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A semi-empirical self-consistent field calculation has been carried out for the purine and
pyrimidine bases of the nuclejc acids after an appropriate optimization of the integral values
using reference compounds. Special emphasis has been laid upon results concerned with the
ionization potentials, electron affinities, spectral transitions, triplet states, dipole moments
and basicities of the compounds. They enable in particular a detailed interpretation of both
the individual ultra-violet absorption spectra of the bases and of their interrelations.

Un calcul self-consistent semi-empirique a été effectué pour les bases puriques et pyrimidi-
ques des acides nucléiques, & ’aide d’un jen d’intégrales déterminées de facon optimum pour
une série de molécules de référence. L’accent a été mis en particulier sur les résultats relatifs
aux potentiels d’ionisation, affinités électroniques, transitions = — =%, états triplets, moments
dipolaires et basicités. I1 a été possible d’interpréter tant les spectres individuels des bases que
leurs interrelations.

Ein semiempirisches SCF-Verfahren wuorde zur Berechnung ven Purin- und Pyrimidin-
basen von Nucleinsduren herangezogen, wobel besonderes Gewicht auf Ionisierungspotentiale,
Elektronenaffinititen, spektrale Ubergiinge, Triplettzustinde, Dipolmomente und Basizi-
titen gelegt wurde. Insbesondere ist eine eingehende Interpretation der UV-Absorptions-
spektren moglich, und zwar sowohl hinsichtlich der einzelnen Basen als auch deren Beziehun-
gen untereinander.

Introduetion

The first theoretical calculations on the fundamental purine and pyrimidine
bases of the nucleic acids have been carried out in the Hiickel approximation of
the method of molecular orbitals [63]. They yielded a great mass of information
concerning the structure and properties of these molecules. Similar caleulations
have also been carried out for many related compounds [66]. On account of the
well-known shortcomings of the Hiickel approximation and in spite of many
remarkable confirmations of the theoretical results by experiment, it was never-
theless highly desirable that more refined approximations be used for the study
of such important compounds. A first calculation using the Pariser-Parr approxi-
mations in a self-consistent procedure has been carried out by VEILLARD and
Puriman [87], with emphasis on the electronic indices characterizing the reactivi-
ties of the different positions, the relative basicities of the nitrogens and the rela-
tive order of the molecular ionization potentials and electron affinities. No real
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attempt was made at this time to predict the absolute values of the ionization
potentials which are known to be overestimated by the usual approximation of
the core integrals [60, 64, 74]. A preliminary evaluation of the appropriate correc-
tion has been made since, and values of the » and = ionization potentials were
predicted on this basis for the four bases of the nucleic acids [64]. Since, however,
the modification of the core integrals influences not only the values of the orbital
energies but also the distribution of the electrons in heterocyclic molecules [74],
we felt necessary to undertake a new study of the whole problem, starting with a
careful serutinization of the choice of integrals.

In the meantime, a study of the hypochromicity in the base-pairs of DNA has
appeared [53], which used the Pariser-Parr approximation with partial configura-
tion mixing, and during the preparation of this manuscript a Pariser-Parr self-
consistent field calculation on the nucleic acid bases by a group of Japanese authors
[60] has also been published. We shall discuss some aspects of these publications
in the forthcoming pages.

The Method

In the present state of development of the methods of quantum chemistry,
there is not yet a satisfactory procedure for treating simultaneously all the elec-
trons of complex conjugated molecules*. Thus we have adopted the usual hypo-
thesis of ¢~ separation and dealt essentially with the system of &z electrons in the
field of the og-core. However, for the calculation of dipole moments, we have
utilized the approximate representation of the ¢-electrons provided by the proce-
dure of DEL RE [10], adapted for conjugated systems [3].

The molecular orbitals of the 7 electrons are written as a linear combination
of atomic orbitals:

@i =2, 0ri (1)

and the best orbitals of this form compatible with a single Slater determinant
representing the closed-shell ground state can be found by the classical SCF
Roothaan equations [69]. If a set of orthogonal atomic orbitals A obtained from
the usual AO’s by a Lowdin transformation [39] is used to build the MO’s, a
first-order approximation to the transformed Roothaan equations is given by**

2 (Fpg — Opg &) Cqi 2)
q
with
Fpg= Ipg+ Gpq, (3)
Ipq = J‘ }lp HGOI’E },q dT (4)
Gpp = 2 {ciy (pp | PD) + ; 2 ¢, (pp | 17)} (3)
i THED
Gpg = — Z Cip Cig (PP l q9) - (6)

This set of equations is the same as the Pariser-Parr-Pople SCF equations

* A promising attempt in this direction together with a discussion of the non-satisfactory
existing procedures has just appeared [61].
** Detailed discussion of this matter has been given in recent reviews: see for instance

references (68, 41, 62].
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obtained [60] upon inserting into the Roothaan equations the zero-differential-
overlap hypothesis of PARISER and PARrRr [56].

