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Spherical charge analysis based on the difference of spherically averaged electron density (Apo(R)) was
extended to various open shell states of CH2 using wave functions obtained from RHF, UHF, and full CI
calculations. The Apo(R) values around C and H atoms were calculated with natural orbitals to interpret the
oxidation state of component atoms for the lowest and second lowest 3B; and A, states. Modified oxidation
numbers are assigned systematically to the component atoms in CH, based on the extended Apo(R) analysis.

The effect of electron correlation on the Apg(R) values around the nucleus in this system was found to
be so small that the modified oxidation numbers are not changed by fair introduction of electron correlation
effect into the calculation. The difference of spin multiplicity and state symmetry on the Apg(R) curves is

also discussed.

To clarify quantum chemical aspects of the oxidation
number, a classical concept, we have been analyzing the
radial dependency of the difference spherically averaged
electron density, Apo(R), around the specified atoms in
various series of molecules.'—® Though there are several
ways® 21 to draw the gross picture of the electron dis-
tribution, the rigorous Apo(R) analysis is the most suit-
able for systematic understanding of oxidation states of
atoms in molecules It has been shown that Apg(R) at
the radius (r )1 has a clear proportional relationship
with the classically assigned oxidation number of the
respective atoms in the first and second rows.>® The
analysis of Apg(R) gives us not only a “point-informa-
tion” such as a value at any radius of the sphere, R,
but also a “space-information” such as Apg(R) plots
against R on the change of electron distribution around
the specified atom.

Our analysis has been restricted only to closed-shell
singlet molecules using canonical molecular orbitals ob-
tained by restricted Hartree—Fock (RHF) calculations.V
To extend our analysis to open-shell molecules either
in the ground or excited electronic states, we have im-
proved the previous method so that the natural orbitals
(NO)? could be handled besides the closed shell RHF-
MO. In this note, we present not only the assignment
of modified oxidation numbers of CHy but also different
behaviors of Apg(R) of the CH; molecule among RHF,
UHF, and full CI calculations. The effects of spin mul-
tiplicity and state symmetry on Apg(R) curves are also
discussed. The present results of CH, is given as a prove
for checking the usefulness of this analysis.

Method of Calculation
The spherically averaged electron density, Apo(R), and its

increment relative to the summed-up values of its component
atoms, Apo(R), are defined as?

dN(R)

2
dR /4nR

atom

- Z pOi(R)7

where N(R) is the number of electrons in a sphere with ra-
dius R, and the subscript i refers to the contribution from
the component free atom 7. The difference of electron num-
ber, AN(R), is also defined as

po(R)=———"
Apo(R)=po(R

atom

ZN

The analytical expressions for these quantities using
Gaussian-type functions (GTF) were obtained by Iwata.l'2®
In the previous studies only RHF-MO was used for the cal-
culation of N(R) and Apo(R). As we modified the program
so as to be able to treat the natural orbitals, one can see
different behaviors of Apg(R) among a variety of electronic
states.

Radical dependency of the Apg(R) values was examined
for 3B, and 'A; states of CHa molecule. ROHF, UHF, and
full CI wave functions were adopted for ®B; state, while
RHF and full CI wave functions were adopted for ' A; state.
The dimensions of full CI for ®B; and 'A; are 58002 and
37353, respectively. The ground states for C and H atoms
were assumed respectively to be P and 2S as in our previous
papers.l_S)

The adopted basis set is Huzinaga’s MIDI-4%% as used in
the previous studies.* ™% Single point calculations were per-
formed at the ground state geometry of CHz (®B;), where
the geometric parameters are rcy=1.08 A and ZHCH=
134.0°.2520) The geometric parameter of ZHCH=106.1°2"
for CHz group in propane molecule was also adopted to
check the geometrical dependency of the Apo(R) values.
The Apo(R) values were calculated with the obtained MOs

N(R) = N(R) -
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Table 1.

