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Recently, we have studied the electronic
structure and the spectra of some nitrogen
heterocycles using a semiempirical LCAO
SCF MO method?. Our investigation has
given a theoretical ground to the classifica-
tion of the spectra of mnitrogen hetero-
cycles which has been made by Zanker?
in analogy to the spectra of aromatic
hydrocarbons. The cause of the intensifica-
tion of !L; band in a nitrogen heterocycle
compared with the corresponding aromatic
hydrocarbon, was ascribed by some
authors®**, for example, in the case of
pyridine and benzene, to the mixing of
unperturbed !B,, state to which transition
from the ground state is virtually for-
bidden, with some contribution from 'E;,
state to which transition is strongly
allowed. Tsubomura® has studied the
same problem, using an antisymmetrized
product of naive MO. He has examined

1) N. Mataga and K. Nishimoto, Z. physik. Chem.,
N. F., 13, 140 (1957).

2) V. Zanker, ibid., 2, 52 (1954).

3) W. Moffitt, J. Chem. Phys., 22, 320 (1954).

4) N. Mataga et al,, This Bulletin, 29, 373 (1956).

5) H. Tsubomura, J. Chem. Soc. Japan, Pure. Chem.
Sec. (Nippon Kagaku Zassi), 78, 293 (1957).

the above described possibility and also
another possibility that, in pyridine, the
lowering of molecular symmetry compared
with benzene, may cause the perturbation
on MO in the direction of C: axis, and
this perturbation may also lead to the
intensification of 'L; band. His conclusion
is, however, that the latter effect may be
small compared with the former. We
have confirmed®™ that the latter effect is
negligibly small compared with the former,
on the basis of SCF MO. In the present
paper, we shall report the results obtained
for s-tetrazine, a typical nitrogen hetero-
cycle, comparing them with the results
for some nitrogen heterobenzenes such as
pyridine and pyrazine, and discuss the
nature of electonic transition in the
s-tetrazine molecule.

Theoretical Method?

The present section is devoted to a brief
description of the main ideas and approxi-
mations in the theory.

A) Formulation. — The theoretical
method is based on the framework of the
LCAO SCF MO method developed by
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Roothaan® and Hall?, with only the =-
electrons considered explicitly. Its com-
putation procedure is similar to that of
Pople® and Ooshika®. The wave function
for the r-electron in the ground state
was taken as a Slater determinant built
up from orthonormal moleculer orbitals
which are themselves linear combinations
of 2px atomic orbitals ¢,...... ¢.:m of carbon
or nitrogen,

$i=3Cius ®

The coefficients ¢;» are chosen to
minimize the electronic energy,

E=fxuﬂxodl' (2.)

where H is the complete electronic

Hamiltonian
Zm
H=3H:"""+3(¢ i) ©)

The general set of equations for ¢ix which
has been given by Roothaan®> can be
reduced to the following eigenvalue equa-
tions, by some simplifying approxima-
tions about the integrals that arise®-!%.

?F.ﬂuciv=€|'0a'pl (4)
where

1
Fpp =pr+'§P.up'rFF+ E P:zT:# (5)
HETS]
1
Fﬂu=Hm“§‘Pme (6)

P,uy=2_26fp6l'p (7)
i=1
Tuw is the interelectronic Coulomb repul-
sion integral

Fo = ﬁm*uw»*(z);f—:m(1>¢,(z>dv1dvz ®

H,, are the diagonal matrix elements of
the core Hamiltonian for all atoms,

e fo LoV o
=f¢F,* { ——%vz-— Vp} ¢.dv

“E) $u*Vepudv

c (¥
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where
1 1
p= ¢r* —EVZ‘-‘ijibpdﬂ (10)
Ter' = [6,4V . pudo an

ax may be regarded as a quantity charac-
teristic to p atom in an appropriate
valence state and for our purpose, it may
be satisfactory to assume, 7., =7..%.

