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The photo-isomerization and photo-dimerization of cinnamic acid are discussed from the stand-

point of the electronic structures in the ground and excited states. State energies, charge 

densities, bond orders and free valences are calculated by using the Pariser-Parr-Pople method, 

including the configuration interaction. The computed transition energies are in good agreement 

with the experimental results. It is found that the bond order between the ƒ¿- and ƒÀ-carbons of 

cinnamic acid decreases, while the free valences of the ƒ¿- and ƒÀ-carbons increases, upon the 

lowest electronic excitation. It is concluded that the photo-isomerization is due to the smaller 

bond order, and that the photo-dimerization is due to the larger free valences in the excited 

state of cinnamic acid.

It is well-known that solid cinnamic acid di-

merizes to either ƒ¿-truxillic acid or ƒÀ-truxinic 

acid upon light-irradiation.1) Various studies on 

the products of these reactions have been report-

ed.2,3) Bernstein et al.4) obtained two kinds of 

products by exposing ƒ¿- and ƒÀ-trans-cinnamic 

acid to ultraviolet light. They concluded that

α-trans-cinnamic  acid was converted into ƒ¿-

truxillic acid, and ƒÀ-trans-cinnamic acid into ƒÀ-

truxinic acid. Schmidt et al.5) discussed the prod-

ucts of cinnamic acid topochemically, and ex-

plained that in photo-active structures the con-

formation of the dimer could be correlated with 

the packing arrangement of nearest-neighbors in 

the monomer lattice.

In a phase of solution, trans-cinnamic acid iso-
merizes to cis-cinnamic acid.6) Vaidya7) measured 
the quantum yields of the transcis and cisstrans 
isomerizations of cinnamic acid. The sum of the 
two quantum yields was about unity. This fact 
suggests that the excited states of cis- and trans-
cinnamic acid concerned are the same. 

It has been found that trans-cinnamic acid has 
two types of absorption bands, a K-band (4.54 
eV) and E-bands (5.58 and 5.74 eV) in the 3.1-
6.2 eV region.8) Tanaka9) found, by measuring 
the polarized ultraviolet absorption spectrum,

that the K-band of cinnamic acid is the intramolec-

ular charge transfer absorption. 

In this report, these reactions will be discussed 

from the standpoint of the electronic structures 

of cinnamic acid in the ground and excited states. 

The state energies, charge densities, bond orders, 

and free valences of cinnamic acid are calculated 

by using the Pariser-Parr-Pople method with CI. 

All of the SCF-MO calculations were carried out 

on an OKITAC 5090 computer.

Calculation Procedure 

The geometry of cinnamic acid with CS symmetry 

was taken to be as is shown in Fig. 1. The electronic 

system of cinnamic acid was treated as 12 electrons 

with 11 centers. The SCF-MO (pi and its energy 

were obtained by the Pariser-Parr-Pople method..

Fig. 1. Geometry of cinnamic acid with C, 

symmetry.

The integrals adopted in the calculations were 

computed as follows. 

One-center coulomb integrals are evaluated
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according to the method suggested by Pariser10):

where I and E are the valence-state ionization 

potential and the electron affinity of the atom 
respectively. The values of I and E were taken 

from the values derived by Pritchard et al.11) 

These values are shown in Table 1.

TABLE 1. THE ADOPTED IONIZATION POTENTIALS 

AND ONE-CENTER COULOMB INTEGRALS

Two-center Coulomb integrals are computed 

according to the scheme proposed by Pariser and 

Parr10) :

The constants adopted in the above equation are 
shown in Table 2. The cinnamic acid crystal has 
studied by means of X-ray analysis,12) but the bond 
distances have not been made clear. Therefore 
the present authors estimated, from the experi-
mental data for carbonyl compounds, the distances 
between the nearest carbon atoms to be 1.39 A, 
B23 to be 1.43 A, and R13 to be 1.28 A.

TABLE 2. THE ADOPTED CONSTANTS OF TWO-CENTER 

COULOMB INTEGRALS

The Irr integral can be expanded by neglecting 

the penetration integrals13):

where Z, is the number of It-electrons contributed

by the s atom, 2 for the hydroxyl oxygen and 1 

for the others. 

The core resonance integrals, Irs'S, are estimated 

with an exponential fit10):

In this report all the resonance integrals were 

calculated by means of the above equation. 

The iteration process in the calculation of 

SCF-MO's was continued for 17 times, at which 

point the orbital energies converged. Singly-
excited configurations were taken into considera-

tion by using the following off-diagonal elements:

All configurations which have energies lower than 
8 eV in the singlet states and 7 eV in the triplet 
states were included in the diagonalization of the 
CI matrix. Then the charge density, Qr the bond 
order, Prs and the free valence, Fr were calculated.

Results and Discussion 

The energies of cinnamic acid as evaluated by 

the Pariser-Parr-Pople method are given in Fig. 