Modified Ozxidation Number of Open Shell

Total Energies (au) and Correlation Energies (au) of ®B; and 'A; States of CH;

Calculated with RHF, UHF, and Full CI Methods and Weights of Main Configurations from
Full CI Calculations

RHF

UHF

Full CI
(first sol.)
Correlation
energies®
Weights of
main config.”)
(second sol.)
Weights of
main config.

3 1
B1 Al
(/HCH=134.0°) (LZHCH=106.1°) (/HCH=134.0°) (ZHCH=106.1°)
—38.86146 —38.84846 —38.79457 —38.81118
—38.86608 —38.85161
—38.93465 —38.92130 —38.88204 —38.89878
0.074 0.073 0.088 0.088
95.77% 95.76% 86.57% 92.21%
—38.61802 —38.55100 —38.80106 —38.74395

3a; —4a1 49.09%
3a; —7a; 18.77%
331 —7631 14.87%

3a2 —1b? 66.93%
2a13a; —1b? 21.47%

3a;—4a; 37.80% 3a3—1b? 81.58%
38.1 —>7a1 24.86%

33.1 —’68.1 18.33%

a) correlation energy: E=FEyr— ErgnclI-

and NOs using MOLYX program package developed by
Iwata’s group of Keio University after a few modifications.
HF and CI calculations were performed with GAMESS pro-
gram package.?®

Results and Discussion

In Table 1, total energies obtained by adopted compu-
tational methods are summarized with the correlation
energies and weights of main configurations obtained by
full CI treatments. The lowest *B; state is mainly de-
scribed by the HF configuration (95.77%) with correla-
tion energy of 0.074 au, meaning small electron correla-
tion effect. Although in the lowest A, state the chosen
dimension of CI (37353) was smaller than that of 3B;
(58002), the electron correlation energy obtained by full
CI (0.088 au) was larger than that of 3B;. The weight of
the HF configuration in the lowest LA state is 86.57%,
suggesting larger electron correlation effect than in the
3B, state. Major contributions to the second lowest 3B;
state are three singly excited configurations; 3a;—4a;
(49.09%), 3a1—7a; (18.77%), and 3a;—6a; (14.87%).
The second lowest *A; state consists mainly of one dou-
bly excited configuration; 3a;2—1b;? (81.58%).

For H,O, HsS, and BH molecules, Bicerano
pointed out that the electron distribution obtained the-
oretically are not strongly affected by the electron cor-
relation irrespective of basis set quality. Contour maps
of density difference between a CHy molecule and its
component atoms in the molecular plane are shown in
Fig. 1, where (a) ROHF, (b) UHF, and (c) full CI MOs
were used, respectively. Among these three maps there
is no noticeable difference. Electron density is too in-
sensitive to detect an appearance of electron correlation
effect to the contour maps.

The Apy(R) values around the C and H atoms, which
were calculated with ROHF, UHF, and full CI wave
functions for the lowest state (3B;) of CH,, are depicted
in Fig. 2a to see the electron correlation effect. The dif-

29)

b) Hartree—Fock configuration.

ferent profiles were obtained for the Apg(R) curves be-
tween C and H atoms. Each of them is similar to that in
hydrocarbons studied before. A positive Apg(R) value
expresses the increment of electron density upon forma-
tion of a molecule. The Apg(R) around H atom is posi-
tive in the region of R<1.5 au but negative in the larger
Rregion. Asshown in Fig. 3, this tendency is almost the
same as that for H atom in hydrocarbons, CHy, CoHy,
and CyHg.® Contrarily, the Apg(R) around C atom is
positive in the region R>0.3 au and smoothly converges
to zero in the larger R region than the bonding region.
While there is no remarkable difference of the Apg(R)
values around the H atom among the three different
wave functions, it seems that electron density around
the C atom increases as electron correlation is properly
taken into consideration. As clearly seen in Fig. 2b,
where the curves are magnified compared with Fig. 2a,
the Apg(R) values with full CI, UHF, and ROHF wave
functions show stepwise change in the region close to the
nucleus. This tendency can be understood as the reflec-
tion of the degree of correlation effect in these schemes.
Beyond 2.0 au all these curves tend to collapse. It seems
that the larger electron correlation effect is included in
the calculation (ROHF < UHF <full CI), the more elec-
tron is accumulated around the nucleus. The above
discussion suggests that the Apg(R) analysis is more
useful than contour maps to check the electron correla-
tion effect.

