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Introduction 

Free radicals like CH2, CH3, NH2 and others 

have been assumed to be intermediates in 

many chemical reactions, but their existence 

has not definitely been identified. Recently, 

the flash technique was applied to the spec-

troscopy by Porter 2), and the existence of 

some free radicals has been identified. For 

such polyatomic free radicals, however, only 

limited information should be expected about 

the electronic states and the structures, be-

cause at present many levels have not yet 

been identified experimentally even for stable 

molecules. Thus, it is very difficult to de-

termine the course of such reactions as 

photolysis or electric discharge, in which the 
role of electronic excited states is of great 

significance. The theoretical interpretation 

is, therefore, very important not only as a 

supplement to observation but as the discus-

sion of chemical reaction, in which such a 

radical is assumed to exist as an intermediate.

The so-called α band of ammonia has long

been known from emission spectra of oxy-
ammonia flames and electric discharges 
through ammonia,3) and has long been sus-
pected of being due to the free NH2 radical. 
Recently, Herzberg and Ramsay4) observed
the α bands in absorption in photodecomposed

ammonia by using a flash technique and con-

firmed the fact that the free NHZ radical is

responsible for the α band. Little, has,

however, been done on the theoretical in-

terpretation.

Thus, the lower electronic states and the 
structure of the free NH2 radical are 
theoretically investigated in the present work. 
The method used is the LCAO-SCF one 
developed by Roothaan5) and the SCF cal-
culation is performed for the ground state 
only. The energy levels of the lower excited 
states are computed by use of the ground 
state MO's without configuration interaction, 
because some reasonable results have been 
obtained on the CH radical in a similar ways) 
and such reliable results may also be expected 
here if reasonable values of energy integrals 
can be used. 

Outline of Calculation 

The calculation was performed by assuming 
the spatial configuration of the NH2 radical 
as an isosceles triangle, and taking the x 
and y axes in the molecular plane and the 
z axis being perpendicular to the plane as 
shown in Fig. 1. The internuclear distance 
between the nitrogen and the hydrogen was

Fig. 1. Axes for the NH2 radical.

1) A preliminary account of the present paper was 
given in J. Chem. Phys., 22, 1467 (1954). 

2) G. Porter, Proc. Roy. Soc. (London), A200, 284 
(1950). 

3) W. B. Rimmer, Proc. Roy. Soc. (London), A103, 
696 (1923) ; F. Fowler and J.S. Badami, Proc. Roy. Soc. 
(London), A133, 325 (1931) ; A. G. Gaydon, Proc. Roy. 
Soc. (London), A181, 197 (1942). 

4) G. Herzberg and D.A. Ramsay, J. Chem. Phys., 20, 
347 (1952) ; Discussion Faraday Sor., No. 14, 11 (1952).

5) C.C.J. Roothaan, Rev. Mod. Phys., 23, 69 (1951). 
6) J. Higuchi, J. Chem. Phys., 22, 1339 (1954).
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taken as 1.01 A as in the equilibrium distance 
of the ammonia molecule 7). 

NH2 is a nine-electron radical, and the 
LCAO-SCF calculation was carried out by 
taking the seven atomic orbitals n, s, x, y, 
z, h and h' into consideration, which mean 
ls, 2s, 2px, 2py, 2pz orbitals of nitrogen atom, 
is of one hydrogen (the side of the x axis) 
and is of the other hydrogen, respectively. 
The interactions between all electrons were 
explicitly included but the orthogonality be-
tween n and h or h' was assumed, because 
its overlap integral is fairly small in com-
parison with the others8). 

The atomic orbitals used were the Hartree-
Fock SCF AO's in the 4S state of nitrogen9) 
and in the 2S state of hydrogen. The majority 
of the two-center integrals is, however, very 
difficult to calculate, and it was, therefore, 
assumed that the use of Slater AO's10) in-
stead of the SCF AO's gives satisfactory 
approximations of the two-center integrals, 
and they were taken from the table by Kotani 
and Amemiya.11) The core-field energies 
were, however, obtained from the Fock equa-
tions of the 4S state of nitrogen atom as in 
the case of the CH radical6). The one-electron 
three-center integrals for the nitrogen-hy-
drogen type were calculated by following 
Oohata's method 12), but for the hydrogen-
hydrogen type were taken from the table by 
Hirschfelder and Weygandt13), while the two-
electron integrals were approximately obtained 
by modifying Mulliken's approximation14).

