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The calculation was carried out on the electronic structures of the bases of nucleic acids by means
of semi-empirical self-consistent field configuration interaction (SCF-CI) method taking into ac-
count of the CI calculation. The effects of mixed configurations, e. g., doubly excited ones, on the
transition energies and oscillator strengths, were remarkable. On the other hand, the effects on the
direction of the transition moments and the π-electron densities were small. The more configura-

tions were involved, the better the calculated data agreed with the experimental result, but the
change of the calculated values with increasing number of configurations from twenty to thirty was
small. The agreement between the calculated singlet transition energies and the observed ones
obtained by the vapor spectra of the bases was satisfactory, when twenty or thirty configurations
including doubly excited ones were considered. The direction of the transition moment calculated
by the present authors for thymine agreed well with the experimental result by Stewart and David-
son. For adenine, the calculated direction of transition moment of the main band was polarized

parallel to long-axis and it coincided not with the result obtained by Stewart and Davidson, but
with that proposed by Mason. Variation of the core resonance integral exerted the influence on
the elcetronic structures, and K in Eq. (1), viz., -0.49 was better than -0.431 when doubly ex-
cited configurations were taken into calculation.

The approximate calculations were already car-
ried out on the electronic structures of the bases
of nucleic acids by Huckel MO, semi-empirical SCF
MO, or SCF-MO-CI (configuration interaction)
methods. Pullman and Pullman,1) and Ladik and
Hoffman2) used Huckel MO, while Berthod et al.,3)

Nagata et al.4) and Veillard and Pullman5) used

SCF-MO. While, Nesbet,6) Tanaka and Naga-

kura,7) Ladik and Appel,8) and Denis and Pullmen9)

1) A. Pullman and B. Pullman, Bull. Soc. Chim.
France, 1958, 766; 1959, 594.

2) J. Ladik and T. A. Hoffman, Biopolymers Symp.
No. 1, 117 (1964).

3) H. Berthod, C. Giessner-Prettre and A. Pullman,
Theoret. chim. Acta, 5, 53 (1966).

4) C. Nagata, A. Imamura, Y. Tagashira and M.
Kodama, This Bulletin, 38,1638 (1965).

5) A. Veillard and B. Pullman, J. Theoret. Biol., 4, .
37 (1963).

6) R. K. Nesbet, Biopolymers Symp. No. 1, 129 (1964).
7) M. Tanaka and S. Nagakura, Theoret. chim. Acta,.

6, 320 (1966).
8) J. Ladik and K. Appel, ibid., 4, 132 (1966).
9) A. Denis and A. Pullman, ibid., 7, 110 (1967).
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adopted the SCF-MO-CI method considering
singly excited configurations. Imamura et al.10)
have included the doubly excited configurations as
well as singly excited ones in the SCF-MO-CI cal-
culatiiion.. However, in this paper transition energy
and oscillator strength were not given.

Murrell and McEwen11) carried out the calcu-
lation on the electronic structure of aromatic hydro-
carbons and emphasized the importance of doubly
excited configurations in CI calculation.

Similarly, Koutecky et al.,12) on the basis of their
calculation of the electronic structures of benzene,
showed that tri-, tetra-, and hexa-excited configura-
tions had practically no effect on the singlet energy
levels. On the contrary, doubly excited configura-
tion had remarkable effect on them irrespective of its
dependence on the parametrization of the integrals.

It may be worthy to study afresh the effect of
mixed configurations, excited singly and/or doubly,
on the electronic structures of the bases of nucleic
acids. The present paper deals with the systematic
study of the effect of mixed configurations on the
transition energy, oscillator strength, direction of the
transition moment, and π-electron density of bases

of nucleic acids. The importance of doubly excited

configurations was stressed. Furthermore, the para-

metrization of core integral, in the CI calculation

which included doubly excited configurations, was

studied to verify the proposition of Anno and Sado,13)

viz., -2.7217eV for βcc of benzene was better

than -2.39eV. The calculated transition energies

were depend greatly on the values of βcc, and, if

βcc was assumed to be -2.7217eV, they agreed

well with the experimental values derived from the

vapor spectra of bases.

Method

We have used the semi-empirical ASMO-SCF-CI

method. One center Coulomb repulsion integrals

were evaluated in terms of I-A according to the

Pariser-Parr approximation,14) where I and A were

ionization potential and electron affinity, respec-

tively. The values of I and A were the same as our

previous papers.4,10) For two center repulsion in-
tegrals, Mataga-Nishimoto's approximation15) was

used. The core resonance integral, different from

our previous papers,4,10) was represented by Wolfs-

berg-Helmhotz's approximate equation,16)

(1)

were K is a constant, i.e., -0.431 or -0.490 when

βcc in benzene is -2.39eV or -2.7217eV, respec-

tively, and Srs is the overlap integral between the
rth and sth atomic orbitals. As usual, the differ-
ential overlap integral and penetration integral were
neglected.