In Fig. 4a, the Apy(R) values around the C and H
atoms in CH, for the lowest 3B; and 'A; states are plot-
ted to see the difference of electron density between the
two different spin states. There is no dramatic change
among the Apg(R) curves around the H atom. The
Apo(R) curve of 1A; state slightly goes over that of 3B;
state in the region near the hydrogen nucleus. These
two curves cross each other in the bonding region. In
the region far from the bonding region the curve of 3B;
state slightly goes over that of 'A; state. Concerning



K. Ueno et al.
(a)
3
Bl
0-10 P”Ill]l'l[llllllllll llllllllllll ]
: —e—H full CI
0.08 F —»—H UHF
— k ——H ROHF {i
& 006w H —e—C full CI |
o " —e—C UHF 1
S 0.04f,, " ——C ROHF |
0.02 _
0.00
-0.02
0.3 08 09 12 15 18 2.1

R (au.)

Fig. 1.

Bull. Chem. Soc. Jpn., 68, No. 6 (1995) 1553

)
’B, (around C)

—e—full CI
—s—UHF
—+—ROHF

Ap, R)

-« NEREE NN EEE W

0.3 0.6 0.9 1.2 15 1.8 2.1
R (a.u.)

Difference spherically averaged electron density Apo(R) around the carbon and hydrogen atoms in 3B; state

(a), and magnification around the carbon atom (b) calculated by ROHF, UHF, and full CI with the MIDI4 basis set.
Notice that the scale of the graphs in (a) is twice as large as that of (b).
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Fig. 2. Apo(R) calculated at RHF level with the

MIDI basis in the 3B; and A states of CHy around
the hydrogen atom with BHs3, CH4, C2H4, CoHs,
NHs3, and H2O. The numbers given in the right of the
chemical formula are the modified oxidation numbers
assigned in our previous studies.

C atom (Fig. 4b), the curve of ®B; state goes over 1A;
state. These two curves, however, get close to each
other in the bonding region. With respect to the elec-
tron density in each state, in the 3B; state electron
tends to gather closely to the nucleus, whereas in the
1A, state electron tends to spread over the bonding re-
gion.

To see the difference of the Apy(R) among different
electronic states in the same spin state, the Apg(R) val-
ues in the region 0.3—0.2 au for the lowest and second
lowest states of 3B; and 'A; are compared in Figs. 5a
and 6a, respectively. Especially around C atom, these
two figures are magnified as Figs. 5b and 6b. Since
the molecular geometry is fixed in both the lowest and
the second lowest states, the deformation of Apy(R) in
the second lowest state in these figures corresponds to
the geometry right after the vertical (Franck—Condon)
excitation.

In the 3B; state, the Apg(R) values of the lowest
state are larger than those of the second lowest state in
the vicinity of the hydrogen nucleus (R=0.3—1.0 au),
while in the region beyond 1.2 au, the Apg(R)s of the
second lowest state are a little larger than those of the
lowest (Fig. 5a). Concerning C atom (Fig. 5b) the curve
of the lowest state always goes over that of the second.
This indicates that around the nucleus more electron
is accumulated in the lowest state than in the second
lowest state.

In the 1A; states, the difference between the curves
around C and H atoms is a little smaller than in the
case of 3B; states (see Fig. 5a). Relative positions of
these curves are reversed around C atom. That is, the
curve around C atom in the second lowest state goes
over that of the lowest state.

