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Experimental and theoretical studies of the 

electronic structures of organic molecules have

been made by many authors. In particular, 

the benzene molecule, a representative aromatic

compound, has been investigated thoroughly. 

Studies now extend to the electronic structures

of the derivatives of benzene. Benzaldehyde 

is an example of these derivatives. The ultra-

violet absorption measurement of benzaldehyde

at longer wavelengths (n-π transition) has

been carried out by Imanishi et. al.1 The 

theoretical assignment of the absorption bands

at shorter wavelengths (π-π transition) has

been made by Tanaka.2) Recently, the phos-

phorescence and the S-T absorption spectra of 
benzaldehyde were measured by Kanda.3) 

For benzaldehyde there are experimental data 

concerning the singlet and triplet states, which 

can be compared with the results of the 

theoretical calculation. In spite of these ex-

perimental studies, however, there are few 
theoretical considerations of its electronic 

structure. 

The semi-empirical molecular orbital method 

proposed by Pariser and Parr4) succeeded in
the calculation of the π, π state energies and

was extended to that of the n, π state energies

by Anno etal.5•6) In this article, the calcula-

tion of the state energies of benzaldehyde will

be carried out by the use of the semi-empiri-

cal molecular orbital method.

Calculation Procedure 

Conventional Hiickel Type LCAO MO's.-In the 
calculation of electronic state energies of benzalde-
hyde, we adopted the molecular structure model 

shown in Fig. 1. In actual benzaldehyde, which 
belongs to the Cs symmetry group, all electronic 
transitions are allowed. Therefore, if we take 

account of the Cs symmetry we must solve an 
8th-order seqular equation. Calculations then be-

Fig. 1. The C2v model* of benzaldehyde 
* The bond distances were estimated from 

the calculated bond order and the experi-

mental data for carbonyl compounds.

come more complex and tedious. In the present 
calculations we assume a simplified model with the 

C2v, symmetry for the structure of the benzaldehyde 
molecule and use Huckel type MO's.
The Coulomb integral, α1, of the oxygen atom

and the resonance integral, β12, between the carbon

atom, 2, and the oxygen atom, 1, are expressed as:

α1 = α+δ1・ β

β12 = ρ12・β

where α is the Coulomb integral of the carbon

atom and β is the resonance integral over the

neighboring carbon atoms in benzene. The reso-
nance integral, β23, between the benzene ring and

the carbonyl group is given by the usual approxi-
mation :

β23 = (S23/S)β

where S23 is the overlap integral between the carbon 
atoms 2 and 3, and S the overlap integral of the 

neighboring carbon atoms in benzene. In the pre-
sent calculations, the numerical values of the

parameters δ1 and ρ12 and the S23/S ratio are

chosen as follows

δ1 = 1.5, ρ12 = √2, S23/S = 0.894

The results of the calculations for Hilckel MO's 
and their energies are listed in Table I, where X,
is the 2pπAO of flee ieh-utom.

In addition to the above MO's, the benzaldehyde
molecule has a nonbonding orbital which can be 
represented approximately as follows :

ψn = xn

where xπ is the 2pπ, AO of the oxygen atom. Its

nodal plane is perpendicular to the molecular plane 
and contains the CO axis. Therefore, the symmetry 
of xn is b1. 

State Energies without Configuration Interac-

tion.-In order to calculate the state energies of 
benzaldehyde by the methods proposed by Pariser
and Parr4) and by Anno et als•s) we need the values 

of the core integrals and the electronic repulsion 
integrals. The problem of obtaining these values
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is reduced to the calculation of Coulomb repulsion 
integrals over atomic orbitals, Coulomb integrals,
αp, and resonance integrals, βpq・ The values of

Coulomb repulsion integrals are evaluated by the

use of the equation derived by Roothaan and by
Anno et al.5) in the case of r>2.80 A and r≦2-80 A

respectively. The value of the resonance integral

βcc over carbon arld oxygen atoms is calculated by

TABLE I. HUCKEL MO'S AND THEIR ENERGIES OF BENZALDEHYDE

* The ith-MO ψi is ΣpCpi xp
, where Cpi's are listed under the corresponding xp. The

signs + and - refer to MO's of symmetry b2 and a2 respectively.

