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Introduction

On the electronic states of the BH and CH
radicals the electronic terms observed are '3 ™,
IH’ 329 3IT and HH: 2‘4, 82—-; 12+:(1) re-
spectively, and their electronic structures were
determined by Stehn® and King® using the
gsemi-empirical approximation. But in their
calculations the electronic configurations of the
boron and carbon atom were assumed to be
only the (2s)*(2p) and (25)%*(2p)® ones, respec-
tively, and the values used for the energy
integrals were empirically evaluated from the
experimental data. Recently, in the work on the
CH., radical by Niira and Oohata,® the electron-
ic energies of the CH radical were calculated
using the method of atomic orbital, considering
both the (2s)*(2p)* and (2s)(2p)? electronic con-
figurations of the carbon atom, assuming all
atomic orbitals to be orthogonal to each other.
The lowest state was found to be the *3~. In
this paper the electronic energies have been
calculated using the method of the atomic
orbital. The overlap integrals and all the
permutations have been explicitly included for
the 25 and 2p electrons, but no 1s electron
integrals for the boron atom and the carbon
atom have been considered. The electronic
configurations of the boron atom are assumed
to be both the (2s)*(2p) and (2s)(2p)?, and of
the carbon atom both the (25)*(2p)* and
(2s)(2p)3, have been taken into account.

The Basic Wave Functions for the
CH Radical

If the calculation of the CH radical is
treated as a five electron problem excluding
the 1s electrons and assuming the (2s)*(2p)?
and (2s)(2p)* configurations for the carbon
atom, there are eight possible kinds of the
electronic orbital wave functions for the entire
radical, which are given by the products of
atomic orbitals:

(1) H. Sponer, * Molekiilspektren 1, Tabellen ”, Julius
- Springer, Berlin, 1935, P. 24.
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(3) G. W. King, J. Chem. Phys., 6, 8718 (1938).
(4) XK. Niira and E. Oohata, J, Phys. Soc. Japan, 7, 61
(1982).

A3, 23" and 137

D,=(2s)(2s)(2po’)(2po)(H)
D,=(2s)(2s)(2pr ) (2pr _)(H)
Dy=(25)(25)(2po) (2pm + ) (H)
D,=(2s)(2s) (2pm ) (2pr +) (H)

in the s%* configuration, and
W\=(2s)(2pa) (2pr , ) (2P ) (H)
W,=(2s)(2pa)(2po) (2pr+)(H)
Wy=(2s)(2prr +)(2pm +)(2pr=)(H)
W =(2s)(2po)(2pm +)(2p7+)(H)

1)

(2)

in the sp® configuration for the carbon atom,
where (2s), (2pg) and (2pwrs) are the 2s, 2po
and 2pr+ atomic orbitals of the carbon atom,
respectively, and (H) is the 1s orbital of the

*hydrogen atom.

Since the spatial symmetry of the CH
radical belongs to the symmetry group Ceww,
and the electronic terms with different multi-
plicity or symmetry do not interact, the basic
wave functions for this radical, which are
constructed from (1) and (2) to fit the Pauli
principle, can be classified by the irreducible
representations of Cwy» (3+, 37, II and 4),
and they are as follows:

3 22—- 2T 24 ORI § 4 i/ nz—

P, 1 0 0 0 0 0 0 0 0
D, 1.1 0 0o o 1 0 0 0
D, 0 0 2 0o 0 0 1 0 0
D, 0 0 0 1 0 0 0 0 0 (38
v, 2 3 0 o 1 8 0 0 1
Y, 0 0 2 0 0 0 1 0 0
Y, 0 0 2 0 0O 0 1 0 0
Y, 0 0O 0 2 0 0 0 1 0
Sum 4 4 6 8 1 4 3 1 1

In this table, it is shown that, for instance,
there are three basic wave functions arising
from the ®,, each belonging to the type of
Thus there are, in all,
four basic wave functions belonging to the
type of 23 *, and four, six and three for the
types of 237, 2IT and 24, respectively, and
80 on.
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functions, which are linearly independent from

,each other, a secular equation is obtained for
each symmetry type. Since the 1s electrons
of the carbon atom have been considered to
locate in the nucleus, the total Hamiltonian
of this system should be given by

5 &
H= —1{2_25;+4ch”—,§#!?§5

‘—Zlh‘ﬂs'ﬁ' Z 1.1"‘-"'11 (4)
&
Approximately the perturbing term in the

present calculation is taken as,

4 5
-H?=4;RETR‘_4{'TUE'__211/TH5_!; Ellf?‘w (47)

T o=

W%7)

where R¢x is the nuclear distance between the
carbon and the hydrogen atom. r¢; and ray
are the distances between the carbon and
hydrogen atoms and the i-th electron, and r¢
is the distance between the i-th and j-th
electrons. In (4’) electrons 1to 4 are the 2s or
2p orbitals of the carbon atom and electron
5 is the 1s orbital of the hydrogen atom.

