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Theoretical studies of the electronic struc-
tures and spectra of complex aromatic mole-
cules seem to be of increasing importance 
from various viewpoints. The electronic spec-
tra and electronic structures of substituted 
aromatic hydrocarbons for instance, have been 
the subject of a number of theoretical investi-
gations.1-12) 

Baba and Suzuki12) have made a comparative 
study of the electronic spectra of phenol and 
aniline and also of those of naphthols and 
naphthylamines. These calculations, as well 
as those by some of the other investigators,5,9)
employed molecular orbitals delocalized over 
all the cores of the molecules, in contrast to 
the method of the composite system, where a 
molecule is regarded as being made up of 
several fragments and where the interactions 
among the wave functions of these fragments 
are calculated to give the wave functions for 
the whole molecule.7,8) The latter method is 
quite suitable for determining the correlation 
between the spectrum of a molecule and the 
spectra of fragments of which the molecule is 
composed and also for ascertaining the extent 
of charge transfer (CT) interaction among 
these fragments in the molecule. 

Of course, these two methods are not es-
sentially independent of each other. Recently, 
Fischer-Hjalmars13) has developed an elegant 
method for transforming the wave functions 
calculated by the former method into those

obtained by the latter method using natural 
spin orbital of Lowdin ;14) she has applied that
method to toluene and aniline. In the case of 
aniline, the result of this transformation was 
rather close to the wave functions calculated 
by Murrell7) with the method of the composite 
system. 

As has been said above, the electronic spec-
trum and the electronic structure of aniline, 
among other amino-substituted benzenes, 
have been studied in detail. However, the 
electronic structures and spectra of poly-sub-
stituted amino-benzenes have not been studied 
in detail. 

Because of the strong conjugation of the
amino group with the π-electron system of

the aromatic ring, perturbation methods* seem 
to be poor approximations for systematically 
interpreting the electronic spectra of amino-
substituted aromatics ; therefore, a variational
method should be employed for this study. 

Because of this strong conjugation power of 
the amino group, the electronic structure of 
the aromatic hydrocarbon will be considerably 
affected by this substitution. Actually, Kohler 
and Scheibets3 have demonstrated that s-tri-
aminobenzene is easily protonated on the ring 
carbon in an almost neutral aqueous solution, 
whereas aniline, as well as m-phenylenedi-
amine, is protonated on the amino-nitrogen. 
This is a remarkable example of substitution 
effecting a large change in the physico-chemi-
cal property of a molecule. 

We have studied this very interesting pheno-
menon by means of molecular orbital calcula-
tions and have shown that the calculated elec-
tronic spectrum of the protonated s-triamino-
benzene agrees satisfactorily with the observed 
spectrum, and also that the quite large proton 
affinity of this molecule is in accordance with 
the results of the calculations.16) 

In view of the circumstances described above, 
it seems to be desirable to study the electronic
spectra and electronic structures of amino-sub-
stituted aromatics in a more systematic way.
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Accordingly, we have taken up several amino-
benzenes, such as aniline, isomeric phenylene-
diamines (PDA) and s-triaminobenzene (TAB), 
and also several amino-substituted nitrogen 
heterocycles, such as 4-amino-pyridine, 1, 4-di-
aminotetrazine and melamine. 

In the present report, mainly the results for 
amino-substituted benzenes will be described.

Method of Calculation

Although our method of calculation in this 
report is based on the semiempirical ASMO 
method12,17,18) with a zero differential overlap, we 
have tried various approaches including the 
VESCF19,20) calculation on p-PDA, because the 
electronic structures of amino-derivatives appear to 
be much more complicated than those of parent 
hydrocarbons and simple n-heterocycles, where the 
-CH= groups of the parent hydrocarbon are replaced 

by -N=. 
One of the difficulties with calculation using the 

MO's delocalized over all the cores of the molecule 
is the assessment of the core potential at amino
nitrogen, which can contribute two electrons to 
the 7r-system, in contrast to the case of aromatic 
hydrocarbons or n-heterocycles, where the core
potentials for π-electrons are fairly uniform. A

similar difficulty arises in the case of pyrrole, for 

which Brown and Heffernan used the VESCF 
method.20) 

The outline of our procedure of calculation is 

as follows : 
i) The calculation of Huckel MO's, assuming 

appropriate values of Coulomb and resonance para-
meters(αN=α+1.2β,βcN=β12)).

ii) The antisymmetrization of Huckel MO's. 
iii) The calculation of electronic spectra invok-

ing configuration interaction (CI) or SCF calcula-
tion using Huckel MO's as the starting wave func-
tions, and then the calculation of the electronic 
spectra by the CI method. 