In principle, all the integrals should be calculated using the orthogonal basis 4;
in practice, however, on account of the “built-in” approximations [62] of the
method (correlation error, frozen g-core, valence-state ¢ core, truncated basis set
of AQ’s, poor approximation of atoms-in-molecules AQ’s), satisfactory results can
be obtained only if a series of empirical corrections are introduced, namely:

a) a strong reduction of the one-center coulomb integrals (pp | pp);

b) a reduction of the two-center (pp | gq) integrals, at least for nearest-neigh-
bors;

¢) an empirical choice of [, values so as to fit spectral data for reference
compounds.

These are the main features of the Pariser-Parr approximation [57]. More
often than not, when this procedure is adopted, the I, integrals are calculated as:

ocp=1p—;(A!pp)~§(qqmo) (7)

with or without neglect of the second term and using as [, the valence state
ionization potential of atom p. Although such a simplification may be of lLittle
importance in hydrocarbons, where it seems to influence merely the absolute
values of the molecular ionization potentials and where the atomic m electron-
populations are close to unity, this is no more the case in heteromolecules, as
mentioned in the Introduction. There, an empirical choice of U, values in place
of the first two terms of Eq. (7) is strongly required. Yet, no systematic study of
this parametrization was available when we started this work, so that one of our
main concerns was to determine an appropriate set of empirical U, values to-
gether with the remaining empirical integrals. Our first objective was to obtain a
set of parameters which would reproduce as many observables as possible for a
number of reference compounds using the Pariser-Parr-Pople self-consistent
equations without configuration interaction, at least in a first stage. In order to
satisfy this purpose, we proceeded as follows:

a) The one-center coulomb integrals for carbon, nitrogen and oxygen were
given the values

9/%: (pp lpp)z I, — Ay (8)

according to the Pariser relation [54], where [, and A, are the valence state
ionization potential and electron affinity of atom p. We used the values tabulated
by J. Hixze and H. H. Jarrs [23] for the appropriate valence states. The resulting
one-center integrals are listed in Tab. 1.

For 7 lone-pairs like those of the pyrollic nitrogen, we have adopted also rela-
tion (8) according to JUuLa’s argument [2§].

b) As concerns the two-center coulomb integrals y,, = (pp | ¢¢), we tentatively
adopted the theoretical values calculated with the usual Slater orbitals for all
pairs p, ¢ of non-directly bonded atoms, since this does not seem to strongly
affect the results [40]. As concerns the coulomb integrals for pairs of bonded atoms,
it has been emphasized [40, 48, 70] that they affect the results essentially through
their difference with respect to the one-center value adopted. The best fit for this
difference in carbon compounds [40, 55, 75] yields a value of 6.9 eV for vee
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(1.39 A) when »2 is put equal to the value of Tab. 1. This value would be obtained
through the theoretical formulas in using Slater orbitals with an effective quantum
number {’ equal to 0.83 (instead of the Slater value 1.625). For adjacent atoms,
all the ycc values have been calculated with this value of {’. For the heteroatoms
we proceeded as follows: Calling £, the fictitious effective quantum number cor-
responding to the empirical values of the one-center integrals listed in Tab. 1, we
have admitted that for each atom the ratio '/, is the same as for the carbon-
carbon integrals and have calculated the yxx values theoretically by the Root-
haan expressions using the ' values so obtained.

