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The electronic structures were calculated for the ground and several excited states of systems composed of a
formaldehyde molecule and a hydrogen atom at various relative positions by means of an INDO-UHF-CI method,

in order to elucidate the hydrogen-abstracting process of excited carbonyl compounds.

The results were presented

and discussed by means of the adiabatic potential energy curves, by means of configuration analysis using the

various states of the non-interacting component species as reference, and by means of electron-density maps.

The

results showed in a concrete way that the process may proceed through an intermediate charge-transfer state, and
the electron-density maps had features suggesting an attractive force acting on the positively charged hydrogen

atom.

There have been increasing efforts to understand the
mechanisms of chemical reactions in terms of the
electronic structures of the molecular systems concern-
ed.) The analyses have mostly been restricted to
reactions between molecules in their ground states,
although the principle may be the same for the cases
when one or both of the partners are in excited states.

In the present work, electronic structures were
calculated for systems composed of a formaldehyde
molecule and a hydrogen atom at various relative
positions in an attempt to get some insight into the
nature of the hydrogen abstraction reaction of excited
ketone molecules, as that reaction is one of the most
clear-cut and best investigated chemical processes of
excited states.? The process has, though, been described
and discussed based only on the qualitative features of
the electronic structures of the excited ketone molec-
ules.2:14¢:15  For a more detailed understanding of the
process, it seemed essential to compute the electronic
structures of the combined system for a series of relative
positions of the reactants. Since the calculation seemed,
unfortunately, to be beyond the power of moderate
computational facilities for real systems investigated
experimentally, a model calculation was undertaken.

Ground and excited states of formaldehyde have been
the subject of semiempirical calculations® of various
precisions as well as of ab initio calculations.y The
electronic states of the HCHO-H,O system were
calculated by Iwata and Morokuma.? In the case of
the HCHO-H system, open shell or shells are involved
in all the states, including the ground state. One way
of treating the system would be a configuration interac-
tion (CI) calculation using the configuration state
functions (CSF’s) constructed by the molecular orbitals
-(MO?s) calculated for isolated HCHO plus an MO
localized on the additional H atom. However, another
method was attempted in this work; that is, the whole
system was treated as a quasi-molecule by an SCF
procedure. The method takes into account all the
interactions between the ‘components in a direct way

* A part of this work was presented at the Symposium
on Molecular Structure, Osaka, November 1975.
** Present address: Kydei Keisan Center Co., Ltd.,
Setagaya-ku, Tokyo.

at any internuclear distance. The resulting wavefunc-
tions may be too complicated to be interpreted directly,
but their expansions with the CSF’s of the components
(configuration analysis)® would help to grasp the
characteristics of the states pictorially. As the RHF
treatment will encounter the problem of orbital ortho-
gonalization,” and as the wavefunction must be com-
puted for a variety of geometries, the calculation was
done by the INDO-UHF procedure” in order to
obtain approximate wavefunctions without using too
much computer time. Similar procedures have been
used by several authors for similar purposes.d:1®) A
fairly limited configuration interaction has been taken
to improve the qualities of the excited states as well as
of the ground state and to secure correct dissociation
behaviorl®® of each state. In such a limited CI proce-
dure, the SCF orbitals may be superior to the isolated
HCHO and H orbitals for the state mainly composed
of the ground-state configuration, as Brillouin’s
theorem1%) states. For excited states, the situation was
more subtle, but again the SCF orbitals seemed to be a
better choice, as many terms cancelled each other out
in the CI matrix element calculations. To visualize
the results further, electron-density maps were drawn
for some typical geometries. The conclusions obtained
therefrom were in general agreement with those obtained
by other methods of analysis; one interesting feature was
that the maps were indicative of the direction of the
force exerted on the approaching H atom.