LACO MO's φ Ps which are formed by these

seven atomic orbitals Xp's were chosen so 

that they belong in sets to irreducible re-

presentations of the symmetry C2v of NH2, 
and they are reduced to15)

(1)

Here the order of increasing number for the 
MO's within each symmetry species is the 
order of increasing energy. The coefficients 
arv s of atomic orbitals Xp's were chosen to 
satisfy the orthonormality conditions:

(2)

where the overlap integrals Spq's are defined 
by

(3)
The electronic structure of the 2B1 state, 

which has been considered to be the ground 
state of the NH2 radical, is given as result-
ing from configuration (1a1)2(1b2)2(2a1)2(1b1)1, 
and the total nine electron normalized wave
function φ for this state is then built up as

an antisymmetrized product of these LCAO 

MO's and the energy of this state is given by

(4)
where

(5)

Introducing the notations

(6)

(7)

(8)

and

(6')
one obtains

(9)

7) H. Sponer, " Molekulspektren I. Tabellen ", Verlag 
Julius Springer Berlin, (1935) p. 80. 

8) Snh=0.0678, while Ssh=0.5601 and Slh=0.4187. 

9) D. R. Hartree and W. Hartree, Proc. Roy. Soc. 
(London), A193, 299 (1948).

10)

In the present paper, δ and δ

are chosen as 1.90 and 6.757, respectively. 
11) M. Kotani and A. Amemiya, Proc. Phys. Math. 

Soc. Japan, 22, Extra No. 1 (1940). 
12) K. Oohata, Busseiron Kenkyu, 50, 38 (1952). 
13) J.O. Hirschfelder and C.N. Weygandt, J. Chem. 

Phys., 6, 806 (1938). 
14) R. S. Mulliken, J. chim. phys., 46, 500 and 521 

(1949). 
Some values calculated by Mulliken's approximation 

are rather small as compared with the exact values, for 
example in the case of the one-electron integralsfor the 
hydrogen-hydrogen type. In the present work, therefore. 
the two-electron three-center integrals were obtained 
from the exact value of one-electron three-center integrals 
as follows:

where

Here the Pyg is the point which was found by maximiz-

ing the overlapping charge XγXδdτ along the internuclear

axis. This approximation gives fairly good results in 
two-center integrals but somewhat doubtful results from 
the point of view of physical meaning. It is, therefore, 
more desirable to use the higher order expansion of 
atomic orbitals.

15) In the present work, the choice of the symmetry 
axis is made according to Mulliken.
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To obtain the 1a,, 1b2 and 2a, orbitals, 
a variational procedure was carried out for 
the energy of state (4), subject to the or-
thonormality conditions of the MO's (1). It 
can be shown that this variational process 
leads to the following equation

(10)

Here the column vectors ai's give the coef-
ficients of the AO's in the ia, and ib2 orbitals. 
S is a hermitian matrix with elements given 
by (3) ; -H' is the core-field energy matrix 
with elements

(11)

where

(12)

G is the electronic interaction matrix with 

elements

(13)

The procedure followed in the calculation 
is to assume values of ai's in (1) consistent 
with the orthonormality conditions (2), com-

pute the Gpq's by (13), solve Eq. (10) for eaa 
and a new set ai's and repeat until self-
consistency is attained.

LCAO MO's 

The LCAO MO's of the lowest energy of 

the 2B1 state by the SCF procedure are given 

in Table I, and the orbital energies are 

TABLE I

plotted in Fig. 2. These LCAO MO's are

Fig. 2. Ionization energies for the 2B, 

state of the NH2 radical. The value for 
the linear form are given as the ex-
trapolated one from the non-linear form.

considered to be reasonable for that state, 
and their electronic properties can be re-

garded as corresponding to those of H2O by 
Ellison and Shull17) and by Maeda18), which 
are also calculated by the LCAO-SCF method, 
because the NH2 and H2O are molecules be-
longing to the same symmetry group C2v. 
That is, the 1a, orbital indicates strong 
bonding property, for the coefficient of s is 
much larger than the others, but 2a1 orbital 
is weakly bonding due to strong s-p mixing 
in the nitrogen orbitals of the MO at the 
bond angle near the equilibrium point. Such 
natures of the a- orbitals discussed in the 
case of the CH radical6) are considered to be 
quite similar to those of the a1 orbitals in

16) Orbitals φP's mean either AO's Xp's or MO's φp's

17) F. O. Ellison and H. Shull, J. Chem. Phys., 21, 
1420 (1953). 