Then the secular equations can be set up for
the type ‘3 ~; for instance, it can be written
as

det. | Hy—4d;W | =0, (5)
where
Hy =M NE—6F,—2Jsp—2Nwn
+6F8% +4LseanSsn
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1
Amz};sshsak

1
dy= "‘«_/Esmsg-n

8= 1
5 V5
A:M =‘:\T//—~2= Sa? '_9:75 Son?
1 1
Aaq = -'2:/_‘; Ssh.z 2_ _2'15 a.’ez
Here
M = f Y ydr

where P, shows a permutation between the
a and H electrons. All the other two-center
energy integrals are defined in the table by
Kotani and Amemiya®, and their values used
in this calculation are deduced from the same
table, the value of § being chosen as 1.59 (in the
atomic unit) for the carbon atom. The inter-
nuclear distance between the carbon atom and
the hydrogen atom is taken to be 1.12A.,
which is the equilibrium distance in the 2IT

state. The values of energy integrals are as
follows:
S = 0.5598 Lgssn. =7.754e.v.
Sen = 0.4679 Lsosn =6.076 7
My =11.174e.v. Lgon =1.83183 7
My = 8085 7  Lyyon =2.385 7
re=12.205 7 Losen =8.086 7

Mo =10.658 7 Looon=6.664 7
Ny = 4.637 7 Liagen =7.613 7
Nge = 4376 7 Lnsn, =1.354 7
Neo= 4742 7 Loy =5.782 7
Nex = 0.664 7 Linon=0273 7

I = 9.750e. v.

Jon = 7045 7

Jus =10.618 7

Jue =12.687 7

K =12.362 7

Ko = 4.656 7

Kso=14.672 7

Ken =11.199 7

Kun =12,268 7

The values of the one-center energy integrals
are deduced from those which are calculated

(5) M. Eotani and A. Amemiya, Proc. Phys. Math. Soc.
Japan, 22 Extra No. 1 (1940).
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from the Hartree field of carbon atom by
Ufford®. Accordingly, the energy difference
between the states 3D° and 3P of the carbon
atom is given by

W.(*D%)— W, (*P)=7.813 e. v.

which is slightly smaller than the observed
value® (7.94 e. v.).

The Electronic Energies of the
CH Radical

Using these values, the electronic energies W
can be computed from the secular equation
{(5). The resulting energy levels are shown in
the middle of Fig. 1, and the energy levels
which are obtained from the (25)*(2p)* or
(25}(2p)® only are shown in the left and the
right of Fig. 1., respectively. The electronic
energies in this calculation are compared with
the values by Niira and Oohata which are
calculated assuming all the atomic orbitals to
be orthogonal to each other, and with the
observed values, in Table 1.

Table 1

The Comparison between the Calculated
and the Observed Values of the CH Radical

“H
(This o) Mo Oohaiay EXPOE. v)

B +0.83 +40.31 (40.47
23 - +0.14 —0.18 (—0.28)
24 —0.61 —1.14 (—0.60)
27 —2.87 —2.95 —3.47
5~ —3.60 —3.00° —

2¥ 2 3.70 3.26 3.94
2 -2 3.01 2.77 3.19
242(7 2.26 1.81 2.87

The Electronic Energies of the
BH Radical

The electronic energies of the BH radical
are calculated in a similar manner as in the
CH radical, and the resulting energy levels
and their comparison with the observed values
are shown in Fig. 2 and Table 2. In this

Table 2

The Comparison between the Calculated
and the Observed Values of the BH Radical

Cale. (e. v.) Exp. (e. v.)
T13+ 2.53 2.86(H
33, 3T 3.08 3.36(%
4.07 <3.49

D(Z)
(6) C. W. Ufford, Phys. Rev., 53, 568, (1938).
(7) B. Edlen, Z. f. Phys. 84, 746, (1933).
(8) G. M. Almy and R. B. Horsfall, Phys. Rew, 51,
491 (1987).
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Fig. 1.—The electronic energies of the CH radical.
The origin of the energy is chosen to be CeP)+HES.
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Fig. 2.—The electronic energies of the BH radical.
The origin of the energy is chosen to be BEPY) HES).
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case the values of the one-center energy
integrals are calculated from the functions used
in the two-center integrals. The energy dif-
ference between the states *D and *P° of the
boron atom is deduced from the spectroscopic
data:

Wa(tD)— W, (2P% =5.932 e. v.

and the value of § is chosen as 1.26 for the
boron atom. The internuclear distance between
the boron atom and the hydrogen atom is
taken as 1.226A. which is the equilibrium
distance of the 13* state.