We denote Hg., the off-diagonal matrix
elements of the core Homiltonian, as S..,

bro= o1 —5v—mV. )b 2

then the matrix elements of the ground
state Fock Hamiltonian may be written

as follows, wusing the approximations
described above,
Fup=au+1/2Pu Tuu+ (%:F)(Pn"'l) (13)
Fﬂvzlgﬂv'_l."zpﬂvr#v (14)

When the self-consistent problem for
the ground state has been solved by a
cyclic process, the unoccupied orbitals
Dmrennne ¢.m can be used to comstruct con-
figurational wave functions for excited
states. We shall write 'X;»: for the singlet
configurational wave function in which one
electron is excited from an occupied orbital
¢; to an unoccupied orbital ¢;. The corres-
ponding triplet wave function will be
written 3%, and (Xi-iH|'X;-) and
(CXi»HPXj» ) represent the matrix ele-
ments of total Hamilton H by these wave
functions. Then the excitation energies
corresponding to the transition i—k are
expressed as follows for singlet and triplet
respectively :

E(Xise) =Clisd HI' X ime) — (Lo H|Xs)
=gs—ei— (tk|Glik) +2(RGlki) (15)
EClist) =Clist HP Xisg) — (Lo H|Xo)

— ex—ei— K Glik) 16)

where
($4IGlrs) = ﬁbp*(nm*(z)?—f’l—z 6,(1)65(2)dp,do,
an

The interconfigurational matrix elements
may be written in a similar way
CLimd H|'Xins) =2(RIGli) — (GRIGlil) (18)
Clisll HPX i) =—(GRIGIiD) (19)
An excited state wave function ¥, is
approximated by a linear combination of
singly excited configuration functions
Xisi's.
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The oscillator strength, f, is calculated
by the method described by Mulliken and
Rieke,

f=1.085x10"wpe =]

T=Xy¥42

[@]  (20)
where wy. is the frequency of the X, —¥,
transition in cm~L.

B) Semiempirieal Evaluation of
Integrals.—Molecular integrals appeared
in Egs. 13 and 16 are evaluated by
semiempirical procedure analogous to, but
somewhat different from those given by
Pariser and Parr'??, Ooshika® and Pople!®.

Bl. The value of a. was taken to be
equal to —1,, where I. is the ionization
potential of ¢ atom in the appropriate
atomic valence state!®. B,, for C-N and
N-N were taken from Pariser and Parr!®
and Paoloni'®, respectively, for nearest
neighbours and neglected for more distant
neighbors :

Ben=—2.57T6e.v., PBNN=-—2.35e.0.*

B2. To estimate the two center Coulomb
repulsion integrals of the type 7.., we
used the following approximation,

Tus =€ Ry, (21)
Rﬂu=a+rﬂv (22)
where 7., is the interatomic distance

between g and v atoms. a« is a parameter,
which is determined in the following way,
using valence state ionization potential I,
and electron affinity A, in the same
valence state. For homonuclear two
centers, we put

Tun=€[Ruu=ela=I,—A, (23)

In the case of heteronuclear two centers,
i.e. carbon and nitrogen, we take as e2/R .,
simple arithmetic mean of e?/R,.’s for
carbon and nitrogen. The values of «
thus evaluted are, acc=1.328A, acn=1.212A
and ann=1.115A. The geometrical struc-
ture of s-tetrazine has been determined
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figuration interaction among %o, %255 and %1-54. However,
in our present theory which takes into consideration only a
limited amount of configuration interaction, the best
choise of By value seems to be the one employed here.
The author is grateful to Dr. L. Paoloni of Rome Univer-
sity for illuminating discussions on this point.
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by Bertinotti, Giacomello and Liquori'#>,
by means of X-ray diffraction. The values
of 7..’s necessary for the evaluation of
7«’s and oscillator strength were taken
from this work.

Results and Discussion

As pointed out previously?’, the replace-
ment of —CH= with —N= can be regarded
as a small perturbation, and the SCF MO’s
of nitrogen hetrocycles are nearly close
to the naive MO’s obtained by ordinary
procedure, assuming the Coulomb integral
at nitrogen atom, an, to be equal to
a-+0.585.

We have chosen the naive MO’s of s-
tetrazine obtained in this way as a start-
ing MO’s for the SCF calculation. Thus
the self-consistent problem for s-tetrazine
has been solved and the resulting SCF
MO’s and MO energies are collected in
Table I.

TABLE 1
SCF MO’s AND MO ENERGIES OF s-TETRAZINE
Symmetry gile.v.)
boy —15.531 ¢,=0.4277¢,+0.3667 02
big —12.759 ¢»=0.50000;
bsg —11.973 ¢5=0.32560,+0.536505
Qi — 2.899 ¢,=0.50000%
bsg - 1.573 ¢15=0.259201'—0.604602
bsg 0.975 ¢5=0.437404,—0,34240;

1= (2 +Ps+@s—Pe), Ta=(P1+04),
gs=(P2+@s—ps—Pe)
o= (P2—s—ds+de), ai=(h1—4),
ag= (P2 — s+ o5 —dg)

S-Tetrazine
1

5 \/\ 3
£l Pyrazine i Pyridine

N

x

Fig. 1. The numbering of atoms and the
coordinate of symmetry operation.