Method of Calculation

The geometry of HCHO was taken to be planar
(Fig. 1), and the dimensions were those given by the
microwave analysis by Takagi.® They were fixed
throughout this calculation. The position of the addi-
tional H atom will be defined below using the coordinate
system given in Fig. 1. The method of INDO-UHF
calculation was the same as that given in Ref. 9. The
configuration interaction was confined to the 18 doublet
CSF’s*** resulting from the excitation of the 7, n, and

¥**  Quartet states resulting from 3(HCHO)-H were not
considered here, as they seemed to be of little importance in

the photochemical process.
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Fig. 1. Geometry of HCHO-H.
r,=1.2078 A, r,—1.1161 A, 6=116°31",
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TABLE 1. LIST OF CONFIGURATION STATE FUNCTIONS
e (m)*(n)?(h)
Pa (m)*(n) (b) (n*)*
¥s (7)*(n) (h) (n*)™
2 (m) ()2(h) (n*)*)
Ps (m)*(b) (=*)?
Ps (m) ()2(h) (m*)®
¢ (BCT) (m)?(n) (h)*
Ps (m) (n) (h) (z*)*
Po (m) (n) (h) (n*)* ™
P10 (BCTY) (m) (0)?(h)?
Y (CTy) (m)*(n)?(n*)
P12 (BCTy) (m)?(h)?(n*)
P1s (BCT,) (m) (0) (h)?(z*)®
Pua (0)?(h) (n*)?
P15 (CTY) (m)*(n) (n*)?
P16 (BCT;) () (n) (h)*(z*)®
P12 (CTy) (m) (0)?(n*)?
P1s (BCT,) (n)?(h)?(n*)

a), b), c), d) These configuration state functions are
independent-spin-state pairs.

h orbitals to the &* virtual orbital. Here, the =, ¥,
and n orbitals were named by analogy with the orbitals
of isolated HCHO, and h denotes the orbital with its
main component on the approaching H atom. These
CSF’s are summarized in Table 1, together with the
numbering used below. The primitive UHF deter-
minantal wavefunctions are not exact spin eigenfunc-
tions, and the generation of exact state functions
therefrom requires complicated procedures.’® In view
of the rather semi-quantitative nature of this work and
various approximations already done in INDO calcula-
tion, no effort was made to spin-project the UHF
determinantal wavefunctions; when their linear com-
binations were essential, as when three singly occupied
orbitals existed, the following simple approximation was

¢ — —— ¢ Tt*_T_ _ rf‘_._i_i"
h-f—=h h4+—h n4+—n
n$ 47 n—=F-n n

& i} £ B
k2% Bt Frxe

Fig. 2. Three independent arrangements of electrons re-
sulting from nz* excitation.

K’_T_ - T

Frxinh
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taken tentatively for the doublet wavefunctions. First,
let it be assumed that the orbital functions for the a-
and B-spins coincide as in RHF calculations. Corre-
sponding to the excitation of an n electron in the ground
configuration, ®,, to the #* orbital, for example, there
may result three independent determinantal wavefunc-
tions: ®, .+, & 3+, and Pn 55 (Fig. 2). Two independent
combinations of these determinants, which are exact
doublets,') may be taken as

wa. = (¢n.x'+¢i.i*)/o\/7, (1)
¥y = (— Pyt +P5,5¢+2Pp,%.5,8)/4/ 6 - (2)
In the UHF case, orbital forms for a«- and S-spins
generally differ; however, if the differences are not too
serious, ¥, and ¥y, can be taken as representing approxi-
mately two doublet CSF’s. For the estimation of the
matrix elements of interaction between these CSF’s,
Slater’s rule'® was invoked, and the one- and two-
electron integrals therein were again evaluated accord-
ing to the prescription of the INDO method.
Configuration analysis was done in essentially the
same way as the original paper® with necessary adapta-
tions to doublets. The reference states were those of a
hypothetical system composed of non-interacting com-
ponent species. Here, two combinations,

7. = (@a+ 0V 2, (1)
3 = (—Dh+ 05+ 205, 4 5,5) 4/ 6 - (2))
represent exact doublets, as the orbital functions for
o~ and f-spins coincide in this case. The superscript,
0, on ® means the reference state. On the other hand,
the CSF’s assumed above for the real system are con-
taminated by the quartet character. A third linear
combination,
wg = (—d>§,,*+¢>§,;a—cl>;’,,,,*= E.E)/'\/?:

is orthogonal to both ¥$ and ¥ and represents a CSF
quartet.!?) Thus, it would be appropriate to expand any
state function, ¥, in terms of this type of trio,

¥ =+ CPht+Pa)/a/ 2
+ Co(— D+ DR, + 280, 4.5,0)// 6
+ C(— 5, ¢+ Prz— Dhetmn)// 3 + oo (3)
Equation 3 may be rewritten as:
V= + 8+ foD52¢ + fiDhetng + 5 ()
with
Si=CIN2 — G/ 6 — G/ 3,
Li=CI/2 + G/ 6 + Cla/3, ®)
Js= 202/«/—6— - Cs/l\/g—-

The coefficients, £, f, and f; are determined by means of
the ¥ function, ®; .+, P 7+, and Pp 55 functions by
the use of equations similar to those given in Ref. 6.
The three Eqs. 5 are then solved to give

G = (AN 2,
G, = (A+Hat26)IVE,
G = (—A+—hH)IV 3.