Moreover we have adopted the approximation
yon = 3 (Yo + yuw) - (9

It is to be noted that this choice of the Coulomb integrals does not correspond
to a smooth interpolation curve from the y,; values to the empirical 0 values, as
in the original Pariser-Parr quadratic ex-

Table 1. Integral values pression {57]. Although this discontinuous

P v v Kep Uy character of the reduced Coulomb inte-

(eV) (eV) grals seems to be a necessity for the obten-

tion of good transitions in carbon com-

C 1113 083 17.238 - 95 pounds {16, 55, 75], we felt compelled to
N 12.3¢  0.92 14.913 -11.8

NE 1234 092 15195 — 9.9 assess its effect in a series of heterocycles.
NH, 1234 092 11579 — 8.9 This has been done by using the original
0 1523 1.135  B8.573 -14.5 Pariser-Parr interpolation formula [67].
The transitions that we obtained with a

smooth curve were 0.1 to 0.6 eV higher than the ones given in Tab. 2. In addition
the agreement of the calculated dipole moments with the experimental values is
much better when the broken y,4-curve is used instead of the smooth curve. On
the other hand, the proton magnetic resonance spectrum of pyrrole [71] shows
that the chemical shift () of the ortho hydrogen is smaller than the one of the
meta hydrogen. If one accepts the semiempirical calculations of 7 developed by
several authors [17, 49], the sz-electron density on the carbon bearing the hydrogen
atom considered should increase along with the 7 of the proton. Thus it suggests
that the charge on the ortho carbon should be smaller than the one on the meta
carbon atom ; this order of the charges has been obtained only with the “broken
curve” approximation for the yy,.

It may be added that the integrals calculated with the orthogonalized basis
A [39] lead to a larger difference y,, — y,, than the integrals calculated with the
usual Slater atomic orbital basis, whereas the difference y,, — 91p (for p+# 2) is
practically the same in the two basis. Moreover, the exchange integrals are indeed
very small in the A basis, with the exception of those involving nearest neighbours
[44, 59]. Since all the exchange integrals are neglected in the method, the fitting of
the 5 must make up for the error so introduced.

For all these reasons we did not adopt the smooth curve for our final integral
choice.

¢) The remaining parameters concern the one.center and two-center core
integrals oy and S,4. We have adopted as a starting point the f¢c value, —2.39 eV,
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determined for benzene (C-C = 1.39 A)
and the fey value of —2.576 eV adjus-
ted for s-triazine [57] (O-N = 1.34 A)
and we have evaluated fco, fc-nu and
fo-nmg by trial and error on formal-
dehyde, pyrrole and aniline. The R
dependence of fy, adopted has been
f = — K|/R®, following a suggestion by
Kox [32].

There remains the choice of the Uy
values. As a starting point we adopt-
ed Ug= — 9.5eV which is known to
give satisfactory values of the ioniza-
tion potentials in hydrocarbons [60,
74] and determined Ug, Uy, Uyxgm and
Uxm, so as to reproduce the ionization
potentials of formaldehyde, pyridine,
pyrimidine, pyrrole and aniline. Moreover
in this trial-and-error procedure, we
have attempted to reproduce at the
same time the values of the dipole
moments of the reference compounds,
obtained by adding to the calculated 7
component, the ¢ component obtained
in the way mentioned above.

The set of integral values which
gave the best over-all agreement with
as many properties as possible in the
reference compounds considered is listed
in Tab. 1, and the results concerning
the reference compounds are given in
Tab. 2. It is seen that as far as ground-
state properties are concerned, the agree-
ment with experiment is quite satis-
factory. The agreement obtained for
spectroscopic transitions is rather grati-
fying also.

Table 2. Reference compounds
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A. Ionization potentials and electron-donor properties

57

® The observed values correspond to N-methyl 2-pyridone.

= Molecules used for adjusting the integral values.

According to Koopmans’ theorem [33] the negative of the energy of the highest
filled molecular orbital (HOMO) obtained in the SCF calculation is an approxi-
mation to the first molecular ionization potential. The values of the HOMO for
the four nucleic bases are given in the first column of Tab. 3.

Tt is seen that the numerical values obtained are definitely smaller than the
previous values of VEILLARD-PuLLMAN [87], of NEsSBET [§3], or of the Japanese
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workers [60]. This was to be expected as a result of our more appropriate choice
of Uy values. As concerns the order of magnitude obtained for the ionization
potentials, it seems to be now in the reasonnable region [22].
On the other hand, the order of decreasing ionization potentials shown by our
present calculations is
U>C>A>G.

This order is the same as that previously obtained by VEILLARD and PuLLMAN
and by the other authors, and in fact is also the same as that predicted initially
by the Hiickel approximation [63]. In particular, in conformity with early predic-
tions by PurLmax and Purimax [63, 651 guanine should be the best m-electron
donor among the four nucleic bases.