18) S. Maeda, Busseiron Kenkyu, 70, 101 (1954).
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this case. That is, the ai (or r) orbital of the 
lowest energy except the inner shell is
strongly bonding but the a, (or σ) orbitals

of higher energies are weakly bonding. 
It is seen that the coefficients of x-y in 

the 1b2 orbitals are almost independent of the 
bond angle, while others are not. On the 
other hand, the hybridized orbitals used in 
the electron pair bond theory19) are written 
as follows :

(14)

where

(15)
andψ1 and ψ2 are equivalent orbitals with

-their charge clouds extending along two

straight lines which make an angle θ' with

the x- and y-axis, respectively. In these 
.orbitals (14), the coefficients of x-y are also 
independent of the bond angle or the angle 
between the directions of their charge clouds. 
It is of interest to see that the LCAO-SCF 
calculation comes to the same conclusion for 
the coefficient of x-y as the electron pair 
bond theory. 

The localized symmetry orbitals of the NH2 
radical can be obtained by a unitary trans-
formation of the two of the a, orbitals as 
shown by Pople20) in the case of H2O, and they 
are given in Table II. In these orbitals, 1a1'

TABLE II 

LOCALIZED SYMMETRY ORBITALS FOR THE

and 2a1' may be said to represent the a, 
lone pair and the a, bonding orbital, respec-
tively. It is evident that the lone pair orbital 
la,' has mainly s character, especially at the
bond angle of 90°, but has not a perfect s

character as it has in the electron pair bond 

theory, and the relationship between the 

coefficients of s and x+y is also complicated. 

This may be due to the influence of ionic 

character. 

The " LCAO orbital energies " represent 

good approximation to the ionization energies 
of corresponding electron shells. In the pre-

sent work, the calculated value of 2a1 orbital 

is 14.4 ev which is the minimum ionization 

energy at the equilibrium bond angle for the 
2B1 state . This value approximately corres-

ponds to the removal of an electron from 
2a, orbital, but it is somewhat higher than 

the observed one of 11.05 ev.21) 

In spite of the fact that both the 2a1 and

1b1 orbitals turn into the 1πμ orbital in the

linear form, the ionization energy of 2a1 is 
lower than that of 1b1, and neither value 
shows the same value at the bond angle of
180° in Fig.2. This is due to the fact that

the NH2 radical has an unpaired electron : 
the 2a1 orbital is filled by two electrons with 
paired spins while the 1b, has only one elec-
tron, and further the electronic repulsion in 
the former is stronger than in the latter. 
In view of these facts, the ground state of 
the CH, radical is probably the 3B1 state, 
for the energy of the 1A1 state (1a1)2(1b2)2(2a1)2 
is considered to be higher than that of the 
B1 states (1a1)2(1b2)2(2a1)1(1b1)1 and also the 
3B1 state may be the most stable . 

Using the LCAO MO's in Table I without 
configuration interaction, the dipole moment 
for the corresponding bond angle can be 
calculated and is shown in Table III. These 

TABLE III 
DIPOLE MOMENT

values may be rather small but not considered 

to be unreasonable as compared with the 

value of the ammonia molecule of 1.40D.22) 

This correspondence may be due to the 

similarity of electronic structures between 

the NH2 radical and the ammonia molecule. 

But such correspondence does not exist in 

the relationship between the CH radical and 

the methane molecule, for there is a consi-

19) For example, see T. Inui and S. Yanagawa, 
"Gro up Representation and Atoms and Molecules", 
Shokabo, Tokyo, (1950) p. 253. 

20) J.A. Pople, J. Chem. Phys., 21, 2234 (1953).

21) J.C. Devins and M. Burton J. Am. Chem. Soc., 76, 
2618 (1954). 

22) L.G. Wesson, "Table of Electric Dipole Moments", 
The Technology Press. Massachusetts Institute of Techno-
logy, (1948) p. 2.
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derable difference in the electronic structure, 

that is, the former has lone pair electrons 

but the electrons in the latter are all bond-

ing6), and the lone pair electrons make a 

substantial contribution to the dipole mo-

ments23). 

