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We present the results of a computation for the lowest excited triplet and singlet states of the
pyrimidine bases and of some of their derivatives by the SCF open shell theory and CI method on SCF
virtual orbitals. It is shown that excitation to the lowest singlet S, and triplet T, states mostly affects
the bond C;—C,4 and that triplet excitation is almost completely localized on this bond. The latter
effect leads to exceptionally strong weakening of the bond Cs—Cg in the triplet state T;. It is concluded
that under otherwise equal circumstances the triplet state T, presents more favourable conditions for
dimerization reaction than the lowest excited singlet state S, does. Correlation between the degree
of the triplet excitation localization on the bond C;—C, and the easiness of the photodimerization is
established. An explanation of the experimental facts concerned with the formation of the thymine
free radicals in DNA is also suggested.

Wir présentieren Resultate von der Berechnung der niedrigsten angeregten Triplett- und Singulett-
Zustdnde der Pyrimidin Basen und einiger ihrer Derivate mittels der SCF-Theorie der offenen Schalen
sowie der CI-Methode angewandt auf virtuelle SCF-Orbitale. Es wird gezeigt, daB die Anregung der
niedrigsten Singulett S,- und Triplett T,-Zustédnde meistens die Cs und C4-Bindung beriihrt und daB
die Triplett-Anregung fast vollstindig auf diese Bindung lokalisiert ist. Der letztere Effekt fiihrt zu
einer aullerordentlich starken Schwichung der Cs—Cq-Bindung im Triplett-Zustand T;. Es wird
daraus geschlossen, daB unter sonst gleichen Umstédnden der Triplett-Zustand T, giinstigere Bedin-
gungen fiir eine Dimerisationsreaktion liefert als der niedrigste angeregte Singulett-Zustand S,. Ein
Zusammenhang zwischen dem Grad der Lokalisierung der Triplett-Anregung auf die Cs—Cg-Bindung
und der Photodimerisierbarkeit wird hergestellt. Eine Erklirung der experimentellen Tatsachen,
welche die Anordnung der freien Thymin Radikale in der DNA betreffen, wird ebenfalls angegeben,

Nous présentons les résultats d’un calcul pour les états excités singulet et triplet les plus bas des
bases pyrimidiques et de certains de leurs dérivés, effectués par les méthodes SCF & couche ouverte
et interaction de configurations. L’excitation dans ces plus bas états excités affecte essentiellement la
liaison Cs—Cg, Vexcitation triplet étant pratiquement totalement localisée sur cette liaison. Ceci
conduit 2 un affaiblissement important de la liaison Cs—Cg dans 'état triplet. On en conclut qu'a
circonstances égales I’état triplet présente des conditions plus favorables pour une réaction de diméri-
sation que le plus bas état excité singulet. Une corrélation est établie entre le degré de localisation
5—6 de Pexcitation triplet et la facilit¢ de photodimérisation. On suggére aussi une explication des
faits expérimentaux liés 4 la formation de radicaux libres thymine dans le DNA.

Introduction

The lethal action of ultraviolet light upon bacteria, phages, and animal cells
is mainly caused by the inter- and intrastrand formation of dimers from different
pyrimidine bases (PB). Thus the synthesis of nucleic acids is blocked entailing the
loss of the reproductive ability. Available experimental [1-3] and theoretical
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[4-6] data suggest that the PB dimerization in diluted solutions proceed via the
lowest triplet state T.

In this connection the importance of theoretical studies of the electronic
structure of the PB and their derivatives in the ground and lowest excited states
is evident. The first attempt was made by Mantione and Pullman [7, 8] who
evaluated the properties of the first excited state of the PB and some of their
derivatives and established a correlation between the easiness of the photo-
dimerization and the unpaired electron densities on atoms C, and C¢!. However,
the simple LCAO MO method used by these authors does not distinguish between
triplet and excited singlet states which is important for the discussion of the

dimerization.
8

7 ‘

Fig. 1. Numbering of atoms in molecules of the pyrimidine bases and of their derivatives

Calculations by the CI SCF method have shown that the bond order between
C; and C, decreases substantially in the lowest excited singlet S; as well as in the
triplet T state compared with the corresponding ground state S, [9—11]. Never-
theless this procedure led to similar electron densities and bond orders for both
excited states so that both types of investigation did not permit to answer the
question whether the singlet or the triplet state favours the dimerization more.

In previous papers [4, 6] we have shown by SCF open shell (OS) and CI SCF
methods that the lowest triplet state T of thymine presents better conditions for
the dimerization than the lowest singlet state S; does. Here we present computation
results for some excited singlet and triplet states of the PB and some of their
derivatives which were obtained by SCF OS or CI SCF methods the latter being
restricted to all singly excited configurations.