TABLE II. TRANSITION ENERGIES OF THE n-π AND π-π TRANSITIONS OF HENZALDEHYDE

WITHOUT CONFIGURATION INTERACTION (E in eV.)

a) Ref. 3, b) Ref. 1, c) Ref. 9, d) Ref. 10, e) Ref. 2,

TABLE III. WAVE FUNCTIONS* FOR THE GROUND AND LOWER EXCITED STATES OF BENZALDEHYDE

* V0 represents the ground configurational wave function . Vij and Tij represent singlet 
and triplet excited configurational wave functions respectively, in which an electron has
been raised from φi to φj. The subscript n represents nonbonding orbital.
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TABLE IV. COMPARISON OF EXPERIMENT AND LICCKEL MO CALCULATION 

WITH INTERACTION OF SINGLY-EXCITED CONFIGURATIONS

a) Ref. 2, b) Ref. 9, c) Ref. 10, d) Ref. 3, e) Ref. 1

the use of Kon's formula,8) while the value ofβcc

over carbon atoms is obtained by Pariser and Parr's 
formula.4) The Coulomb penetration integrals, 
which are needed to evaluate the Coulomb integrals,
αp, are estimated approximately by taking account

of the integrals over only the nearest neighboring
atoms. The π. electronic states belong to the irre-

ducible representations, A1 and B1, of the symmetry 

group C2v. Electronic transitions from the ground 
state, A1, to the excited A1 and B1 states will have 
a transitions moment directed along the z axis and
the x axis respectively. In the n-π excitation, there

are two symmetry types, A2 and B2, since the sym-
metry of the n orbital is b1. Type A2is forbidden, 

but type B2 is allowed. The transition moment is 

perpendicular to the molecular plane; that is, it is 

parallel to the y axis. This conclusion comes from 
the assumption of C2v symmetry. In actual ben-
zaldehyde, which has a Cs symmetry, the n-π transi-

tion of the A2 type will also be allowed. In Table
II we show all the energies of the n-π and n-π

transitions within the range of about 10 eV. These 
energies are in poor agreement with the experimen-
tal values. 

State Energies with Configuration Interaction.-
Configuration mixing with respect to the π-π transi-

tion leads to an 11th-order seqular equation for the 

1A1 singlet state, a 10th-order equation for the 3A1 
triplet state, and two 6th-order equations for the 

1B1 and 3B1 states respectively. As configurations 
of remarkably higher energies have a negligible
effect on lower-lying states, we need consider only 
the configurations listed in Table II. In the present
calwlations of the π-π transition, we solve a 7th-

order seqular equation for the 1A1 state and a 6th-
order equation for the 3A1 state. In the case of
n-π transition, configuration mixing leads to two

3rd-order seqular equations, for 1A2 and 3A2 res-

pectivly. The solution of these seqular equations 
leads to a set of state energies and wave functions. 
These results are listed in Tables III and IV. The 

ground state energy is lowered by 0.168 eV. 
From a comparison with Tables II and IV, it 

may be seen that the effect of the configuration 

interaction for the states separated by a small

energy is large and that it is important for com-

plex molecules. 

