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The Calculation of the State Energies of Benzaldehyde. II. 

The SCF Molecular Orbital Method 

By Kozo INUZUKA and Toshio YOKOTA 

(Received May 16, 1964)

In the previous paper,1) we calculated the 

state energies of benzaldehyde by the Pariser-

Parr method2) and assigned electronic transi-

tions by adopting a model with C2v symmetry 

for the sake of simplicity. In the actual 

molecule of benzaldehyde, however, the carbon 

atom of the carbonyl group is combined with 

the carbon atom of the benzene ring, where 

the bond angle of C-C=0 is 120•‹, as is shown 

in Fig. 1.

Fig. 1. A model* of benzaldehyde with Cs 
symmetry. 

* Ref . 1

In this paper, therefore, the state energies 

of benzaldehyde with C5 symmetry are cal-

culated by using the SCF-MO method3,4) The 

bond distances used are the same as those in 

the previous model.1) 

Calculation Procedure 

The SCF-MO, ƒÕi, and its energy, ƒÃi, are 

obtained by the following formulas :

where XƒÊ is 2pƒÎAO of the ƒÊth-atom, ƒ¿ƒÊ is 

the ionization potential of the atom, ƒÊ, in the 

atomic valence state and ƒÀƒÊƒË, is the resonance 

integral over the nearest neighbor atoms, ƒÊ 

and ƒË. 

The value of the resonance integral, ƒÀco, 

over carbon and oxygen atoms is calculated 

by using Kon's formula,6) while the value of

βco over carbon and carbon atoms is obtained

from Pariser and Parr's formula.2) (ƒÊƒÊ/ƒËƒË) is 

the Coulomb repulsion integral ; that is,

It is evaluated from the equations derived by 

Roothaan7) and by Anno et al.5) for r•„2.80A 

and r•…2.80A respectively. The calculations 

were done using a digital computer. The 

iteration process in the calculation of SCF-

MO's and MO energies started with Htickel 

MO's and continued until the energies con-

verged. 

The excitation energies corresponding to the 

i-k transition are expressed for ringlet and 

triplet states respectively as follows :

where

Neglecting the differential overlap, the integrals,

[ii/kk] and (ik/ki], maybe expressed in terms
of the Coulomb repulsion integrals over such 

atomic orbitals as (ƒÊƒÊ/ƒËƒË). 

In addition to the above MO's, the benzalde-

hyde molecule has a nonbonding orbital which 

may be represented approximately as follows :

where Xn is the 2pƒÎ AO of the oxygen atom. 

Its nodal plane is perpendicular to the molec-

ular plane and contains the CO axis. 

The transition moment between the ground 

state, ƒÕo, and an excited state, ƒÕi, is defined 

by:
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TABLE I. SCF-MO'S AND MO ENERGIES OF BENZALDEHYDE

TABLE II. CALCULATED LOWER TRANSITION ENERGIES OF n-ƒÎ AND ƒÎ-ƒÎ TRANSITIONS 

OF BENZALDEHYDE WITHOUT CONFIGURATION INTERACTION

where ƒÕi, is expressed approximately by a 

linear combination of singly-excited configura-

tion functions. The oscillator strength, f8) is 

given by:

where ƒÖ0i is the frequency of the transition 

in cm-1. 

Results 

State Energies without Configuration Interac-

tion.-The SCF-MO's and the MO energies so 

obtained are listed in Table I. The ƒÎ-ƒÎ 

transition energies in singlet and triplet states 

are calculated from the above equation ; the 

n-ƒÎ transition energies are also calculated by

the Pariser-Parr method using the above SCF-

MO's. In Table II, we show all the energies 

of n-ƒÎ transitions and the lower lying energies 

of ƒÎ-ƒÎ transitions. 

State Energies with Configuration Interaction. 

-In large molecules
, multiply-excited con-

figurations should make negligibly small con-

tributions to the lower excitation energies. In 

the present calculation we take account of a 

singly-excited configurations only. In the ƒÎ-ƒÎ 

transition, all calculations of singly-excited 

configurations were carried out by solving a 

16th-order secular equation for each of the 

singlet and triplet states. Similarly, in the 

calculation of the n-ƒÎ transition energies, four 

configurations were taken for each of the 

singlet and triplet states. The lower-lying 

state energies and their wave functions as 

obtained from these four secular equations are 

listed in Tables III and IV. 