Although the necessary formulas for the ASMO 
CI calculation have been given elsewhere,'-,, 18) they 
will now be described briefly.
The Hiickel MO's(φi's)are expressed by linear

combinations of 2pπ AO's(φ … φ2n)of carbon

and nitrogen

(1)

The Hamiltonian for 2m n-electrons can be

wntten as

(2)

where is the core Hamiltonian for the ith

electron and rij is the interelectronic distance.

By means of the Fock Hamiltonian, 

+G,the apparent orbital energies are expressed by

(3)

Putting the matrix
elements of Fock Hamiltonian in terms of AO's 
are written as :

(4)

The excitation energies for the i  k transition,

where
xo is the ground electronic configuration, and the

interconfigurational matrix elements,
are calculated by the following equations :

(5)

(6)

(7)

(8)

(9)

In these equations,

the + signs before
the last terms in the right hand side are for 
singlets, and the - signs are for triplets. Thus , 
only the singly-excited configurations and the ground 

configuration are taken into account. 
In the case of the SCF calculation, the secular 

equation :21)

(10)

must be solved by an iterative procedure. 

In the VESCF method of Brown and Hef-
fernan,19,20) the SCF procedure involves the de-

pendence of all the integrals except pay on the

charge distribution,Pμ μ.

The wave function,Ψ, for an electronic state is

given by a linear combination of x's. The oscil-
lator strength, f, is calculated by the following 
equation :

(11)

where voa is the excitation energy in units of eV.

of the transition from the ground state,Ψ0, to an

excited state, Ψa. The necessary formulas for the

calculation of the transition moment, mr0a, have

been given elsewhere.17b)

Let us now consider the evaluation of integrals .

They have been evaluated by semiempirical pro-

cedures. Zk=1 for the carbon core and ZK=2 for

the core of amino nitrogen, which contributes two

electrons to the π-system. The IH values for carbon

were taken to be 11.42 eV., and that for the amino

nitrogen,28.85 eV.22)
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γμv's were evaluated by the same procedure as be-

fore.18,23,24) For the evaluation ofmr and rμv, all

nearest neighbor C-C bond distances are assumed

tobe L39A, and those of C-N bonds,1.36A.5)

The core resonance integral, Rev, was taken into

account only for the nearest neighbors and was

neglected for more distant neighbors;the same

value as before18,23,24)was used for βcc, namely,

βcc=-2.388 eV. However, the most suitable value

for βcN in the present approximation is not yet

known. We have calculated the electronic spectrum

of p-PDA assuming various values for βCN in order

to find out the βCN value which fits the observed

excitation energy. In this way, the best value of

Acx for reproducing the excitation energies to the

first and the second excited singlet states has been 
found to be -3.6 eV. 

We have calculated the electronic spectra of 
some amino-substituted benzenes and nitrogen 

heterocycles, such as aniline, p-PDA, TAB, 4-amino-

pyridine, 4, 4'-diaminotetrazine and melamine, with
this NCN value, However, the agreement between

the calculated and observed spectra is not very

satisfactory with this βCN value.

One of the main causes for this unsatisfactory

agreement seems to be as follows. The value of

IH for the amlno.nitrogen(28.85 eV.)used in the

above calculation(Approximation A)is the ioniza-

tion potential of the 2pƒÎ electron of N+ in the

trigonal hybrid state. This value appears to be 

too large ; the real value is probably smaller than 

this value and a little larger than that for neutral 

nitrogen because the actual core for a n-electron 

at amino-nitrogen is not N2+ but is partially

shielded because of the existence of another n-

electron・ Moreover, this value of βCN seems to

be too large because the overlap between the 2pπ

AO's on the amino-nitrogen and the substituted
carbon respectively may not be larger than the
corresponding overlap between the nearest neigh-
bor carbons. 