A confirmation of these results seems to be provided by recent measurements
of the oxidation potentials (anodic waves) at the stationnary graphite electrode
[15], which show that the two pyrimidines are not oxidizable, whereas the two

purines are, and indicate moreover

Table 3. Energies of the highest that guanine is oxidized more easily
filled and lowest empty orbitals than adenine. Therefore as predicted
HOMO  LEMO by the theoretical calculations, guanine
V) V) appears as the best electron-donor

. among the four bases. These results
Guanine —7.59 +1.47

Adenmine —7.92  +1.52 are also confirmed by studies on the
Cytosine —8.16  +0.87 charge-transfer complexes between the
Uracil  -915  +0.38 nucleosides and nucleotides of the bases

or the bases themselves and chloranil [74].
A comment is appropriate at this point concerning the values of the ionization
potentials obtained by NagaTa et al. [60]. Not only are their ionization potentials
quite generally appreciably higher than ours but, moreover, their calculations
predict an ionization potential of thymine which should exceed that of uracil by
some 1.6 eV. This is, of course, an unacceptable result as it is well-known that the
methyl group has a much smaller effect on the ionization potentials (a few tenth
of an eV), effect which moreover tends generally to decrease the potential of the
parent compound. In fact the discrepancy in the results of the Japanese authors
comes from a trivial error made in the chemical formula of uracil. They have
considered as ‘‘uracil” throughout their calculations, a rare tautomeric lactim
form of this molecule. This error leads them to difficulties in other fields also, so
that at one occasion they study separately a molecule which they call “demethyl-
ated thymine” without apparently realizing that this is in fact the appropriate
form of uracil that they should have considered.

B. Electron affinities and electron-acceptor properties

The values of the energies of the lowest empty molecular orbital (LEMO) give
a measure of the electron affinities of the bases or at least of their electron acceptor
capacities.

It can be seen from the energies of the molecular orbitals listed in Tab. 3 that
the LEMO’s appear, in the four nucleic bases, with a positive sign in our calcula-
tion as opposed to the negative sign obtained by other authors [50, 63, 81]. This
is due to the general rising of the orbital energy values due to the U, adjustement.
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The relative order of the LEMO energies indicates that the pyrimidines should
be better electron-acceptor than the purines, in agreement with VEILLARD-
Purrmax and the other SCF calculations, but in contradiction with the previous
Hiickel prediction according to which adenine and cytosine should be better
aceeptors than guanine and uracil [65].

It is practically impossible to have a direct check of the exactness of the
absolute values of these energies since the measurements of molecular electron
affinities are practically inexistent and moreover their exact relation to the LEMO
energies is not entirely clear [15, 79]. However, some informations on the relative
electron acceptor properties of these molecules are available, through the measure-
ments of the polarographic reduction potentials at the dropping mercury electrode.
For the compounds considered here, it is found [79] that adenine and cytosine are
reducible whereas guanine and uracil are not.

It appears thus that in this respect the results of the Hiickel calculation are
more in agreement with the experimental data than the self-consistent results. 1t
is, however, difficult to draw definite conclusions on this point, on account of the
highly complex character of the reactions which may be determinant in the reduec-
tion processes.

C. Spectroscopic properties

1. The positions and intensities of the bands. The near ultra-violet absorption
spectra of the nucleic acid bases and of their derivatives have been examined
rather carefully by different authors [1, 12, 46]. The spectra in aqueous solution
have been extended down to 185 my by VoET et al. [82] and a similar study has
been performed [7] by CLARK and Tixoco in an attempt to classify and systematize
the transitions. This has been very recently completed by a careful examination
of the vapor spectra of some of the bases [6].

For the sake of the comparison with the theoretical computations, the most
useful results are those of CLARK and Tivoco which establish correlations among
the spectra of the bases. Thus, it is advantageous for a theoretical investigation,
and in particular for one carried out in the framework of the “refined” approxima-
tions, to be able not only to reproduce through calculations the characteristics of
the spectra of isolated molecules, but to put into evidence or to confirm general
correlations involving such characteristics among series of related compounds.