The Cj coeflicients are measures of the spin-contamina-
tion of the ¥ function.
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Results and Discussion

Potential Curves and Configuration Analysis. The
adiabatic potential curves obtained for several low-
lying states are given in Figs. 3—5 for three modes of
approach of the H atom. The results of configuration
analysis along these curves are shown in Tables 2—6.
In these figures, potential curves correlating to ¥, ¥'s,
U3, ¥, T, T, etc. for R=o0 are not shown in order to
avoid confusion. Each state, except for the one denoted
as CTj in the figures, was found to dissociate rationally
to an H atom and an HCHO molecule in its ground or
in some of its excited states, which are shown beside
each potential curve. The irreducible representation
of each state is also indicated there. The CT symbol
(charge transfer) is used here to denote states in which
an electron in the h orbital is transferred to one of the
empty orbitals of the HCHO component. As several
different CT states arise, they are distinguished by
subscripts, 1, 2, ---. They were found to dissociate to
an H* and an HCHO- in its ground or various excited
states. In the CTj state, the transferred electron occupies
the LUMO #z* and has been found to play an important
role in the chemical process under consideration. The
BCT symbol (back charge transfer) indicates the states
in which two electrons occupy the h orbital.

P

—700F T B

—
e)+H A

—705]
—710r

—715

Total energy/eV

—720]

T

R/A

Fig. 3. Potential energy curves of ground and lower ex-
cited states of HCHO-H system; approaching H on
X-axis. Beside each curve are given the states of com-
ponents to which the state dissociates and the irreduci-
ble representation in C,, point group.

When the H atom approaches along the X-axis
(Fig. 3), the CT; curve drops sharply as R is reduced, but
it merely crosses the lower potential curves. Even
finite speed motions of the H atom will not cause
transitions between these states. As a consequence, the
H atom will not be attracted strongly by an nz* or
nn* excited HCHO molecule in these geometries. A
shallow minimum found in each potential curve at an
R value of ~1.2A is also seen in the ground-state
potential curve; it might represent an attraction which
is the cause of a stable ketyl radical formation from an
H atom and an HCHO in the ground state. Another
notable point in this nuclear configuration is that the
potential curves of the [*(nn*)+4H] and [Y(nn*)+4H)]

INDO-UHF-CI Calculations on HCHO-H System

2115

TABLE 2. CONFIGURATION ANALYSIS OF [*(nz*)4H]
(H o~ X-axis)

R(A) &2 ) ¢s  Total (%)
4.0 1.0 L — — 100
3.0 0.993 0.007 —0.003 98.7
2.848 0.896 0.420 —0.005 98.0
2.846 0.734 0.634 —0.004 98.5
2.844 0.536 0.840 —0.003 99.2
2.0 0.019 0.992 —0.003 98.4
1.5 0.022 0.958 —0.008 90.5
1.25 0.028 0.898 —0.016 80.7
1.15 0.039 0.866 —0.020 75.1
1.0 0.046 0.796 —0.021 63.1
0.95 0.046 0.751 —0.019 56.8
0.9 0.042 0.687 —0.014 47.6

¢i = [*(nn*)+H]°, ¢§ = [*(nn*)+H]°, ¢¢ = [*(nr,

n*n*)+H]J°.

states closely approach at an R value of 2.84 A, where
the two states exchange characters rather abruptly, but
continuously (Fig. 3 and Table 2). This is a case of
pseudo-crossing,'® and the transition between these
adiabatic states may become possible by finite-speed
motions of the H atom relative to the HCHO molecule.
This observation is interesting because it seems to
represent a mechanism by which singlet-triplet transi-
tions of molecules are promoted through the formation
of charge-transfer complexes with other species having
odd electrons.
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Fig. 4. Potential energy curves of ground and lower ex-
cited states of HCHO-H system; approaching H on
Y-axis. Beside each curve are given the states of com-
ponents to which the state dissociates and the irreduci-
ble representation in C, point group.