In view of these circumstances, we should ex-
amine other semiempirical procedures more appro-

priate to the present case. One of the possible

procedures is to regard Iμ or Fμ μ for amino nitro-

gen as an adjustable parameter and to select the
most suitable value for reproducing the observed
spectra satisfactorily. For this purpose, we have 
used a simplified procedure which gives appropriate
values for the Fμ μ's of amino-nitrogen, That is,

(12)

where <Fcc>AV is the simple arithmetic mean of

Fμ μ's for carbon,<F12>Av is the same quantity of

Fμv's for the  nearest neighbor carbon-carbon

bonds, and 8x is the Huckel MO parameter for

the Coulomb integral of nitrogen,1.2.

When<Fμ μ>of Eq.12 instead of Fμ μ of Eq.4

is used for amino-nitrogen, the most suitable value

of the core resonance integral βCN apPears to be

-2 .399eV。, the NCC value being the same as before.

Therefore, in this approximation, βCN=βCC;this

result seems to be physically reasonable.

For a more refined calculation, the VESCF 

method of Brown and Heffernan19,20) may be used. 
An analogous idea of " differential ionization " 
has been proposed by I'Haya.25) 

In the VESCF method, it is assumed that Slater's 
rule for the effective charges of atoms is applicable 
to a continuous variation in electron density.
Accordingly, the effective charge, ZN, of the a

atom is expressed as a function of PAN

(13)

where NN is the atomic number and aH is the

number of a-electrons associated with the u atom

in the molecular framework, e. g.,3 for carbon

and the amino-nitrogen. λμ is the contribution

from the lnner shell electrons, and λμ=1.35 for

carbon and nitrogen in the present case.

If the Iμ's are plotted against the Zμ's for the

(spa, V,) valence state of the iso-electronic series,

C,N+ and O2+, and for the(sp4, V3)valence state

of the iso-electronic series, C-, N and O+re-

spectively, the curves are accurately parabolic. In

this way, the form of the relationship between the

valence state ionization potentia1, IN, and 乙 has

been established.26) Therefore,γ μv's can be calcu-

lated easily from the relations

and

Thus, in this SCF procedure, the Ip'S and Yav's

become functions of Paa's from their dependence

on Zμ's. We have applied this method to P-PDA.

Results and Discussion

The Htickel MO's and MO energies of 

aniline and isomeric PDA's are given in 

Appendix I. The numberings of the atoms in 

these molecules are given in Fig. 1. The MO's 

and MO energies of TAB are given elsewhere.16)

C2v symmetry is assumed for aniline, o- and 

m-PDA, while D2h symmetry is assumed for 

p-PDA. 
Using these Mickel MO's, the electronic 

spectrum of p-PDA was calculated, assuming

various βcN values as described in the Method。

of-Calculation section. The results are indicated 

in Fig. 2. The observed excitation energy to 

the lowest excited singlet state of p-PDA is 

nearly 4 eV. This value can be repoduced by

taking either βcN=-1.2 eV. or ,βcN=-3.6 eV.

However, with βcN=-1.2 eV. the disagreement

between the calculated and observed values of 
the excitation energy to the second excited 
singlet state is considerable (observed value22) S. Mataga and N. Mataga, Z. Phys. Chem. N. F., 19, 

231 (1959). 
23) K. Nishimoto and N. Mataga, ibid., 12, 335 (1957); 

N. Mataga and K. Nishimoto, ibid., 13, 140 (1957). 
24) N. Mataga and K. Nishimoto and S. Mataga, This 

Bulletin, 32, 395 (1959).

25) Y. I'Haya, Mol. Phys., 3, 513, 521 (1960).
26) S. Mataga and N. Mataga, This Bulletin, 32, 521 

(1959).
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Fig. 1. The numbering of atoms in amino-
 benzenes.

Fig. 2. The change of the excited singlet state 

 energies of p-PDA as a function of the ƒÀcN 

 values.

(1) 
(2) 
(3) 
(4)

TABLE I. CALCULATED ELECTRONIC SPECTRA OF ANILINE AND p-PDA (APPROXIMATION A) 
IN COMPARISON WITH THE OBSERVED VALUES 

Aniline

a) See Ref. 12. 
b) M. Kasha, Chem. Revs., 41, 401 (1947). 
c) W. F. Forbs and I. R. Leckie, Can. J. Chem., 36, 1371 (1958).
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～5eV .). Accordingly,βCN=-3.6 eV. has been

chosen in this approximation.