Details of Computation

The SCF OS and CI SCF methods and the parameters used are given in
details in Refs.[12,13]. In the present work we have used the conjugative model
for the methyl group. The computations were performed with two approximations
for the two-center Coulomb integrals y: by Mataga-Nishimoto (MN) and by
Ohno.

Electron densities, bond orders P,,, and spin densities ¢, in the CISCF.
method were calculated by expressions deduced in [13—15]:

1’3va =2 Z Cui C,+ ‘21’3 Xi—»ka—»l(Cul Cvkéij - Cui Cvj(skl) s 1)
i=1 J:_—:;c
Qu = Z Xi—)kaﬂl(Cul Cukaij + Cui Cujékl) ’ (2)
i—k
-l

! The numbering of atoms is given in Fig. 1.
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where indices i and j denote the occupied, k and [ the virtual MQO’s, 2n the number
of n-electrons, and C,; and X;_,, the expansion coefficients of the MO’s on the
AQ’s and of the wave function on the singly excited configurations, resp. The left
upper indices indicate the multiplicity of the state.

Results and Discussion

In Table 1 we give the computed transition energies to three excited singlet
and triplet states. Those of singlet transitions agree satisfactorily with experimental
values determined from the absorption bands of the bases [16, 17]. In the same
way, experimental energies of excitation to the state T, [ 17, 18] are well reproduced
by theoretical results computed with y integrals by Ohno. Although all triplet
transition energies with the y’s by MN generally are 0.6-0.8 eV lower than those
with the y°s by Ohno the relative order of them in a given compound is not altered.
It may be noted that, with the same integral system, SCF OS and CI SCF methods
lead to similar results.

Table 2 contains the quantities which, in this context, are the most important
ones: bond orders P;, spin densities g5 and g¢, and electron densities Ps and Py
calculated with y integrals by MNZ The bond Cs—Cg in the ground state of all
compounds studied appears to be practically double, a conclusion which has been
first made by Mantione and Pullman [7] using the simple Hiickel method. In the
states S; or T, (see CI SCF results) the bond order Ps is substantially decreased,
however in considerably less extent in the state S; than in T,. The bond orders
according to the CI SCF method show that the triplet excitation is almost com-
pletely localized on the bond Cs~Cg whereas the singlet excitation is “delocalized”
on several bonds. As an example for this the bond orders of thymine in the states
So, 81, and T,, computed by both CI SCF and SCF OS methods [4] are given
in Table 3 *. Both methods give such a substantial weakening of the bond Cs—Cq
in the PB as well as in some of their derivatives that this bond may be considered
as broken in the state T,. Since the dimerization reaction means breakage of the
n-bond C;—C, followed by the formation-of a cyclobutane ring the state T,
under otherwise equal circumstances presents more favourable conditions for
this reaction than the state S; does.

Comparison of Ps and g5 as well as P and g4 in the state T, shows that,
irrespective of computational methods, the electron density on atoms C; and Cg
is mainly influenced by the unpaired electron density. This increases the reactivity
significantly because such a T -state is a state of valence unsaturation [19].

The strong localization of the triplet excitation leads to the important fact that
the free valence indices [4, 6] on atoms C; and Cg of thymine in the state T, are
extremely high: 1.177 for C; and 1.316 for C,. This means that these atoms are
highly reactive with respect to the attack by free radicals and explains the experi-
mental fact that a H atom is added to atom Cg of the thymine rest when DNA is
irradiated by UV light [20]. Moreover, free valence indices on these atoms are

2 Jt should be noted that computation of these properties with the y’s of Ohno leads to practically
the same results.

3 One can also see from Tables 2 and 3 that the SCF OS method leads to a somewhat stronger
localization of the triplet excitation on the bond Cs—Cq.
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much higher in the state T, than in the state S; what explains why the first triplet
state T, is considered as a precursor of free radical formation [20].

In accordance with the SCF OS results the compounds studied here can be
arranged (Table 2) in the order of increasing Ps, and simultaneously of decreasing ¢
and g, that is, in the order of increasing excitation localization on the bond
Cs—Cg. There appear to be three groups®. The first one containing uracil, 6-methyl-
uracil, thymine, and orotic acid is known to be easily dimerizable [21]. The second
group contains S-aminouracil, cytosine, and 5-methylcytosine which dimerize not
so easy [21]. In the third group we have 2-thiothymine (thiol-form), isocytosine,
5-nitrouracil, and 6-azathymine which do not dimerize at all or only with con-
siderable difficulty. There are no quantitative data on the isocytosine photo-
dimerization in the literature except the note that isocytosine dimerizes to a
smaller extent than 6-methyluracil and uracil [21].