To see the dependency of the Apg(R) on the molecu-
lar geometry, ZHCH=106.1°, geometric parameter of
a CH, group in propane, instead of 134.0° (ground
state of CHy). As shown in Fig. 7, the difference of
the Apo(R) around the carbon calculated with these
geometric parameters for the 3B; state (Fig. 7a) and
for the 'A; state (Fig. 7b) is very small except in the
region near the nucleus.

The values for Apo(gr 1/ %) for C and H are listed in
Table 2. The Apy({(r ) for C atom slightly decreases
as the HCH angle decreases Reflecting the change of
Apo(R) in bonding region, the values of Apg({r? )1/2)
for H atom in the second lowest 3B; and 1A; states are
larger than the corresponding first excited states. The
value for C atom slightly decreases in the second lowest
1A;.

According to our previous studies,’™® a linear rela-
tionship between the Apg(R) around the specified atom
and its oxidation number has been found not only in
inorganic but also in organic molecules. To consider
the oxidation state of the component atoms in CHj for
the different electronic states, the Apg(R) around the
hydrogen atoms in the lowest 3B; and 'A; states are
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Fig. 3. Contour plot of the deformation electron density for the ®B; state of CHz calculated at (a) ROHF, (b) UHF,
and (c) full-CI levels with MIDI-4 basis. Positive contours (electron excess) and zero contours are drawn as solid
lines, and negative contours (electron deficiency) are dashed. The interval of contours is 0.05 e bohr~3.
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Fig. 4. Apo(R) around the carbon and hydrogen atoms in ®B; and 'A; states (a), and magnification around the
carbon atom (b) of CHs in the lowest state. Notice that the scale of the graphs in (a) is twice as large as that of (b).
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Fig. 5.  Apo(R) around the carbon and hydrogen atoms in the lowest and second lowest ®B; states (a), and its
magnification around the carbon atom (b). Notice that the scale of the graphs in (a) is twice as large as that of (b).

plotted in Fig. 8a with BH3, CHy, NH3, and H2O. A  stepwise change in the region of R<1.5 au. This means
positive Apg(R) value expresses the increment of elec-  that the H atom bonded to N is less oxidized than that
tron density upon molecular formation and corresponds  bonded to O and so on. The modified oxidation num-
to lowering of the oxidation state. All the curves show  bers of H atom in BH3, CH4, NH3, and H,O are as-
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Fig. 7. Apo(R) around the carbon atom in the lowest and second lowest ®B; states (a), and in 1A, state (b) calculated
by full CI using the geometry with (1) ZHCH=134.0°, (2) ZHCH=106.1°.

Table 2. Apo({r?)*/?) Values with the MIDI-4 Basis for H and C Atoms

Apox 103 Jeau™?

Methods C ((r?)*/?=1.327 an) H ((r?)/?=1.593 au)
(£/HCH=134.0°) (£LHCH=106.1°) (£LHCH=134.0°) (LHCH=106.1°)

CH, (®B))

ROHF 9.6 9.0 0.5 0.6

UHF 9.6 9.0 0.6 0.7

Full CI (lowest) 8.8 8.3 0.6 0.7

Full CI (second lowest) 14 0.7 2.6 2.1
CHz (*Ay)

RHF 9.2 8.7 -1.2 -23

Full CI (lowest) 8.4 8.0 -0.9 -1.9

Full CI (second lowest) 8.1 7.4 04 0.7

signed as 0, 1/2, 3/4, and 1, respectively. Since the
sum of the oxidation number of all the component atoms
should be zero for neutral molecules, the modified ox-
idation numbers of B, C, N, O are assigned as 0, —2,
—9/4, and —2, respectively, for BH3, CH,4, NH3, and
H,O0. It is observed that both the curves of Apo(R) of
the lowest 3B; and 1A; states conform to that of curves

of Apg(R) of the lowest >B; and 1A, states conform to
that of CH4. Therefore the modified oxidation number
for H atom of the lowest 3B; and 1A states are assigned
as the same value of CHy, +1/2. Figure 8b shows the
Apo(R) values around H atom in the second lowest B,
and 'A; states. The profile of the curves of the second
lowest 3B; and 'A; is different from that of the lowest
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Apo(R) around the hydrogen atom with the MIDI-4 basis in the lowest (a) and second lowest (b) of the 3B

and 1A, states with BHz, CHy, NHs, and HzO as reference molecules.
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Fig. 9. Apo(R) around the carbon atom with the MIDI-4 basis in the lowest (a) and second lowest (b) of the *B;

and 1A, states with CH4, C2Hy, CoHg, and CH30H as reference. The numbers given in the right of the chemical

formula are the previously assigned modified oxidation numbers.