A Comparison of the Calculated with the

Observed Spectra.-Using this CN value, the

electronic spectrum of aniline has been calcu-
lated and a more extensive CI calculation of 
p-PDA than that given in Fig. 2 has been 
carried out. The calculated results are shown 
in Table I, together with the observed values. 

 The calculated excitation energies are a 
little larger than the observed values. The 
calculated relative spacing among 'Ag+, 1B3u-
and 1B2.+ states of p-PDA is especially un-
satisfactory. That is, the calculated energy 
difference, E(1B2u)-E(1B3u-), is ca. 0.5eV.

larger than the observed value. Even if we

use other values fbr βcN between -2eV.～

-3.6eV., this unsatisfactory result is not very

much improved, and with NCN values other

than -3.6 eV., the agreement between the 

observed and calculated excitation energies to 

the IB3 state become worse, as can be seen 

from Fig. 2. Thus, the present approximation 

seems to give rather unsatisfactory results. 

The reason for this may be the use of too 

large a value for In or FNN, as has already 

been discussed in the Method-of-Calculation 

Section. Accordingly, we have tried the next 

approximation, i, e., the use of Eq. 18. The 

electronic spectra of aniline and p-PDA as

TABLE 11. CALCULATED ELECTRONIC SPECTRA OF ANILINE AND ISOMERIC PDA's 

(APPROXIMATION B) IN COMPARISON WITH THE OBSERVED VALUES* 
Aniline

* The observed values are taken from Ref . c of Table I.
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well as those of o- and m-PDA have been 

calculated with this approximation. 

The calculated results are shown in Table 

II, where the observed results for o- and m-

PDA are given for purposes of comparison. 

One can see from Tables I and II that the 

agreement between the calculated and the 

observed excitation energies is more satisfactory 

in Approximation B than in Approximation 

A, although less extensive configuration interac-

tions are invoked to obtain the results given 

in Table II. 

The calculation predicts that the excitation 

energies to the lowest excited ringlet states of

o- and m-PDA will be larger than that of 

p-PDA ; this is in accordance with the observed 
results. Furthermore, the values of the ex-

citation energies themselves, as well as the 
relative spacings among the excited states, 

are given correctly.* These results appear to 

support the agreements described in Sec. II 

against Approximation A. However, the pro-

cedure of Approximation B seems to be rather 

arbitrary. Therefore, we have examined a 

more " theoretical " procedure, i. e., the VESCF

method, in the case of p-PDA. 

The calculated spectrum and the VESCF 

MO's are given in Table III and Appendix II

respectively. The βcx value used in this

calculation was the same as that in Approxi-

mation B. 

As one can see from Table III, the calculated 

excitation energies are a little smaller than the 

observed values, although the energy difference 

between the '1B2a+ and 1B3u- states is correctly

TABLE III. THE CALCULATED ELECTRONIC 

SPECTRUM OF p-PDA (VESCF METHOD)

given. It seems to be possible that one can 
fit the observed spectrum if one selects a

somewhat different βcx value and repeats the

SCF calculation. However, we shall not 

attempt such a calculation here, for this is 

quite a laborious procedure. 
The Relation between the Simple Huckel MO 

Calculation and the Present One.-In the 

present method, the electronic repulsions are 
explicity taken into consideration in the calcu-

lation of the electronic spectra. However, 

because of the zero differential overlap ap-

proximation, the present method appears to 
be essentially similar to the simple Huckel 

MO method. Among the matrix elements of 

the Fock Hamiltonian, the diagonal element,

Fμμ, and the non-diagonal element, Fμv, be-

tween the nearest neighbor AO's have ap-

preciable values, whereas the FH. between the

more distant neighbors has a very small value. 

This circumstance corresponds quite well to 

the fact that, in the simple Huckel MO
method, only the Coulomb integral, α, and

the resonance integral,β, between the nearest

neighbor AO's are taken into account. Further-

more, the Fμ μvalues for the ring carbons are

not very different from each other through-

out the mono-, di-and tri-substituted amino-

benzenes. The FƒÊƒÊ values for the ring carbons.

of these compounds are in the range -5.5 eV.•`

-6 eV . ; the average value is•`-5.8 eV. This 

value is rather close to that of the alternant 

hydrocarbon, -6 eV.