Discussion 

Benzaldehyde has four absorption bands in

the region from 400 to 190 mμ. An absorp-

tion band on the longer wavelength side of 

this region was measured by Imanishi et al.1)

They assigned this band to an n-π, transition

and observed that the 0-0 band of the n-π

transition is at 26,929 cm-1. The energy, 3.614 

eV. in Table IV, which is the 1A1-1A2 transi-
tion energy, may correspond to the above n-π

transition. In the present calculations, this 

transition is forbidden because of the assump-

tion of the C2v. symmetry, but it is allowed in 

the actual molecule, with a symmetry C,. The 

observed oscillator strength of this transition

is 0.55 × 10-3.3)

Three absorption bands are observed in the
region from 300 to 190 mμ. These are assigned

to π-π, transitions. The band at 285 mμ(4.50

eV.) is the weakest of them; it may correspond
to the energy 5.333 ev. in Table IV, although 
the calculated value is larger than the observ-
ed value. Therefore, this band at 285 mμ is

assigned to the 1A1-1B1 transition. The next

stronger band is at 233 mμ (5.32 eV.)2); this

may be correlated with the energy 5.567 eV. in

Table IV and is assigned to the 1A1--1A1 transi-

tion. The strongest band is at 195 mμ (6.36

eV.) ;9-10) it may be assigned to the 1A1-1A1 
transition (6.658 eV.). In the above assign-
ments, the theoretically-calculated values of
the oscillator strengths of these π,π bands are

in poor agreement with the results of the 

experiments. 

According to the experiment of Kanda,3) the

7) C. C. J. Roothaan, J. Chem. Phys., 19, 116 (1951). 
8) H. Kon. This Bulletin, 28. 275 (1955).

9) W. C. Price and A. D. Walsh, Proc. Roy. Soc., A191, 
22 (1947). 

10) H. B. Klevens and J. R. Platt, Technical Report, 
Laboratory of Molecular Structure and Spectra," (1953-
1954).
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S-T absoption spectrum appears at 25,195 cm-1

(3.22 eV.), and its oscillator strength is 1.8 ×

10-1. In Table IV this may be related to the

energy 3.124 eV. of the n, π, triplet state.

Therefore, the above band may be assigned to 
W- A, transition.
The exsistence of π, π triplet states has not

yet been confirmed experimentally, but in the

present calculations three loweo-lying π, π tri-

plet states are obtained. The energies of 
these triplet states are about 4 ev ; they are 
also listed in Table IV. These values seem 
reasonable judging from an average S-T separa-
tion for the π-π transition.11)

The charge densities for the ground and two 

excited states are shown in Fig. 2. In the 

ground state, the charge density of the meta 

position is higher than those of the ortho-
and para-positions. This is consistent with 

the tendency toward a meta orientation of 

the carbonyl group for electrophylic reagents.

Similarly, from Fig. 2 it may be seen that the

1B1 state has a tendency toward a para 

orientation and that the 1st 1A1 excited state

has a tendency toward meta and ortho orienta-

tions. Tanaka2) pointed out that the transi-

tion from the ground state to the 1st 1A1

(I) (II) (III)

Fig.2. π Electron densities of benzaldehyde

(I) in the ground state; 
(II) in the 1st excited 1B1 state; 

(III) in the 1st excited 1A1 state.

excited state is attended with the migration 

of electrons from the benzene ring to the 

carbonyl group, and he assigned it to the charge 

transfer band. A similar phenomenon is seen 

in Fig. 2. The charge density on the carbonyl 

group becomes larger in the 1st 1A1 excited 
state than in the ground state. This is in 

agreement with Tanaka's assignment. The cal-

culation of charge density is very sensitive to 

the wave function used. Therefore, it is better 

to calculate it by the use of SCF MO's under 

a Cs symmetry than by the use of Huckel 

MO's assuming a C2v symmetry. The results 

of such improved calculationst12) will be report-

ed in the near future. 

Summary 

The electronic structure and the nature 

of the electronic transitions in the benzalde-

hyde molecule have been elucidated by the 

use of a semi-empirical MO method assuming 

a C2v symmetry. The results of the calcula-

tions conform to the observed values for the 

singlet and triplet states in spite of the use

of a crude approximation. In benzaldehyde,

it has been found that the n, π triplet state is

the lowest. The charge transfer band may be 

explained by means of our calculations. 
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