14) F. Bertinotti, G. Giacomello and A. M. Liquori,
Acta Cryst., 8, 513 (1955); ibid., 9, 510 (1956).
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TABLE II
THE ENERGIES OF CONFIGURATIONS AND THE VALUES OF INTERCONFIGURATIONAL
MATRIX ELEMENTS*

F('B3u~) =0.86911%3_,4—0.4945! X555
¥ (1Bau*)=0.49451%;3,,+0.86911%2 55

E(*X3-y4) =5.7479
E(1%45) =7.2810

(e | H [ 1X255) =1.2901

¥ (3B3,~)=0.218132 3,4, —0.9759% X o5
¥ (3B3y*) =0.9759315_,4,+0.21813%, 45

E(%35,) =3.4231
E(%%a55) =5.8077

(X354 | H | #X355) = —0.5607

(34 | G | 34) =5.6509,
(25 | G | 25) =5.3782,

(34| G | 43) =1.1624,
(25 | G | 52)=0.7366
¥ (1Byx~) =0.09271 X554 —0.9957 X355
¥ (1B1u™*) =0.9957125,4+0.09271 X555

E(*%-s) =6.8708
E(1%3-5) =9.9633

(zme | H | 1X355) = —0.2899

¥(3Bx~)=0.1598%%5 4 —0.98713 %355
¥(3Bu*) =0.9871%1254+0.1598% X355

E(ah_"} = 3. 192‘(
E(*%3;) =6.5663

(*Aoss | H | 32355) = —0.5607

(24 | G | 24) =6.6683,
(35 | G | 35) =3.8329,

* The energies are in unit of e.v.
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Fig. 2. SCFMO energies of benzene,

pyridine, pyrazine and s-tetrazine.

The numbering of atoms and the
coordinate for the symmetry operation
are shown in Fig. 1. For the purpose of
comparison, the SCF MO energies are
indicated in Fig. 2 together with those of
benzene, pyridine and pyrazine!’.

It is evident from Fig. 2 that both of
the doubly degenerate benzene MO’s ey
and e., are split into two MO’s with
different energies in pyridine, pyrazine
and s-tetrazine owing to the lowering of
molecular symmetry. In pyrazine, by, is
higher than b;;, in the occupied MO’s, and
in the vacant MO’s a;, is higher than b...

(24 | G | 42) =1.8392,
(35| G | 53) =1.6985

When molecular symmetry is reduced
from D, in pyrazine to C. in pyridine,
@z and b, become a@., and b,. together
with &;; become b&.,. In addition, the
former is higher than the latter, in the
case of pyridine, both in the occupied
and the vacant MO’s. In the case of
s-tetrazine, the relative order of the
coresponding levels is reversed. The
cause of this reversal may plausibly be
attributed to the strengthening of the
core potential, resulting from the increase
of the number of nitrogen atoms. The
excited state wave functions, energies of
configarations and the wvalues of inter-
configurational matrix elements are given
in Table II.

The calculated excitation energies and
oscillator strengths are collected in Table
III, in comparison with the observed

values. Unfortunately, the experimental
TABLE III
EXCITATION ENERGIES AND OSCILLATOR
STRENGTHS
Symmetry Excitation Oscillator
— —— energy (e.v.) strength
312(;1:5 Platt cale. obs. calc. ob;.
1By~ 1Ly 5.013 4.962 0.11 —_
Biu* 1Lg 6.842 — 0.43 —
1Bgy™* 1B 8.015 — 1.35 —
1B~ 3L 9.990 — 0.73 —
3Bt L, 3.101 — 0 —_
3Bat By 3.298 — 0 —
By~ 3Ly 5.933 — 0 —
3Biu"~ 3Bga 6.657 — 0 —
a) Ref. 15)
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Fig. 3. Interactions between lower excited singlet configurations.

data are not sufficient, and only the value
of excitation energy for the lowest singlet
z—rx transition is available’®. For this
transition, the calculated excitation energy
agrees satisfactorily with the observed
one.