FNN in Eq.4can be rewritten as

(14)

where When the μth atom

is one of the ring carbons, this equation can 
he further rewritten as :

(15)

if the electron distribution of the parent

hydrocarbon is not very much disturbed by

the substitution, the Fμμ(C)value may be

close to the Fμ μ(C) value of

the parent hydrocarbon, because the 8Q values

are small in this case.
As has been described above, this circum-

stance seems to hold approximately, even in 

the case of amino-substituted benzenes, in 
snite of the great conjugation power of the

amino group. We can expect that Fμ μ(C)

will become smaller when the Huckel MO

parameter, δN, becomes smaller. Actually, if

we assume δN～0.8 in the case of TAB, Fμ μ(C)

becomes ca.-5.0 eV.

* Quite recently , the electronic spectrum of aniline 
has been examined in detail up to the vacuum ultraviolet 
region (K. Kimura, H. Tsubomura and S. Nagakura. pre-
sented at the 16th Annual Meeting of the Chemical Society 
of Japan, April, Tokyo, 1963). According to this measure-
ment, the energy difference betweenΨ(1B1)II andΨ(1A1)11

amounts to 0.33eV. In our present study, it is calculated 

to be 0.26 eV. in Approximation A and 0.16 eV. in Approxi-

mation B.
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Fig.3. Fμ μvalues of some aminobenzenes.

(a) Approximation A.-Aniline

--ρ-PDA -・-TAB

(b) VESCF approximation for p-PDA.

μ=7 is for the amino group of TAB.

Some examples of the Fμ μ values in aminc-

benzenes are shown in Fig. 3. 

As has been described at the beginning of 

this article, we have calculated the electronic 

spectra and electronic structures of some 

aminobenzenes protonated on the ring carbon, 

employing the localization model.16) In this 

case, for example in the benzenium ion, four 

electrons move in the field of five positive 

carbon cores. Therefore, the core field is much 

stronger in this case than in the case of 

neutral aminobenzene molecules, although, 

again in this case, we can observe that the

Fμ μ(C)values are fairly uniform. Namely,

Fμμ(C)=-10士0.5 eV., throughout aniline pro-

tonated on para-carbon, m-PDA protonated on

the carbon atom at the ortho-position to both

amino groups and TABH+. This Fμμ(C)value

is rather close to the average Fμμ(C)value of

the benzenium ion,-10.5 eV.

The non-diagonal matrix element,Fμv(C),

between the nearest neighbor carbon AO's may 

be rewritten as:

(16)

where F•‹12 is the matrix element of the parent 

hydrocarbon because, in the present approxi-

mations except for the VESCF method, the

β12 and γ12 are the same as those of the parent

hydrocarbon.

We can observe that the F12 (C) values are 
not very different from each other through-
out the aminobenzene molecules. The average 
value for these molecules is -4.063 eV. ; this 
is close to the F12(C) value for benzene, 
-4 .1538 eV. However, as Fig. 4 shows, we 
can observe a definite linear relation between 
the F12(C) value averaged over all the nearest 
neighbor pairs of an aminobenzene and the

Fig.4.<F,2>Av versus dq relation for amino-

benzenes.

⊿q value, the total of the charge which has

migrated to the ring from the substituents.

Because the F12(C) value in the present

approximation is essentially determined by the

P12 value, this fact indicates the linear relation

between ⊿q and P12 averaged over all the

nearest neighbor μ-v pairs(<P12>),as is shown

in Fig.5.

Remarks on the Relations among the Charge 

Migrations, Bond Orders and the Extra De-

localization Energies. - As Fig. 5 shows, the

Iinear relation between<P12>and ⊿q seems to

Fig.5. <P12>versus ⊿q relation for some sub-

stituted benzenes.

(1) 
(2) 
(8) 
(9)
(10),
The values for the case of δx=1.5 and βcx=

0.7β are taken from Ref.27 and others are

calculated by the present author.
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hold almost exactly, at least in the case of 

the benzene derivatives, because the number 

of the substituents and the Coulomb para-

meter δx are varied from l to 4 and from O

to 1.5 respectively, and the parameters for the

resonance integral,βcx, are of two kinds,0.7

and 1.0. 