The electron density was calculated by the equa-
tion used in our previous paper,10).*1 and the expers-
sions of the transition moment and oscillator strength
were the same as our previous ones.4,17)

The configurations taken into CI calculation con-
tained the ground, singly excited and doubly excited
ones. Doubly excited configurations were due to the
excitations of electrons in the same occupied level
from this to the another same unoccupied one. The
four CI calculations were denoted by 2, 3, 4 and 5,
respectively, and the SCF calculation was denoted
by calculation 1. The classification of CI calcula-
tion and the configuration used are shown in Table
1.

Results and Discussion

Singlet Transition Energy and Oscillator
Strength. The calculated singlet excited energies
and oscillator strengths for adenine, guanine, thy-
mine, cytosine, and uracil are shown in Tables 2 and
3. As is seen in Table 2, the lowest singlet excited
energy or those near to it were reduced when the
singly excited configurations were alone considered.
This tendency can easily be explained in terms of
that the ground configuration has zero matrix
element when the singly excited configurations are
considered in the SCF-CI calculation, but the ex-
cited levels with lower energies are depressed by
interaction of singly excited configurations. On the
other hand, CI calculation of singly and doubly
excited configurations gave rather complicated
results; viz., some calculated results showed the
states shifted to longer and others to shorter wave-
length. The doubly excited configurations depress
the ground state energy, which contributes to the
blue shift. The tendency of this shift of the spectra
is originated from the change of the energies of the
ground and the excited states. The difference be-
tween the energy level of the ground state in CI
calculation involving thirty configurations and that
in SCF calculation was about 0.4eV in all bases.
This value was rather small as compared with that
of benzene, i.e., 1.5eV.11)

As shown in Tabl 2, the calculation including 5
singly excited configurations (calculation 2) showed
little change on the SCF excitation energies, but
those including several doubly excited configurations

10) A. Imamura, H. Fujita and C. Nagata, This
Bulletin, 40, 21 (1967).

11) J. N. Murrell and K. L. McEwen, J. Chem.
Phys., 25, 1143 (1956).

12) J. Koutecky, K. Hlavaty and P. Hochmann,
Theoret. chim. Acta, 3, 341 (1965).

13) T. Anno and A. Sado, J. Chem. Phys., 39, 2293
(1963).14) R

. Pariser and R. G. Parr, ibid., 21, 767 (1953).
15) N. Mataga and K. Nishimoto, Z. Physik. Chem.

Neue Folge, 13, 140 (1957).

16) M. Wolfsberg and L. Helmholtz, J. Chem. Phys.,
20, 837 (1952).
17) A. Imamura, H. Fujita and C. Nagata, This
Bulletin, 40, 522 (1967).
*1 In this definition, cross terms between the con-
figurations are neglected.
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(calculation 3) exhibited remarkable changes. As
was anticipated, the more the number of configura-
tions increased, the better the calculated data agreed
with the experimental results (calculation 4). But
the inclusion of more than twenty configuraticns
showd no better result (calculation 5). The results
of calculation 5 are depicted in Fig. 1 together with
the observed absorption curves obtained from the
vapor,18) liquid,19) and solid film states,20) respec-
tively. The absorption maxima recorded in the
liquid and solid states, occured at longer wave-
lengths than in the vapor state, and these shifts
would be due to the hydrogen-bonding in the liquid
and solid states. Therefore, the values obtained in.
the vapor state were the most preferable for com-
paring them with the calculated ones. Since we
had a few data on the vapor state the comparison
was mainly made with the data obtained from the

liquid state, in this paper. As is seen in Fig. 1 and
Table 2, the agreement between the calculated and
the observed data in the liquid state was especially
good for adenine. It is of interest that the two
lowest absorption bands of adenine were inter-
changeable when doubly excited configurations were
included in the CI calculation. In the SCF or in
the CI calculation with 5 singly excited configura-
tions and in the CI calculations involving doubly
excited configurations, the (6-7) transition and the
(6-8) transition were contained in the lowest
energy transition, respectively. In order to know
the contribution of the singly excited configurations
and doubly excited ones to the change of transition
energy of adenine, the calculation with singly excited
configurations alone was carred out in claculaticn 3.
No interchange of the transition energies resulted
in this case showing an important contribution of

TABLE 2. SINGLET TRANSITION ENERGIES (E) AND OSCILLATOR STRENGTHS (f) IN BASES OF 
NUCLEIC ACIDS CALCULATED WITH NUMBER OF MIXED CONFIGURATIONS IN COMPARISON WITH

THE EXPERIMENTAL VALUES (K IN EQ. (1) IS -0.431, AND UNIT OF eV IS E)

(a) Calculated transition energy and oscillator strength

* Mixing of (6-8) transition is 65.6% and that of (5-7) transition is 9.4%.
** Mixing of (6-7) transition is 87.9% and that of (6-9) transition is 3.6%.