The charge densities, bond orders and free 

valences for the ground state of benzaldehyde
8) R. S. Mulliken and C. A. Rieke, Rep. Progr. Physics, 

8, 231 (1941).
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TABLE III. WAVE FUNCTIONS FOR LOWER EXCITED STATES OF BENZALDEHYDE

* i
, j represents a state excited from ƒÕi to ƒÕj. 

** n
, j represents a state excited from nonbonding orbital to ƒÕj.

Fig. 2. Molecular diagram of benzaldehyde 
in the ground state.

Fig. 3. ƒÎ-Electron charge densities of benzalde-

hyde in excited state. 

I : 1st excited state; II : 2nd excited state

are also shown in Fig. 2. The charge densities 

of the 1st and 2nd excited states are shown 

in Fig. 3. 

Discussion 

Since benzaldehyde has the symmetry Cs, all 

the electronic transitions are symmetry-allowed.

TABLE IV. COMPARISON OF EXPERIMENT AND 

SCF-MO CALCULATION WITH INTERACTION OF 

SINGLY EXCITED CONFIGURATIONS

a) Ref. 9, b) Ref. 10, c) Ref. 11, d) Ref. 13, 

e) Ref. 12 

The ƒÎ-electronic states belong to the irreducible 

representation, A', of the symmetry group Cs, 

while the n-ƒÎ single excitation belongs to 

the symmetry type A", since the symmetry of 

the n orbital is a". Therefore, the transition 

moment is perpendicular to the molecular 

plane, that is, parallel to the y axis. 

Benzaldehyde has four absorption bands in 

the region from 400 to 190 mg. In a previous
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paper,1) we tried to assign these absorption 

bands using the C2v model with Huckel MOs. 

The results for state energies and oscillator 

strengths in the present calculation are listed 

in Table IV, along with the observed values. 

From these results, the band at 285 mƒÊ (4.50 

eV.)9 corresponds to the calculated energy of 

4.771 eV. The bands at 233 mƒÊ (5.32 eV.) 9) and 

195 mƒÊ (6.36 eV.)10,11) are correlated with the 

state energies, 5.032 and 6.313 eV. respectively. 

On the basis of the above correspondence, they 

may be assigned to 1A'-1A' transitions. The 

calculated energy values are in good agreement 

with the observed values, as compared with 

the previous values,1) but the calculated values 

of the oscillator strengths of the first and 

second transitions are smaller than the observed 

values. 

The electronic transition at 26929 cm-1 (3.34 

eV.)12) corresponds to the calculated energy of 

3.860 eV. Therefore, the transition may be 

assigned to 1A'-1A". This calculated value 

should be compared with the previous value 

(3.614 eV.). The calculated state energy, 3.370 

eV., is the lowest of the n, 7r state energies and 

corresponds to 1A' 3A". This value is cor-

related with the S-T absorption band at 25195 

cm-1 (3.22 eV.)1) and should be compared with 

the previous value (3.124 eV.). On the other 

hand, the calculated values for the ,ƒÎ,ƒÎ triplet 

states are lower than the previous values;1) 

however, no experimental data are available. 

The reactivity indices for the ground state 

are shown in Fig. 2. The charge density of

the meta position is higher than those of the 
ortho and para positions. This result indicates 
a tendency of the carbonyl group to meta 
orientation for electrophilic reagents, in ac-
cordance with the previous calculation.1) The 
high-charge densities of ortho positions suggest 
that they also have a high reactivity for 
electrophilic reagents. The free valence in 
carbon atoms is the highest at the carbon 
atom 2, as is shown in Fig. 2. This suggests 
that position 2 is reactive in the case of radical 
reaction, as has been observed in the photo-
oxidation reaction of benzaldehyde. The charge 
densities in two lower excited states are shown 
in Fig. 3. These results are very different 
from those of the previous calculations.1) 

Summary 

The state energies, charge densities, bond 
orders and free valences of benzaldehyde have 
been elucidated by the use of the SCF-MO 
method with a model of CS symmetry, including 
interactions of all the singly-excited configura-
tions. In the ringlet state, the numerical values 
of state energies are more reliable than the 

previous results, which were derived from the 
C2v model by the use of HUckel MO. In the 
triplet state, however, the numerical values of 
state energies seem to be lower than the 

previous results. 
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