Thus, the linear relation in this case can be 

expressed as ;

(17)

where <P12>0=2/3, the bond order of benzene. 
Furthermore, we can see an almost complete 

linear relation between the extra-delocalization
energy (vertical),⊿ ε and ⊿q, as can be seen

from Fig.6. The ⊿ ε versus dq relation in

Fig. 6 involves various amino-substituted 

nitrogen heterocycles in addition to the amino-

substituted benzenes. The Huckel MO para-

meters for the amino group of the former 

compounds are the same as those of amino-

benzenes, and the parameters for the ring 

nitrogen are the same as were used before,18)

i.e.,δN=05 and βcN=β. The analogous linear

relation between de and dq has already been

demonstrated for hydroxy derivatives of ben-

zene and naphthalene, assuming δ0=1.5 and

βco=0.7β.27)

Qualitatively speaking, we can expect a

larger dq value, the greater the ds value, in

accordance with the concept of the intra一

Fig.6.⊿ ε versus 4g relation for some amino-

substituted benzenes and  nitrogen  hetero-

cycles.

(1) Aniline (2) 4-Aminopyridine 
(3) p- and o-PDA (4) m-PDA 
(5) 4,4'-Diaminotetrazine 
(6) TAB (7) Melamine
⊿E is in unit of -β.

molecular charge transfer interaction.7,8 11,28)

Furthermore, we can anticipate a smaller

<P12>value, the larger the ⊿q value, because

the charge is transferred from the substituents

to the antibonding orbitals of benzene or N-

heterobenzenes.

As we can see from Appendix I and Figs.

5and 6, the ⊿ ε, ⊿q and <P12> values of sub-

stituted benzenes are approximately propor-
tional to the number of the substituents when 
the same parameter value is used for the 
substituents. This fact suggests that we may 
be able to derive such a proportionality rela-
tion by the perturbation method. However, 
this proportionality and the linear relations 
seem to be rather peculiar, especially in view 
of the strong conjugation power of the amino 
group, which probably invalidates perturbation 
calculation. Nevertheless, we will examine 
here whether such a perturbation calculation 
is possible or not in the case of amino-sub-
stituted alternant hydrocarbons. 

Now, the energy matrix for the secular 
determinant may be written as follows ac-
cording to the LCMO approximation :

(18)

In Eq.18, the εα's and εb's are the orbital

energies of the antibonding and  bonding

orbitals of the hydrocarbon respectively, and

the.λ σ's are those of the lone pair orbitals of

the substituents. ηjσ is the matrix element

between the jth MO ψj of the hydrocarbon

and the lone pair orbital, θσ, of the oth sub-

stituent;that is,

If(εb1)', …, (εbm)', ( εα 1)', …, (εαm)' …, and

(λ1)'… (λη)' are the exact solutions of the

secular equation, then, because of the in-

variance of trace,

27) K. Nishimoto, This Bulletin. 32, 445, 699 (1959). 28) S. Nagakura, Mol. Phys., 3, 105 (1960).
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(19)

Accordingly,

(20)

If we approximate(εαj)'by the second order

perturbed energy, then, from Eq.18,

(21)

From 20 and 21,

(22)

In deriving Eq. 22, we have used the ordinary 

approximation,

(23)

where σth substituent is attached to the sth

carbon.

In the case of aminobenzenes, Eq.22 can

be further simplified as follows:

(24)

where ns is the number of the substituents ; 

this equation holds almost exactly. 

The approximate MO corresponding to 21 

may be written as :

and the normalized form of

(25)

If (ψj)'s are the exact solutions of the

secular equation, there exists the following

relation for the coefficients, cjσ's;of θσ

Accordingly.

(26)

From 23,25 and 26, the expression for ⊿q

may be written as

(27)

where λσ=λ=1.2.

If we neglect the second term in the curled 

bracket compared to 1, then Eq. 27 can be 

rewritten in the following form :

(28)

However, because the exact value of dq for

aniline is 0.155, Eq.34 is not a very good

approximation.

If we use Eq.27, the ⊿q values are calculated

to be 0.160, 0.317 and 0.467 for aniline, m-

PDA and TAB respectively. These values are 

fairly close to the exact values and are ap-

proximately proportional to the number of 
substituents.