2. The observed energies in Fig. 2 are estimated

Fig. 2. The calculated and observed energy 
diagrams of cinnamic acid, eV.

from the maximum absorption wavelengths of 
cinnamic acid. The absorption curves measured 
in an ethanol solution are shown in Fig. 3. The 
second absorption bands (E-bands) possess two 
maxima of about equal intensity. The interval 
between the two peaks is found to be 1300 cm-1 
in Fig. 3. The peaks of the E-bands may be due to 
the vibrational structure of cinnamic acid. There-
fore in Fig. 2, the second band is written as the
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TABLE 3. THE SCF-MO's COEFFICIENTS Cij'S

TABLE 4. THE COEFFICIENTS CI ,rs'S OF WAVE FUNCTION WITH CI

Fig. 3. The ultraviolet absorption spectrum of 

cinnamic acid.

average value of the two peaks' energies. The 

energies finally obtained by considering the con-

figuration interaction are also shown in Fig. 2. 

The energies in the second- and the third-excited 

singlet states are comparatively greatly changed 

by CI, while in the first excited state they are almost 

constant. 

The SCF-MO's coefficients, Cij's, are listed 

in Table 3. It is found that the molecular orbitals 

in the benzene ring are fairly well retained in 

cinnamic acid. The coefficients, CI,rs's, of the

wave functions with CI are given in Table 4. 

In the ground state no excited configuration 

interacts. In the first-excited singlet and triplet 

states, the wave functions are mainly contributed 

by the configuration wave functions, 1ƒÕ67 and 

3ƒÕ6 
7 respectively. In the second and fourth singlet-

excited states, the contributions of the configuration 

wave functions, 1ƒÕ68 and 1ƒÕ57 are large. 

The numerical values of oscillator strengths 

are evaluated by:

where:

(A)

and E0a, is the excitation energy to a state, a, 

expressed by eV. The calculated oscillator strengths 

and the singlet state energies are shown in Table 

5. The obtained value of the oscillator strength 

for the first transition coincides fairly well with 

the observed value. The calculated directions of 

the transition moments with respect to the x-axis 

are shown in the last column of Table 5. 

It can be seen from Fig. 2 that the computed 

first singlet-singlet transition energy is in good 

agreement with the experimental results. Table 3 

and Table 4 show that the total electron densities 

of the lower unpaired orbital and the upper
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unpaired orbital localized in the substitutional 

acrylic acid group are 0.415 and 0.584 respec-

tively in the first-excited singlet state. This fact 

and the wave functions shown in Table 3, suggest 

that the first singlet-singlet transition absorption 

is the intramolecular charge transfer absorption. 

This suggestion agrees with the experimental 

result obtained by Tanaka.9)

TABLE 5. THE STATE ENERGIES AND THE OSCILLATOR 

STRENGTHS

The computed second singlet-singlet transition 

could not be found by experimentation. The 

calculated transition energy and direction of the 

transition moment in Table 5 show that this 

second transition corresponds to the benzene
1B2u band  (4.75 eV). It seems reasonable to say
that it is covered in the very strong and broad 

charge transfer band (half width, 5500 cm-1), 

as in the case of p-substituted benzene derivatives. 

A similar conclusion was obtained by Inuzuka,14) 

who calculated the electronic structure of cinnam-

aldehyde by a simple LCAO-MO method with 

CI and reported that the B2- transition of cin-

namaldehyde was due to the transition localized 

in the benzene ring. 

In the third singlet state, the configuration wave 

function, 1ƒÕ58, makes a larger contribution. 

The SCF-MO's ƒÕ5 and ƒÕ8, are the orbitals localized 

in the benzene ring, as is shwon in Table 3, There-

fore it may be concluded that this thrid transition 

corresponds to the benzene 1B1u band (5.96 eV). 

The charge densities, bond orders, and free 

valences in the ground state and the first-excited 

singlet state are shown in Fig. 4. The free valence, 

Fr is estimated according to the usual equation:

Coulson et al.15) reported that, for a trigonal

in the ground state

in the first excited singlet state 

Fig. 4. Molecular diagrams of cinnamic acid.

carbon atom, Nmax has the value of 3+•ã3 or 

3+•ã2, according as the atom in question is at-

tached to three or two other trigonal carbon 

atoms. 

Figure 4 shows that the electronic structure of 

the excited state is different from that in the ground 

state. It is found that the bond order between

α-andβ-carbons  decreases, and the free valences

of ƒ¿- and ƒÀ-carbons increase, in the excited state 

in comparison with those in the ground state. 

The former fact about the bond order suggests 

that the bond between ƒ¿- and ƒÀ-carbons approaches 

a single bond and that cinnamic acid is isomerized 

by the electronic excitation of ultraviolet light. 

From the standpoint of the latter fact about the 

free valences, it may be concluded that cinnamic 

acid dimerizes at the positions of ƒ¿- and ƒÀ-carbons.
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