In fact, in the present case, the comparison of the experimental results with the
theoretical ones is quite satisfactory from both points of view. Thus, CLARK and
Trvoco classify the observed transitions into three groups that they name Bay,
By and E,, by analogy to the corresponding nomenclature of the bands in
benzene. For the sake of convenience, we shall retain this nomenclature although
the following discussion implies nothing concerning the postulated relationship
to the benzene spectrum. Now, a careful examination of the positions of these
bands in the four nucleic bases shows the possibility of a further systematization :

a) In all four molecules the B,y band corresponding to the longest wave-length
of absorption is situated between 260 and 275 mp. (4.76 to 4.51 ¢V), with gnanine
and cytosine absorbing towards the longer wave-length limit and adenine and
uracil absorbing towards the shorter wave-length limit. In the vapour phase [6]
this distinction between G, C and A, U is still emphasized since the first absorption
maxima of guanine and cytosine are shifted to 293 and 290 mu respectively
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(4.2 — 4.3 eV) while the corresponding bands of uracil and adenine are shifted to
244 — 252 myp, (5.1 — 4.9 eV).

b) On the other end of the observed spectrum (the £, region) the four mole-
cules exhibit two absorption maxima, one at 202 — 208 my. (6eV) and one around
180 — 188 my, (6.8 — 6.6 eV).

¢) In between these extremes, there is the Bj, band which is not observed,
however, in all molecules; thus it exists as a shoulder in the spectrum of cytosine
at 237 my. (5.2 eV) and of guanine at 250 my (5 eV) while no comparable peak
appears neither in adenine nor in uracil. It must be added however that experi-
ments in optical rotatory dispersion suggest the existence of a weak hidden band
at about 230 my. (5.4 eV) in uracil [7]. Finally a suggestion must also be mention-
ned, according to which the first band in adenine is in fact a composite one {46]
consisting of two superimposed transitions, a hypothesis supported by measure-
ments of the dichroism in the crystal spectrum of 9-methyladenine [77] and more
recently by studies of polarized fluorescence [5]:

The examination of our theoretical findings shows a far-reaching agreement
with these general results and classifications (Tab. 4):

a) As concerns the transition of longest wavelength, the calculations distinguish
clearly two groups among the four bases: guanine and cytosine, absorbing toward
longer wavelength at 4.4 and 4.2 eV respectively, and adenine and uracil absorbing
towards somewhat shorter wavelength, at 5.2 — 5.1 eV. Not only is this division
in agreement with the general features of this absorption but the calculated values
of the transitions agree very satisfactorily with the ones observed in the most
recent, vapour phase measurements.

b) Leaving aside for the moment the next calculated band, we find then for
the four bases a transition in the range of 5.9 to 6.1 eV, clearly corresponding to
the first band in the H;, region. Then, comes a group of rather closely packed
caleulated transitions which may reasonnably be correlated with the second E;,
absorption for which they suggest a composite structure: in adenine, the 6.3 eV
component would be too weak to be observable but the 6.4 and 6.9 eV transitions
are reasonably intense; in cytosine the 6.5 and 7.2 eV components are very weak
so that the observed band could be essentially the 6.8 eV transition; a similar
situation occurs in guanine whereas uracil shows a strong calculated band at 6.3 eV
and a weak one at 7.2 eV.

¢) As to the intermediate region, we find a second transition in the range of
5.3 to 5.5 eV for all four compounds. This transition corresponds clearly to the
By, maximum observed in guanine and cytosine. Interestingly enough, the calcu-
lated intensity of this theoretical band is exceptionally very low in uracil in
accordance with the absence of an observable maximum in this region for this
compound.

As to the case of adenine, which is also devoid of an observable band in this
region, it seems extremely tempting to consider the calculated transition as
representing the second component of the first, composite band system, although
its calculated intensity may seem rather high.

In general the calculated values of the oscillator strength in the four compounds
considered here are in fair agreement with the empirical values with the possible
exception of the first band of uracil which appears too intense theoretically. A
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Table 4. Transitions in the nucleic bases
(from ground state)