Thus the linear relation between de and dq

and the proportionality of these quantities to 

n3 in the case of aminobenzenes can be ac-

counted for approximately by the perturbation

method.** However, when smaller 8Y values

are used, the perturbation method becomes 
quite a poor approximation. 

The calculation of <P12> by the perturbation 
method gives quite poor results. In any way, 
we cannot explain the linear relation between
<P12>and dq fbr the wide range of parameter

values shown in Fig. 5. 

The MO of a substituted benzene can be 

written in the LCMO form as follows :

(29)

where ψB1… ψB6 are the MO's of benzene from

the lowest bonding to the highest anti-bonding.

orbitals.

From Eq.29, we can derive the following.

equation;

(30)

where Σi means the summation over the

vacant orbitals of the substituted benzene.

** The following points should be noted here . In sev-

eral parts of this paper, we have insisted that the perturba-

tion method in the sense of the expansion of the secular 

determinant in a series seems to be a poor approximation 

for amino-substituted aromatics. The calculation of the 

orbital energies and MO's themselves for the occupied 

orbitals of these compounds by the perturbation method 

is certainly a very poor approximation. Therefore, we 

cannot use the perturbation method for the calculation of 

the electronic spectra. However, we can use this method to

calculate some ground state quantities, such as ds and oq,

expanding only the unoccupied orbitals which are affected

only slightly by the substitution.
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On the other hand, the expression for ⊿q

can be written as

(31)

From 30 and 31 we can derive the following

relation between<P12>and ⊿q:

(32)

When the ionization potential of the lone 

pair orbital of the substituent becomes infinitely 

large, and ap-

proach zero, and approaches 1. Thus 

<P12> becomes the bond order of benzene, 2/3. 
Even in the case of amino-substituted ben-

zene, may perhaps be close to 

unity and to zero. For 

example, in the case of aniline

,and  while for

m-PDA. Thus, the sum of the first two terms

in the right-hand side of Eq.32 is approxi-

mately equal to the bond order of benzene,

and the sum of the 3rd and the fourth terms

may be close to (0.1)・⊿q.

  In this way, we can"understand"to some

extent the linear relation between<P,z)and

:Fig.7.<P12>versus dq relation for some sub-

stituted naphthalenes.

(1)-(6):δx=1.5,βcx=0.7β(Taken from

K.Nishimoto and R. Fujishiro, This Bul-

letin,35,390 (1962) and Ref.27)

(7),(8): δx=1.2, βcx=β (Taken from

Ref.9)

⊿ q, although this is not a "proof" of the

relation in Eq.17, which holds for a wide

range of Huckel MO parameters.

This sort of approximate linear relation

between<P12>and ⊿q holds not only fbr the

benzene derivatives but also for the naph-

thalene derivatives, as Fig. 7 shows, although

there is a slight difference between the α-and

β-derivatives in this case.

A Comparison of the Calculated Dipole Mo-

ments of Aniline in the Ground State, as Well 

as in the Excited State, with the Experimental 

Values. - Using the wave functions given in 

Tables I and II, we have calculated the ƒÎ-

moment of aniline and compared it with the 

observed values. 

The theoretical expression for the dipole

moment in terms of the state function,Ψ, is

eiven by

(33)

where

eτ and rτ are the charge and the position

vector of zth particle respectively.  In the

π-electron apProximation, M can be separated

Into two parts

The first summation is over π-electrons, and

the second. over the cores.

The necessary formulas for the expansion 

of 33 have been given elsewhere. 17a,29) 

The ground state dipole moment of aniline 

has been calculated to be:

and

On the other hand, from the experimental

value Smith30)has estimated the π-moment of

aniline to be～1.67 D., which is very close to

the value calculated with Approximation B. 

In addition to this study of the ground 

state dipole moment, we have calculated the

π-moment in the lowest-excited singlet state.