When the H approaches along the Y-axis to the
HCHO in the (nn*) or 3(nn*) excited state, the energy
of the system decreases remarkably as a result of the
strong configurational mixing with the CTj state (Fig. 4
and Table 3). The broken lines in Fig. 4 are intended
to express these facts schematically. The transition to
the ground state is, however, impossible in this mode
of approach.

When the H atom is on the Z-axis, it is the [3(mwn*) -
H] state which shows a marked decrease in energy as a
result of the configurational mixing. The situation is
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TasrLe 3. CONFIGURATION ANALYSIS OF [*(nn*)++H]
(H oN Y-axis)
RA g g e wm oy
(]

4.0 0.999 — —0.005 —0.014 0.001 100
3.0 0.997 0.008 —0.012 —0.024 0.003 99.4
2.4 0.785 0.600 —0.022 —0.055 0.005 97.9
2.0 0.004 0.967 —0.214 —0.033 0.028 - 93.8
1.7 0.242 —0.353 0.622 0.440 —0.151 79.0
1.5 0.099 —0.194 0.739 0.325 —0.191 73.7
1.25 —0.245 —0.162 0.704 0.244 —0.197 68.2
1.15 —0.176 —0.172 0.707 0.194 —0.202 64.1
1.0 -—0.176 —0.189 0.678 0.185 —0.201 60.5
0.95 —0.151 —0.197 0.671 0.171 —0.191 58.7

g2 = P(nn*)+HI°, ¢ = [(nn*) +H]°, ¢, = OT
¢% = BCTS, ¢% = CT3.

[Vol. 50, No. 8

complicated here because of the abundance of states
involved, but the results of configuration analysis may
be summarized schematically as follows. The CT; state
first interacts with [Y(mn*)+H] in the region of R=
2.5—3.0 A, and its character is transferred to the latter.
The second state then interacts with [3(zz*)+H] in the
region of R=2.2—1.3 A; the lower state acquires a
CT,; character, and its energy drops remarkably as R
becomes smaller, until it reaches near that of the ground
state, where a third pseudo-crossing to the latter state
occurs. The lowest adiabatic state is seen to have a
CT, character as the main one for R<1.0 A.  Another
feature of these geometries is that the BCTg character
seems to be an important cause of the energy decrease
of the [3(mn*)+H] state in the region of R=3.0—2.2 A.

The importance of the charge-transfer type of inter-
mediate states has frequently been suggested for quench-

TaBLE 4. CONFIGURATION ANALvsIS OF [3(nn*)+H] (H oN Z-Axis)

R(A) N N &5 ¢ o i &ty & Total (%)
4.0 — 0.996 0.002 —0.011 —0.048 0.001 0.002 —0.080 100
3.0 —0.001 0.857 0.063 —0.063 —0.269 0.021 0.014 —0.428 99.8
2.2 —0.004 0.510 0.266 —0.080 —0.508 0.081 0.048 —0.618 98.7
1.7 0.027 0.069 0.344 —0.050 —0.635 0.089 0.059 —0.298 63.0
1.5 0.121 0.200 0.38¢ —0.049 —0.711 0.064 0.048 —0.303 81.0
1.3 0.312 0.229 0.395 —0.004 —0.656 0.174 0.103 —0.323 88.3
1.15 0.521 0.259 0.337 0.121 —0.494 0.227 —0.071 —0.306 86.4
1.0 0.628 0.196 0.229 0.265 —0.319 0.269 —0.039 —0.156 75.5
0.95 0.675 0.244 0.232 0.287 —0.303 0.319 —0.076 —0.182 88.5
@7 = [(GS)+H]°, ¢{ = [*(nn*)+H]°, ¢¢ = [*(an*)+H]°, ¢} = BCT;, ¢y = CTY, ¢i = [(nn, n*n*)+H]°,
¢?1= CT?: ¢’?a = BCT: .