experimental theoretical
AE= (eV) fr i—je AE(eV) f gea triplets (eV)
Guanine By, 4542 - 44) 01 7—>8 44 0.4 +104 3.2
Experimen- B 4.9 0.3 79 54 0.6 -166 3.7
tal values 6.0 . 7—10 6.0 0.1 - 59 5.0
(except B { 6—>8 6.3 041 -101 53 (6 —~9)
vapour) from 6.6 1.1e 5->8 6.6 0.2 +179 5.8
9 ethyl 6—-9 6.8 0.1 -140 6.0 (4 —~8)
guanine
Cytosine Ba 4.5 (4.3) 0.2 56 42 0.1 + 8 341
B 52 0.2 4—-6 53 0.4 +164 3.9
6.1 0.6 517 6.0 0.5 +133 4.1
B { 47 6.5 005 — 90 5.7(5—8)
6.7 e 3—-6 6.8 0.3 -147 5.8
58 7.2 003 -7 5947
. 6—+7 52 04 —144 3.7
Adenine By 4.8 (4.9) 0.3 68 55 0.3 58 45
6.0 (6.0 0.4 517 6.1 0.5 - 78 54
Eyy { 69 63 001 -183 54(5—>8)
6.7 N 47 64 0.2 -~ 3 5.6
5—8 6.9 0.2 + 10 6.7 (4—38)
Uracil B2, 4.8 (5.1) 0.2t 56 51 0.7 +174 2.7
B,  (see text) ces 46 5.5 002 -154 44(4->7)
6.1 (6.0) 0.2 517 5.9 0.2 —-115 4.8 (4—6)
B { 47 6.3 0.5 +135  50(—17)
6.8 (6.6) ces 58 7.2 0.01 -166 6.0

a Classification and values from reference [7]. In parenthesis, vapor phase values from
reference [6].

® From reference [12].

¢ Orbital jump.

4 Measured counterclockwise from the line C,~C; in purines and N,—C, in pyrimidines.

¢ Value obtained from the area of the envelope of the two E1u bands [12].

f Evaluated from the spectrum of reference [7].

more complete discussion of the f values will be presented in a forthcoming paper
relating the results of the inclusion of configuration interaction.

Before leaving this subject, we would like to comment on the corresponding
calculation by Nacara et al. [50]. These authors have given the first three calcu-
lated singlets for adenine, cytosine, guanine, uracil and thymine. Their agreement
with experiment is satisfactory for the first bands of adenine and cytosine only. No
detailed systematic comparison with the other bands has been carried out, but the
values reported in the table seem less satisfactory than those of the present
calculation. On the other hand the value obtained for the first transition in uracil
is far too low in energy (4.2 eV). As already mentioned, this is not surprising
since the calculations have been made for a rare tautomeric form of uracil. In
fact, the calculated value which should be taken for uracil is the value 6.4 eV
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(198 my.), reported by the authors for what they call “demethylated thymine”.
It is seen that this is not satisfactory either.

Another point must be stressed in connection with the problem of spectroscopic
transitions. In their paper the Japanese authors compare their SCF results for
the longest wavelength of absorption of the bases with those of a Hiickel calcula-
tion by Lapik and HorFmanN [36] and conclude that the SCF treatment improves
“strikingly” the results. The choice of the Lapir-HorFMaN values is, however,
particularly infortunate for such a comparison since they have been obtained with
use of an erronous value of the Hiickel resonance integral 5, a fact recognized by
LapIK and HorrMAN themselves [24]. When a reasonable value of f, say 3.26 eV
[26], is utilized, the order of magnitude of the Hiickel longest wavelengths of
absorption of the bases falls well within the range of the observed values, around
4.5eV.

It is perfectly understood that the Hiickel approximation is generally not very
suitable for calculating spectroscopic transitions, particularly in absolute values.
The misuse of a parameter should not, however be confused with the shortcomings
of the method itself.

mai component

CHy 1 Oy

Fig. 1. Polarization of the first transitions in 1-methylthymine and 9-methyladenine (after STEWART et al. [77, 78])

2. The directions of polarization. The direction of polarization of the transitions
have been studied experimentally in some details for 9-methyladenine and
1-methylthymine [77, 78)]. The results, supplemented by a study of the A-T dimer
indicate that the first band of 1-methylthymine is polarized at 19° degrees with
respect to the N,-C, axis, (Fig. 1) the polarization of the second absorption below
240 my being qualified as “reversed”. For 9-methyladenine, the major component
of the first long wavelength transition is at 3° with respect to the C,~C; fine (trans-
verse axis) and the second weaker component is suggested to be polarized at right
angle to the first one (Fig. 1).