Table 3. Bond orders P, in the states S,,S,, and T, of thymine computed by CISCF and SCFOS methods*

uv So S; T,
12 0.317 0.335 0.311
(0.325) (0.288) 0.305)
16 0.317 0.446 0.324
(0.293) (0.430) 0.310)
23 0.321 0.280 0.317
0.319) (0.336) 0.320)
27 0.846 0.816 0.849
(0.843) (0.845) (0.851)
34 0.306 0.212 0.273
(0.308) 0.192) 0.269)
45 0.322 0.458 0.447
(0.333) (0.410) 0.449)
48 0.841 0.646 0.724
(0.836) (0.525) 0.778)
56 0.875 0.422 0.189
(0.903) (0.424) (0.106)

* The latter are given in parenthesis. Small difference between the resuits for the ground state S,
is connected with different description of methyl group (see [4]).

Our results for isocytosine are essentially different of those from Ref. [7]. We
obtained a smaller localization of the unpaired electron densities on atoms Cs
and Cgq for isocytosine than for the compounds of the first and second group
because of increasing densities on atom O (g, =0.781 with the y’s by MN and
00 = 0.649 — by Ohno). Mantione and Pullman [8] have not found such a redistri-
bution and believed therefore that the degree of dimerization of isocytosine is
intermediate. Our results are also different from [8] with respect to 2-thiothymine.
Despite the fact that both computations show no indication towards dimerization

* Distribution of the bases among groups according to CI SCF results leads to a poorer agreement
with available experimental data [21].
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there is nevertheless an important difference between them. Considerable decrease
of g5 is connected in Ref. [8] with the concentration of the unpaired electron
density on atom S, in our computation, however, with the concentration on atom O
(00 =0.649).

Thus these considerations show a correlation between the easiness of dimeriza-
tion of the PB and their derivatives on the one hand and the unpaired electronic
densities on atoms Cs; and Cg on the other, as well as between the easiness of
photodimerization and the bond order of the bond C,~Cj.

In the third group S-nitrouracil is the most stable towards the action of UV
light. Tts triplet excitation is almost completely localized at the nitrogroup. Thus,
on=0.315(0.416), ¢q=0.845(0.750), and g, =0.818(0.652) where the first values
arise from the SCF OS theory with the y’s by MN and the values in brackets from
the CI SCF method with the y’s by Ohno. Because of this the bond order Psg is
not changed when a transition from S, to T, occurs. This seems to be the reason
why nitrouracil does not dimerize. Mantione and Pullman [7] have received
similar results for unpaired electron densities by the Hiickel method considering
the first excited state as formed by a transition from the highest occupied MO ¢,
to the lowest empty @45. However, our more sophisticated CI computations show
that the configuration ¢, _ ¢ gives the main contribution to the state T, but not
to T,. Thus, the resemblance between our results and those from Ref. [7] is
accidental.

We separated 6-azathymine putting it as the last compound in Table 2 because
its UV stability does not behave as regularly as in the other cases. Neither our
results nor those of Mantione and Pullman [ 7] can explain its lack of dimerization.
It may happen that the N atom in thymine with its pair of n-electrons gives rise
for new singlet and triplet n-n*-transitions which are located lower than the
corresponding m-m*-transitions. As a result an excitation may lead to a n-n*-
triplet state without localization of the excitation at the bond Cs—C,.

Our results for the bond order P, in the PB are qualitatively different from
those published by Imamura et al. [9] and Pullman et al. [10, 11]. In the first case
the difference is easily explained: formula (1) is different from that used in [9] and
converts to the latter only when the summation in (1) is restricted by the condition
i=j and k=1, i.e. when many terms are rejected. It should be noted that the
singlet excited states have been computed in [9] including also a small number of
doubly excited configurations. In this case too the formula for P,, used in [9] is

Table 4. Bond order P in the states S; and Ty of the pyrimidine bases computed by CI SCF method by
different authors (with the y’s by MN)

Computed by Thymine Uracil Cytosine

M T, S, T, Sy T,
us, formula (1) 0.422 0.189 0.444 0.191 0.553 0.307
us, formula (1) ) 0.355 0.364 0.365 0.363 0.526 0.532
withi=jand k=1
Imamura et al. [9] 0.459 0.457 0.401 0.480 0.588 0.611

Pullman et al. [10, 11] 0.411 0.451 0.413 0.449 0.665 0.826
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not correct which becomes clear if one compares it with the full expression given
in [14, 15]. (Calculation formula for P,, and g, in [10, 11] are not given.)

In Table 4 we compare the results of Ref. [9-11] with the values of Ps¢ cal-

culated by us as well with Eq. (1) as with the incomplete one. It can be seen that
the use of the latter for P in fact leads to practically idential results for * Ps, and
3P, ¢, which is also characteristic for results of [9]°. We assume therefore that the
authors of [10, 11] have also used the expressions for **P, , and g, given in [9].
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