18) L. B. Clark, G. G. Peschel and I. Tinoco, J.
Phys. Chem., 69, 3615 (1965).

19) D. Voet, W. B. Greatzer, R. A. Cox and P,
Doty, Biopolymers, 1, 193 (1963).

20) T. Yamada and H. Fukutome, ibid., 6, 43 (1968).
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TABLE 2 (b). Experiments

*3 sh designates a shoulder .
*4 The value measured with evaporated film on quartz plate. (Ref. 7)
*5 The values were obtained by using the effective wave number limited method.

TABLE 3. SINGLET TRANSITION ENERGIES AND OSCILLATOR STRENGTHS IN BASES OF NUCLEIC ACIDS

(K IN EQ. (1) IS -0.49)

* (1-2) transition is mixed with (6-7) transition (45.6%) and (6-8) transition (35.8%)

and (1-3) transition is mixed with (6-7) transition (46.8%) and (6-8) transition (36.1%)
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Fig. 1. The calculated singlet transition energies and oscillator strengths (f) in bases of
 nucleic acids in comparison with the observed absorption curves, measured (a) with evaporated
film on puartz plate (Ref. 20) in O. D., (b) in aqueous solution (Ref. 19) in ε×10-3 and

(c) in vapor state (Ref. 18) in O. D., respectively. (Value of K in Eq. (1) is -0.431.)

doubly excited configurations to the transition ener-
gy, although some authors6-8) calculated the struc-
tures of the bases including singly excited configura-
tions alone, predicted the lowest energy transition
with small oscillator strength.

In our previous report,4) the (6-8) transition of
adenine showed larger value of transition energy
than the (6-7) transition, and its oscillator strength
showed almost the same order with the (6-7)
transition. On the basis of this, it was difficult to
assign the shoulder band of adenine around 268mμ

to π-π* transition. Recently, Tanaka and Naga-

kura,7) on the basis of their experiments and theore-

tical considerations, have clearly shown that the

shoulder band was π-π* transition. Appearance

of the lowest (6-8) transition with very small value

of oscillator strength in our CI calculation of adenine

would also be explained in terms of the appearance

of shoulder band.

The calculated excitation energies of the lowest

transition for thymine and uracil were larger than

the observed ones. However, if we compared the

calculated values with that obtained from vapor

spectra of uracil,18) the agreement became better.

Although the vapor spectra of thymine have not yet

been reported, the same may be true of this com-

pound.
The calculated values of the lowest transitions for

guanine and cytosine were too small to compare
them with the observed ones. Especially agreement

was not good for cytosine. But in these cases, if we

took the vapor spectra of cytosine and guanine into
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TABLE 4. TRIPLET TRANSITION ENERGIES (IN UNIT OF eV) IN BASES OF NUCLEIC ACIDS CALCULATED WITH
NUMBER OF MIXED CONFIGURATIONS AND TWO K VALUES

account, the circumstances were improved.
Expectedly, the magnitude of the calculated

oscillator strengths for all bases were decreased with
increasing number of the mixed configurations.
However, this tendency was not seen when the
number of configuration was increased from twenty
to thirty (Table 2). The effect of CI calculation
with doubly excited configurations was especially
remarkable (calculation 3).

In the discussions stated above, K in Eq. (1) was
equal to -0.431. If K was equal to -0.490, the
coincidence of the calculated values with the ob-
served ones was satisfactory: thus, the agreement
of the calculated transition energies with the experi-
mental ones was better than the above case (cf.
Tables 2 and 3). This result was fairly consistent
with the conclusion of Anno and Sado13) who as-
signed -2.7217eV for βcc in benzene in the CI calcu-

lation including doubly excited configurations.

Triplet Excitation Energy. As shown in Table

4, the change in triplet transition energies against

the numbers of mixed configurations was similar to

that in singlet transition energies. The phosphore-

scence spectra of DNA or bases of nucleic acids have

already been measured,21-26) but phosphorescence

spectra of DNA were not yet interpreted. Lamola
Fig. 2. The calculated triplet transition energies

in bases of nucleic acids in comparison with
the observed phosphorescence spectra. (Ref. 25)
(K in Eq. (1) is -0.490)

et al.26) have concluded that the triplet state in DNA

was formed in the thymine residue, while Imakubo

et al.E5) assumed that DNA phosphorescence spectra

were not due to one base alone, but more than two

bases. Both reports agreed with each other in that

thymine had the lowest triplet energy among the

five others. In agreement with this, our calculation

21) R. Bersohn and I. Isenberg, J. Chem. Phys., 40,
3175 (1964).