The configuration integration between
the singlet excited configurations are
illustrated in Fig. 3 together with results®’
for benzene, pyridine, for the purpose of
comparison. It is clear, from the results
given in Fig. 3, that the configuration
interaction plays a very important role
for the determination of the spectra. Let
us consider, for example, the case of the
lowest singlet excited state, 'Bi.. The
two configurations, 'Zs3»s and 'X;»; are
degenerate in benzene, and the degree of
splitting due to configuration interaction
is very large. The two configurations are
no longer degenerate in pyridine, s-tetra-
zine and pyrazine, and the energy
difference between the two configurations
becomes larger in this order. The
magnitude of the splitting is, however,
the smaller, the larger is the energy
difference between the two configurations.
Thus the relative hight of !B-;. state in
this series of nitrogen heterocycles is
approximately unchanged, and almost the
same as that in benzene. This circum-
stance of the configuration interaction in
nitrogen heterocycles has already been

15) A. M. Liquori and A. Vaciago, Ric. Scient., 26,
181 (1956); Gazz. chim. ital., 86, 759 (1956).

discussed qulitatively by Tsubomura®,
and his conclusion is confirmed by our
quantitative study described above. It
may be a very interesting problem whether
such an argument is still applicable to:
the electronic spectra of pyridinium ion,
the lowest excited state of which has.
almost the same excitation energy as that
of pyridine*. .

As mentioned above, we have pointed
out previously'?, that the perturbation on.
MO by hetro-replacement may have only
small influence on the oscillator strength,.
and almost all the part of the latter may
arise from the inequality of ¢ and b in.
Eq. 24.

T(IM)y=aX,+bX: (24)

where ¥(I') is an excited-state wave.
function and X, and X, are two conflgura-
tions interacting upon each other.

That the same circumstance prevails.
also in the case of s-tetrazine is evident.

from the following analysis. Let us put
a=b in Eq. 24, then the oscillator
strengths of s-tetrazine become as follows..

Ir f

B~ 3u 0.01

1B+ 0.008

In fact, these values of f are very

small compared with the actual values of’

* In this respect, the present author, in collaboration
with Miss S. Tsuno, is now working out the electronic
structure of pyridinium ion.



458 Noboru MATAGA

calculated oscillator strength and are
almost negligible.

Now let us refer to the polarizations of
transitions in this molecule, though there
are no such experimental data available
at present.

With the results and reasonings described
hitherto, the polarization of transition to
the lowest excited state may be polarized
in x direction of Fig. 1, where, in addition
to s-tetrazine, pyridine and pyrazine are
pictured for the convenience of com-
parison, their corresponding transitions
being polarized also in x direction of the
figure. The transition to the second
excited state, however, is polarized in y
direction in s-tetrazine as well as in
pyridine and pyrazine.

Eventually, the spectral similarity of
s-tetrazine with the parent hydrocarbon
and the other nitrogen heterocycles such
as pyridine and pyrazine originates from
the close correspondence of the MO’s of
the former with those of the latter, though
‘the MO energies of s-tetrazine are con-
.siderably- different from those of the
others. Whereas the relative order of b,
.and bs;; or ai, and b, orbitals in energy
scale is reversed in s-tetration compared
with those in pyrazine or pyridine, the
result of configuration interaction gives
the excitation energy of the transition to
‘the lowest excited state which is almost
the same as those of pyrazine, pyridine
and benzene, in good agreement with the
.experimental observation.

Summary

(1) =-Electronic structure and the nature
.of the electronic transitions in the s-tetra-
zine molecule has been elucidated using

[Vol. 31, No. 4

the semiempirical LCAO SCF MO method.

(2) There is satisfactory agreement
between the calculated and the observed
values of the excitation energy for the
transition to the lowest excited state.

(3) Tsubomura’s qualitive argument
concerning the influence of configuration
interaction on the lowest energy transition
of nitrogen heterocycles has been confirmed
by the quantitative calculation.

(4) The cause of the intensification of
!L; band compared with the parent hydro-
carbon has been analysed by the same
method employed previously’, and it has
been confirmed that, also in the case of
s-tetrazine the perturbation on MO by
hetero-replacement has only a small in-
fluence on the oscillator strength.

(5) The spectral simirarity of nitrogen
heterocycles with the parent hydrocarbon
has been ascribed to the fact that their
MO'’s correspond ‘closely each other, and
it has been pointed out that the configura-
tion interaction plays a very important role
in the determination of spectra, which is
also a cause for the spectral similarity.
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