states. In the region, R=1.3—1.5 au, the curve of the
second lowest 3B; stands for the position between the
curve of BH3 and that of CHy, although that of the
1A, state is very close to that of CHy. This result sug-
gests that the modified value for the H atom in the 3B;
second lowest state is assigned to be +1/4 and for the
1A, second lowest state to be +1/2. In this analysis the
modified oxidation number was first assigned for hydro-
gen atoms, as the degree of electron migration to and
from a hydrogen atom is believed to depend only on the
kind of the bonded atom. On the other hand, a heavy
atom has many mobile electrons and has more than one
bonded atoms. Thus the modified oxidation numbers of
CH; are assigned so as to satisfy the electroneutrality
principle. The assigned values are listed for the lowest
and second lowest 3B; and !A; states in Table 3.

The modified oxidation numbers of C and H atoms
in the 3B; state are different in the lowest and second
lowest states, while the numbers in the 1A; state are
the same both in the lowest and second lowest states.
A little charge transfer from C to H is formally seen
from the lowest to the second lowest states in the 3B;.

1—8)

Table 3. Modified Oxidation Numbers for the Lowest
and Second Lowest 2B; and 'A; States
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Figure 9 shows the radial dependency of the Apg(R)
values around C atom of the 3B; and 1A; states in
the lowest state (a) and in the second lowest state (b)
together with the values for CH4, CoH4, CoHg, and
CH30H for comparison. In the lowest state, the curve
of the 3B, state shows that there is more electron mi-
gration on the nucleus of C atom in CHg than in the
other molecules. The hydrocarbon and alcohol have a
carbon atom whose all four l-shell electrons are used
for making bonds, whereas the C atom of CHs has lone
pair electrons.
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Concluding Remarks

In the present work, we have applied the spherical
analysis of electron density extensively to an open shell
CH; molecule with RHF, UHF, and full CI wave func-
tions. The more electron correlation is taken into con-
sideration, the more electron is populated around the
nucleus (full CI>UHF >RHF), though there is only
small difference among the Apg(R) values calculated
at the different levels of theory.

We demonstrated the difference of Apg(R) among dif-
ferent electronic states. Systematic assignment of the
oxidation numbers for C and H atoms in several elec-
tronic states became capable using the extended spher-
ical charge analysis. For 3B; the assigned oxidation
numbers of the component atoms in the lowest state
are different from those in the second lowest state. The
former values are the same as those of the lowest and
second lowest 1A; states. Thus the oxidation numbers
assigned for the lowest 3B; and 'A; states are identical
each other. This suggests that the oxidation state in the
second lowest 3B; state differs considerably from that
in the lowest 3B; state, whereas the oxidation state in
the second lowest ' A; state is similar to that in the low-
est 1A; state. It also suggests that the oxidation state
in the lowest ®B; and 'A; states is formally found to
be close to each other.

The Apo(R) is a one-dimensional view of the elec-
tron distribution. By discarding the information on the
deformation from a spherical atom, we can more eas-
ily compare the electron distribution change in various
molecules than the two- and three dimensional views,
because we can simply use the numbers in the compari-
son. Of course, this does not mean that the deformation
from the spherical distribution is less significant.

Our extension of the Apg(R) analysis opened the way
to propose the modified oxidation numbers of compo-
nent atoms not only in various open shell molecules but
also in their various electronic states such as excited
and ionic states.
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