22) R. O. Rahn, J. W. Longworth, J. Eisinger and
R. G. Shulman, Proc. Nat. Acad. Sci., 51, 1299 (1964).

23) R. O. Rahn, R. G. Shulman and J. W.
Longworth, ibid., 53, 893 (1965).

24) C. Helen, P. Douzou and A. M. Michelson,
ibid., 55, 376 (1966).

25) K. Imakubo, T. Higashimura and T. Sidei, J.
Phys. Soc. Japan, 22, 339 (1967).

26) A. A. Lamola, M. Gueron, T. Yamane, J.
Eisinger and R. G. Shulman, J. Chem. Phys., 47, 2210

(1967).
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Fig. 3. Predicted direction of polarization of the transitions in bases of nucleic acids.
(a): SCF MO method, (b): SCF CI method including thirty configurations (K=-0.431),
(c): SCF CI method including thirty configurations (K=-0.490).

predicted the lowest triplet energy of thymine among
five bases as seen in Table 4. (Fig. 2 and Table 4).
Berthod et al.8 predicted that the triplet energy of
uracil whose structure is akin to thymine was the
smallest among adenine, guanine, cytosine and
uracil.

Direction of Transition Moment. The direc-
tion of transition moment of bases was not known.
Thus, on the basis of their measurement of polarized
absorption spectra of single crystal of 9-methyla-
denine, Stewart and Davidson,27) have concluded
that the intense band at 275mμ which corresponded

to the main band at 260mμ of adenine in solution

was polarized parallel to short-axis. This conclu-

sion was not harmony with Mason's proposition that

it was polarized parallel to long-axis,28) although
Mason has derived his conclusion from indirect
measurement.

Therefore, it may be worthy to study the polariza-
tion of transition moment by means of MO calcula-
tion. As shown in Fig. 3, (a), in the SCF calculation
without CI calculation, (6-7) and (6-8) transi-
tions in adenine were neither polarized parallel to
long-axis nor short-axis but parallel to the middle
of both directions. But the effect of CI calculation
on the direction of polarization and the oscillator
strength was not small, especially on those of (6-7)
and (6-8) transitions in adenine. Therefore, the
SCF calculation without CI calculation was not
fitted for discussing the direction of transition
moment. A slight change in the direction of (6-7)

27) R. F. Stewart and N. Davidson, ibid., 39, 255
(1963). 28) S. F. Mason, J. Chem. Soc., 1954, 2071.
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transition in adenine parallel to long-axis was
brought about by the CI calculation (Fig. 3, (b)).
This tendency was more remarkable if -0.490(=K)
was used (Fig. 3, (c)). As was discussed before,
(1-3) transition in adenine was assigned to the
main band at 260mμ. This transition is rather

long-axis polarized in contrast with the experimental
result of Stewart and Davidson. This direction of
the calculated lowest transition in adenine ((1-2)
transition in Fig. 3, (b) or (1-2) transition in Fig.
3, (c)) which was assigned for the shoulder band
around 268mμ, could be determined to be polarized

parallel to neither long-axis nor short-axis. How-
ever, we dare to think that it was polarized parallel
to short-axis, as seen in Fig. 3, (c). But this lowest
transition was difficult to be assigned to the observed
short-axis polarized transition because of its small
oscillator strength. As seen in Fig. 3 (b) and (c),
the direction of this lowest transition was greatly
influenced by the change of βcc.

Stewart and Davidson27) found that for 1-methyl-

thymine, the first absorption band (λmax=275mμ)

was polarized parallel to the N1-C4 axis, and the

second band (λmax=230mμ) was polarized nearly

perpendicular to the first. Upon comparison of the
calculated electronic structures of uracil and thy-

mine, it was clear that the effect of the substitution

of methyl group for hydrogen was slight. Hence,

the comparison of the calculated result for thymine

with experimental one for 1-methylthymine was of

interest. As shown in Fig. 3, the lowest transition

was polarized parallel to the N1-C4 axis, and the

second and third transitions were polarized nearly

perpendicular to the first in agreement with the
experiment. Since no available experimental data

has been given for the bases except adenine and

thymine, so far as the calculated results are shown in

Fig. 3. The calculated directions of polarizations.

for these compounds were slightly changed by CI

calculation.

Total π-Electroa Density. As shown in Table

5, the effect of CI calculation on the total π-electron

density was negligibly small. However, the CI

calculation affected the SCF π-electron density in

such a way that the carbon atom became less polar,
and the electron density approached to the value or
1.0. It is well known that SCF method always.
overestimates the polar resonance structure of the
molecule, and consequently, the effect of CI calcula-
tion seems to decrease the polarity of the molecule.
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