Discussion

These energics obtained in the present cal-
culation can explain satisfactorily the observed
values, a consequence of the fact that the
electronic configurations of the boron atom
have been assumed to be both the (2s)*(2p)
and (2s)(2p)%, and of the carbon atom both the
(2s)%(2p)* and (2s)(2p;*. Since the overlap
integrals and the higher order permutations
have been considered, the resulting values
become more close to the observed ones than
in the case of neglecting the overlap integrals.
The lowest state of the CH radical in this
caleulation is *3~, which is not actually
observed, but the result is the same as those
in the -molecular orbital approximation by
Mulliken® and in the atomic orbital by Niira
and Oohata®. This result is of some interest
in comparison with the calculation by Niira
and Oohata® in which the lowest state of the
CH, radical is found to be *B,.

But in the present calculation the electronic
configuration of the carbon atom is assumed
to be both the (2s)*(2p)* and (25)(2p)* only and
the others are not included. Even if the (2p)*
configuration is added to those, the lowest
state of the CH radical is '3~ as it is. This
is explained as follows: If the (2p)* electronic
configuration for the carbon atom is taken,
there are four possible kinds of electronic
orbital wave functions for the entire radical,
which are given by the products of the atomic
orbitals:

X1=(2po)(2pa)(2pm . ) (2pr_ ) (H)
Xa=(2pm ) (2pr . ) (2pm ) (2pm _)(H)
X3=(2pa)(2pr +)(2pm +)(2p7=)(H)
Xi=(2po)(2po)2pm+)(2pm+)(H)

(6)

These wave functions are classified into the
symmetry types as

@ R. 8. Mulliken, Rer. Mod. Phys., 4, 1 (1932).
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22"' 22— SH SA 42 + 42_ 4H -lA ISE—
¥ 1. 1 0 0 0 1 0 0 0
Y. 1 0 0 0 0 0 0 0 0
Y2 0 0 2 0 0 0 1 0 0
X« 0 0 0

1

Sum2 1 2 1 o 1 1 0 0
Thus including the {2p)' configuration the
numbers of the basic wave functions belonging
to the types 2IT and 3~ increase by two and
one, respectively. In the *3~, the y; corre-
sponds to the @, with the replacement of (2s)
by (2po), and so considerably interacts with
the W, like the ,. Consequently the elec-
tronic energy is well stabilized. But in the
2JT, the ys; corresponds to the Wy with re-
placement (2s) by (2po) and then scarcely
interacts to the ®3 and W, like the Ws;. (The
dissociation energy obtained for the @y and
P, is 2.82¢.v., while including the Wy 2.87
e.v. These results show that the energy is
stabilized by 0.05 c. v. only.) Thus in the lowest
energy of the 2II the d; and W, affect it far
more strongly than the W; and )s: therefore
even if the 3 is included, it may be improb-
able that the lowest state of *I7 becomes more
stable than the 3.

Recently interesting discussions(0~049 have
been offered as to the dissociation energy and
the ground state of the CH radical. In the
discussions Glockler has suggested from the
regularities of bond energies found in various
hydrides, that the dissociaiton energy of the
radical 847e.v. (80 kcal), estimated by
Herzberg® assuming *II as the ground state
and usually accepted, is too low and that a
somewhat larger value of 4.0 e.v. (92.3 kcal.)
should be taken.

The results of this work that the ground
state is not 2IT but *3>~ and the former lies
(.78 e. v. higher than the latter seem to explain
quantitatively Glockler’s results: for, if this
conclusion is correct, the dissociation energy
(for the ground state *¥~) becomes 0.73 e. v.
larger than that for *IT (3.47e.v.), namely
4.20 e.v., which is in close agreement with
Glockler’s estimation.

No 1s electron integrals of the boron and
the carbon atoms have been considered and
also the ionic states of the radicals and the

(10) G. Glockler, Disc. Farad. Sec., No. 10, 26 (1951).
(11) A. G. Gaydon, ibid., P. 108.
(12) C. A. McDowell and J. W. Warren, ibid., p. 53.
(13) G. Porter, ibid., p. 115.

(14) R. G. W. Norrish, G. Porter and B. A. Thrush,
Nature 169, 582 (1952).

(15) G. Herzberg, + Molecular Spectra and Molecular
Structure, I. Spectra of Diatomic Molecules,” 2nd ed.
D. Van Nostrand Co. Ine., New York, 1950,
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other excited states of the atoms of the radicals
are not included. In the excited states of the
radicals the effects of these states seem to be
fairly large, and so strictly speaking it may
be desirable to carry out a calculation includ-
ing those states.

As the nuclear distances in the present
calculation are taken to be the observed values
for the ground states, but these are not always
equal to the values for the excited states.
Accordingly, the electronic energics of these
radicals should be calculated changing the
nuclear distances.

Summary

The energy levels of the CII and the BH
radicals have been calculated by the method
of atomic orbitals, taking both s%* and sp?
configurations together for the carbon atom
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and s*p and sp® for the boron atom and in-
cluding the overlap integrals and the higher
order permutations. The values obtained are
in excellent agreement with observations.
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