TaBLE 5. CONFIGURATION ANALYSIS OF [(GS)+H] (H oN Z-axis)
R(A) a &3 &3 P o o P P Total (%)
4.0 1.0 — — — — — — — 100
3.0 0.994 0.002 —0.010 0.022 0.003 0.029 —0.099 —0.002 100
2.0 0.969 0.004 —0.040 0.132 0.009 0.109 —0.159 —0.026 99.5
1.5 0.925 0.008 —0.043 0.270 0.057 0.132 —0.123 —0.028 96.8
1.25 0.817 0.054 —0.064 0.331 0.243 0.076 —0.064 0.078 86.1
1.15 0.691 —0.016 —0.118 0.331 0.399 0.027 0.044 0.095 77.2
1.0 0.475 —0.010 —0.171 0.304 0.545 0.021 0.070 0.152 68.4
0.95 0.436 —0.137 —0.189 0.266 0.555 —0.019 0.097 0.145 65.6
0.9 0.377 —0.218 —0.340 0.253 0.552 —0.079 0.158 0.149 73.1

@7 = [(GS)+H]°, ¢ = [*(nn*)+H]°, ¢5 = ['(an*)+H]°, ¢t = BCT3, ¢f = CTT, ¢, = [(nm,n*n*)+HIC,
¢rn= CT3, ¢y = BCT.

TABLE 6. CONFIGURATION ANALYSIS OF [CT;] (H oN Z-axis)

R(A) & &5 Do o P o O ¢w  Total (%)
5.0 — — — 1.00 — — — — 100
4.0 0.048 —0.082 0.005 0.995 0.001 —0.023 —0.006 —0.003 99.9
3.4 0.146 ~ —0.263 0.044 0.945 0.006 —0.068 —0.003 —0.025 98.2
3.0 0.250 —0.513 0.144 0.776 0.144 —0.120 0.021 —0.081 97.2
2.5 0.262 —0.865 0.077 0.231 0.231 —0.173 0.140 —0.157 95.2
2.0 —0.229 0.799 —0.210 0.140 —0.365 0.164 0.185 —0.085 96.3
1.8 —0.198 0.573 —0.333 0.144 —0.570 0.118 —0.089 0.238 90.7
1.7 —0.381 0.633 —0.219 —0.024 —0.123 0.256  —0.292 0.496 99.1
1.6 —0.400 0.652 —0.035 —0.026 0.058 0.286 —0.344 0.520 99.9
1.5 —0.495 0.385 —0.017 —0.155 0.022 0.409 —0.466 0.252 88.5

@2 = [(an*)+H]%, ¢f = [(nn*)+H]°, ¢% = BCT;, ¢ = CT3, ¢7, = BCTS, ¢5, = [(amn*n*)+H]°, ¢a=

CT?, ¢% = BCTS.
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Fig. 5. Potential energy curves of ground and lower ex-
cited states of HCHO-H system; approaching H on
Z-axis. Beside each curve are given the states of com-
ponents to which the state dissociates and the irre-
ducible representation in Cg point group.
TABLE 7. QUARTET EXPANSION COEFFICIENTS OF
SOME STATE FUNCTIONS
a) [*(nn*)+H] (H on X-axIs)
R(A) 2.845 2.4 2.0 1.5 1.25
Cs 0.0056 —0.0003 0.0009 0.0024 0.0011
(0N —0.00007 0.0005 —0.0021 —0.011 —0.019
b) B(nz*)+H] (H oN Y-axis)
R(A) 2.5 2.0 1.5 1.25
C, —0.0075 —0.012 —-0.32 —0.32
¢) B(rn*)+H] (H oN Z-axIs)
R(A) 2.5 2.0 1.5 1.25
Gy 0.025 0.059 0.32 0.25

C,, Cy’, and C,” are the coeflicients in Eq. 3 for the
(m)*(n) (b) (z*), (m)(n)(h)(n*)?, and (7)(n)*(h)(n*)

configurations of the reference system respectively.

ing and photochemical redox processes,'¥ and potential
curves have been deduced!*® to describe them in a
general but semi-quantitative way.  The present
straightforward calculation yielded a more concrete
picture of the process. One point of criticism that might
affect the quantitative aspects of the results was, how-
ever, the spin-contaminations of the wavefunctions
used. The C; coeflicients were moderate for the X-
approach, but took appreciable values at certain
geometries for the Y- and Z-approaches (Table 7).
This will considerably obscure the quantitative aspects
of the C; and C, coefficients of the same configuration
at those geometries. An inspection showed that the
main contribution to the large values in Tables 7b and
7c came from the expansion of CT; CSF, and showed
the necessity of at least a partial spin-projection in a
more quantitative work.