On the other hand, we can use the differ-

ence between the solvent shifts of the absorp-

tion and fluorescence spectra in order to get 

experimental information on the electronic 

structure of the excited molecule.29,31,33) 

We have measured the absorption and 

fluorescence spectra of aniline in several 

solvents. The light source for the fluorescence 

measurement was a 300W. Xenon discharge

29) N. Mataga. This Bulletin, 36, 654 (1963). 
30) J. W. Smith, J. Chem. Soc.. 1961, 81. 
31) N. Mataga et al., This Bulletin, 28, 690 (1955); 29, 

465 (1956). 
32) E. Lippert, Z. Naturforsch., 10a, 541 (1955); Z. Elektro-

chem., 61, 962 (1957). 
33) E. G. McRae, J. Phys. Chem., 61, 562 (1957).
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tube with a stabilizer. The fluorescence was 

excited at 285 mƒÊ, the monochromatic exciting

Iight from the Xenon discharge tube being

taken out by a quartz prism monochromator.

Aniline, which had been purified34)by the

standard method and stored in a vacuum and

in a dark place, was distilled in a vacuum

before use. The other details of the experi-

mental procedures have been described else-

where.29,35)

Using the experimental results given in

Table IV and by means of the following

equation,31,32)we can estimate the difference

between the dipole moment in the excited

state (μe) and that in the ground state (μ9);

i.e., ⊿ μ=(μe-μg), where the excited state is

the fiuorescence state.

(34)

In Eq.34, a;and aj are the wave num-
hers of a peak of the fluorescence band and
that of the corresponding absorption band re-

spectively. D and n are the dielectric constant 

and the refractive index of the solvent respec-

tively, and a is the cavity radius in Onsager's 

theory of the reaction field.

TABLE IV. THE WAVE NUMBERS OF THE BAND 

MAXIMA OF ANILINE IN SEVERAL SOLVENTS 

(in unit of 104 cm-1)

There are some ambiguities conceming the

magnitude of a, although perhaps α=2=2.5A.

For these α values,⊿ μvalues are estimated to

be 2～2.5 D. because(⊿ μ)2/α3～2000 cm-1.

It should be noted here that, if the change

in the π-electronic structure induced by the

electronic excitation is small, the observed⊿ μ

value represents approximately the difference

between the π-moment in the excited state

and that in the ground state. The theoretical

⊿μvalues are calculated as fbllows:

and

Although the theoretical values are a little 

larger than the experimental values, their 

order of magnitudes is the same.

In our previous work29)on the experimental

and theoretical estimation of the ⊿ μvalues

of naphthylamines, it has been argued that

the MO calculation may overestimate the ⊿ μ

values.

If the calculated ⊿ μ value in the present

case is reduced by multiplying by the same 
factor as before, i. e., 1/4, then the theoretical 
value becomes smaller than the experimental 
value, as was the case in the previous work. 

In the case of naphthylamines, it has been 
suggested that the structure of the amino group 
changes a little during the life time of the 
excited state and that this is the cause of the

observed value of ⊿ μ being larger than the

theoretical value.

However, it is not quite certain whether or

not the same factor to reduce the calculated

⊿μ value as fbr naphthylamines is appropriate

in the present case. Therefore, we cannot 

discuss in detail the structural change of the 

amino group during the life time of the excited 

state.

Summary 

The electronic spectra and electronic struc-

tures of amino substituted benzenes have been 

studied by the semiempirical MO method, 

with the explicit inclusion of the electron . 

repulsion. 

According to the calculated results, we can 

interpret the difference between the spectra of 

various poly-substituted aminobenzenes ; also, 

the calculated excitation energies and oscil-

lator strengths are in satisfactory agreement 

with the observed values. 

The relation between the present calculation 

and the simple HUckel MO calculation has 

been analyzed. Moreover, several interesting 

relations between the Huckel MO quantities 

of substituted benzenes and naphthalenes have 

been demonstrated and discussed.

The calculated a-moment of aniline in the

ground state is in satisfactory agreement with

the experimental value. Furthermore, the

R-moment of aniline in the lowest excited

singlet state has been calculated and compared 

with the experimental value obtained from the 

measurement of the solvent shifts of the ab-

sorption and fluorescence spectra. 

The present author wishes to express his 
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34) N. Mataga and S. Tsuno, This Bulletin, 30, 711 (1957). 
35) N. Mataga, Y. Torihashi and Y. Kaifu, Z. Phys. Chem. 

N.F., 34, 379 (1962).
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APPENDIX I. HUCKEL MO's AND MO ENERGIES OF ANILINE AND ISOMERIC PDA's

(MO ENERGIES ARE IN UNITS oF β)


