-electron system is described correctly
by the present MC-SCF procedure;'¥ the use of the
multi-configuration wavefunction is recommended for
the evaluation of the molecular and electronic struc-
tures for the lower-lying Il and 33 states of acyloxyl
and acylaminyl radicals.

Appendix

Ay, and By, in Eq. 2 are expressed by the following
configuration expansion coefficients; all the other values
are zero.

4, = —Ci — G — 2C;

A = C + C} + 2C3

A = Ay = V2 (GCr+ C1Gy)
Biiii = Biurw = C3

B, = —Ci — Ci — 403

1 _
Bpiim = Bimmi = T(Cg -V 3G,Gy)

1 _
Buikm = Brmme = T(Cg +13C,Gy)
Ve
Bmikm = Bimmk = T(Cocz"‘czca)

Bitis = Brui = —12CiGs
Biiir = Brire = 12 C1Cy
Biix = Briri = GoCs

Bk = 2(Ci+C3).
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