Electron-density Maps. The chemical process could
be perceived more visually through inspections of the
electron-density maps. The electron-density distribu-
tions of the total valence electrons for the system of an
HCHO in the ground state and of an H atom on the
X-axis were not much different from that of an isolated

INDO-UHF-CI Calculations on HCHO-H System
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Fig. 6. Change in electron density upon 3(nn*) excita-
tion; approaching H on Y-axis. Full lines indicate
increase and broken lines decrease in electron density.
The numbers 1, 2, ---, 9 beside the contours indicate
electron density change of 2.0, 1.0, 0.5, 0.2, 0.05, 0.01,
0.002, 0.0005, and 0.0001 electrons/A3, respectively.
a) XY-plane, b) YZ-plane.

HCHO, except for a slight electron density in the regions
between the two components. This may be the cause
of a shallow minimum seen in the [(GS)+H] curve of
Fig. 3. The same was found to be true for the system of
the 3(nn*) HCHO and the H atom on the X-axis,
in which case charge-transfer cannot occur because of
symmetry reasons.

The electron density was also not much different
from that of the isolated system with the H on the Y-
axis when the HCHO component was in the ground
state, but an essential change was seen when the HCHO
was excited to the 3(nz*) state. The difference in the
electron densities between the two states is shown in
Fig. 6a. Inmost of the XY-plane, the electron densities
are taken off perpendicularly to both sides of the plane
upon excitation, whereas small regions of increased
electron density appear near the O atom on the CO-axis
and in the first quadrant. As there is only a weak attrac-
tion exerted on the H atom in the ground state, the
separated charge upon excitation may be responsible
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Fig. 7. Inferred path of H toward (nn*) excited HCHO

in a quasi-static approach. a, b: Leaves of n orbital.
c indicates O-H bond orbital in ketyl radical.

for determining the remarkable attraction exerted on
the H in this nuclear configuration. One may see that
the projection of the vector of the attraction force on the
XY-plane is not toward the carbonyl oxygen, but
toward a region which is an extension of the CO-axis,
as may be seen in Fig. 6a. A similar contour map on
the YZ-plane is given in Fig. 6b. The positively charged
H atom is seen to be attracted by the negative charge
generated on both sides of the XY-plane upon nz*
excitation.

By reference to the results obtained above, one may
guess the way the H atom is abstracted from a hydrogen
donor by nm* excited HCHO. The excited state of
HCHO is known to be bent. Let the two H atom of
HCHO be above the XY-plane (Fig. 7). When the H
being abstracted approaches along a path on the XZ-
plane, no charge-transfer contribution may be expected
to lower the potential energy of the system, just as in the
cases shown in Figs. 3 and 5. The most favorable path
of statical approach seems again to be nearly along a
leaf (a in Fig. 7) of the n orbital at first, then gradually
curving to the final place in the ketyl radical (at an end
of c in Fig. 7). The electron-density increase may be
more pronounced in the negative Z-direction than in
the positive Z-direction, as compared with the pattern
in Fig. 6b, as a result of the bent structure of HCHO.
The attraction force on the positively charged H may
be directed toward the region of the outweighted
negative charge. In this case, a less symmetric nuclear
arrangement will allow the transition from the CT,
mixed state to the ground state at a potential curve
crossing point similar to the one seen in Fig. 4.

From Fig. 5 it may seem that the 3(nm*) excited
HCHO could also abstract hydrogen from a hydrogen
donor approaching from the Z-direction if a non-
adiabatic transition occurred between the potential
curves of [3(wn*)+H] and [(GS)+H] around a
geometry of R~1.1 A.

The present calculation does not seem to account for
the fact!® that carbonyl compounds with 3(zz*) as the
lowest triplet have, in general, less reactivities toward
hydrogen abstraction than those with 3(nz*) as the
lowest triplet. One explanation seems to be as follows.
According to Slater’s rule, the CI matrix element
between two CSF’s is calculated, if they are different
in one spin-orbital pair, as the energy of the overlap
density of the pair orbitals in the field generated by the
nuclei and the electrons in the orbitals other than this
pair. The CI matrix element between [(wz*)+H] and
CT, is, then, mainly determined by the overlap density
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between the m and the h orbital, whereas the matrix
element between [(nz*)+H] and CT, is determined by
that between the n and the h orbitals. The carbonyl
compounds commonly used in the hydrogen abstraction
reaction contain large conjugated 7z systems, and the
overlap between 7 and h orbitals may be comparatively
smaller than in the present case. The orbital overlap
between n and h may be affected only slightly by the
conjugation due to the local nature of the n orbital.
In the carbonyl compounds with the lowest CT-
triplet,1% this effect may even become prominent.
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