Electronic States and Structures 

By using the LCAO MO's given in Table 

I, the energies of the lower electronic states 

were calculated without configuration inter-

action, and are shown in Fig. 3. They may

Fig. 3. Lower electronic states of the free 
NH2 radical (without configuration in-
teraction). The origin of energy is 
chosen to be N(4S)+2H(2S).

be considered to be fairly reasonable, if the 
good result of the CH radical6) obtained by 
the similar procedure is referred to. The 
electronic configurations of these states are 
as follows :

Herzberg24) showed that, in the upper state 

of the a bands, the bond angle is fairly large 

and possibly 180•‹ while, in the lower state, 

it has an intermediate value. According to 

Luft's estimation,25) the equilibrium bond 

angles of the lower and the upper state are

110° and 135-160°, respectively. These results

are very close to the values of the present 

calculation for the 2B1 and the 2A1 state.

The calculated value of a 2B1→2A1 transition

(1.8 ev) is also in fairly good agreement

with the experimental result, which was ob-
served in absorption spectrum in the region 
of 4500-7400 A. In view of these facts, the 
present calculation may be said to give the 
theoretical interpretation of the a bands as 
follows : this spectrum is due to the free 
NH2 radical, and the upper and the lower 
states are the 2A1 and the 2B1 state, re-
spectively. 

The calculated 2B2 state was, however, 
higher than that predicted by Mulliken°). 
This is mainly due to the facts that the 
present calculation ignores configuration in-
teraction and that the variational procedure 
is carried out for the 2B1 state only. Es-
pecially, the second 2B2 state K(1a1)2(1b2)2 
(2a1)2(2b2)1 is very close to the lowest 2B2 
state, and then the effect of configuration 
interaction may not be disregarded. 

In the previous section, the similarity of 
electronic structures for the nitrogen atoms 
in the NH2 radical and in the ammonia mol-
ecule has been discussed from the point of 
view of dipole moment. Besides this, such 
similarity can be deduced from their struc-
tures, that is, the tetrahedral structure of 
bond angle is almost perfectly preserved in 
the ground state of the NH2 radical as in the 
ammonia molecule. On the other hand, the 
HCO angle of the HCO radical is also scarcely 
changed from that of the formaldehyde mol-
ecule in the photochemical reaction,26) and this 
may be also due to the preservation of the 
electronic structure for the carbon atom. In 
view of these facts, the bond angle of the 
ground state may scarcely be changed in such 
reactions due to the preservation of electronic 
structure for the atom whose bond is rup-
tured. In the excited states, however, such 
property is not preserved in the case of the 
NH2 radical and of the HCO radical. The 
analogous relationship between the ground 
and the excited state can be seen in molecules 
such as HCN27), C2H228) and others, in which 
the linear form is not preserved in the excita-
tion of an electron from the bonding orbital 
to the non- or anti-bonding orbital. 

The results in the present work are, how-
ever, qualitatively satisfying, but can not be 
conclusive because of the method used, the 
approximate values in the many-center in-
tegrals and the ignorance of configuration 
interaction. It may be desiable to investigate 
these points more accurately, though they, 
in part, have been discussed by the present 
author in his calculation of CH6).

23) A. B. F. Duncan and J. A. Pople, Trans. Faraday 
Soc., 49, 217 (1953). 

24) G. Herzberg, private communication. 
25) N.W. Luft, Discussion Faraday Soc., No. 14, 114 

(1952).

26) D.A. Ramsay, J. Chem. Phys., 21, 960 (1953). 
27) G. Herzberg and K.K. Innes, to be published. 
28) C. W. King and C. K. Ingold, Nature, 169, 1101 

(1952); K. K. Innes, J. Chem. Phys., 22, 863 (1954).
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Summary 

LCAO MO's and ionization potentials have 

been calculated for the 2B1 state of the free 

NH2 radical by using the LCAO-SCF method. 

The interactions of all electrons have been 

explicitly considered, but the orthogonal re-

lationship between the 1s orbitals of nitrogen 

and hydrogen was assumed. Using these 

MO's the lower electronic states have also been 

investigated without configuration interac-

tion. The calculated value of a 2B1→2A1

transition is 1.8 ev in fairly good agreement

with the observed one of the α bands of

ammonia in the region of 4500 to 7400 A.

The calculated bond angles of the 2B1 and

the 2A1 state are about 110° and 150°, re-

spectively. These results are in good agree-

ment with the observation and the opinion 

by Herzberg and Ramsay and the estimation 

by Luft. 
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