Moreover, the absorption band below 240 my. for 9-methyladenine is assigned
a longitudinal polarization. This results for 9-methyladenine are in partial disagree-
ment with the previous assignements of Masox [46] who advocated a strong
longitudinal component in the first band of adenine with a small contribution of
a transversely polarized band. As to the other compounds, the only available
experimental result indicates that the first two bands (at 275 and 230 myu) in
9-ethylguanine are polarized at right angles to each other [5].
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The calculated directions of polarization are given in Tab. 4 and are drawn in
Fig. 2 for the first three transitions in each base. Insofar as the experiments on
methylthymine are an indication on the situation in uracil, the theoretical values
are in satisfactory agreement with experiment. As concerns adenine, the theoreti-
cal transitions that we have assigned to the two components of the 15t band are
indesd mutunally perpendicularly polarized with the first component closer to the
transverse axis than to the longitudinal one. The second band is long-axis polarized.

Ademne

HyN

Fig. 2. Direction of polarization (theoretical) of the first transitions in the bases

Guanine and cytosine may be grouped together with a behaviour opposed to that
of the other two bases: their first transition is perpendicular to the axis C,—C;
(short axis) or N;-C, whereas the moment of the second band is along this axis.

It is interesting to mention that the early Hiickel calculations of DE Vor and
Tr~oco [12] indicated the same opposed behavior of cytosine and uracil as concerns
the directions of polarization of the first two bands, and also as concerns the longi-
tudinal character of the first transition in guanine. Their result for adenine (15t
band longitudinal) which fitted Mason’'s conception is, however, not in accord
with the present calculation which seems more compatible with the more recent
measurements on the crystal spectrum.

3. The position of triplet states. We have indicated in Tab. 4 the calculated
positions of the triplets corresponding to the previously discussed singlets in the
four nucleic bases. Although a more precise location of the triplet states must
await the results of the inclusion of configuration superposition, we would like to
point out some interesting features of the present results: a) the order of increasing
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energy of the first excited triplet with respect to the fundamental state is:
U<C<G<A.

The triplets of the pyrimidines are thus situated lower than those of the purines,
with the triplet of uracil being the lowest of all. b) the singlet-triplet splitting is
the smallest in cytosine followed closely by guanine, and the largest in uracil.
From the experimental viewpoint, precise results concerning the triplet states
in these molecules are still rather scarce. The phosphorescence of the purine bases,
their nucleosides and nucleotides and of DNA has been studied and characterized
by different authors {2, 13, 38, 68, 76]. The most recent and most precise measure-
ments concern the first triplet state of adenine {§], the maximum of which is at
3.05 eV with a singlet triplet separation of 1.7 ¢V. This last result is in satisfactory
agreement with the calculated value of 1.5 eV. The comparison of guanine with
adenine is difficult on account of the closeness of the emitting regions [2]. Loxa-
woRTH [38] locates the phosphorescence maximum of guanine at a lower energy
than the corresponding maximum of adenine, while determinations by HeLENE
[19] indicate practically no difference between the two molecules from that point
of view. On the other hand, phosphorescence studies [27] in dinucleotides con-
taining guanine and adenine seem to indicate triplet-triplet energy transfer from
guanine to adenine thus suggesting the locating of the adenine triplet below that
of the guanine one, at least in the experimental context. The results of the configu-
ration-interaction calculations will be particularly interesting in this connection.
As concerns the triplets of the pyrimidine bases, their identification is rendered
difficult by the very low phosphorescence of these compounds [2] which is observ-
able only at relatively high concentrations and at 77 °K [20]. On the basis of
studies of the phosphorescence of the isolated compounds [19] and of energy
transfer in dinucleotides [20, 21], Douzou et al. [20] suggest that the first triplets
of the pyrimidines are lower than those of the purines and that uracil has the
lowest triplet among the four bases, a result in agreement with our predictions.

D. Spin densities in the first triplet state

Fig. 3 gives the distribution of the unpaired electrons in the two singly occupied
orbitals of the first excited state of the four bases. In fact, since we use here the
virtual orbitals of the ground state calculations for the building of the excited
states, we cannot distinguish between a singlet and the corresponding triplet as
far as electron distribution is concerned. But it is considered that the distribution
of the unpaired electrons may give a first approximation to the spin density
distribution in the first triplet.

The most significant results concern the molecule of uracil for which they
indicate a very high concentration of lone-electrons on the carbons C, and C,, by
far the highest density among all the atoms of the molecule. Moreover the bond-
order of the C;~C, bond which was very large in the ground state, becomes rela-
tively very small (0.377) in the first excited state, whereas the other bonds of the
molecule are little affected by the excitation. This situation indicates that the
electronic excitation is localized in this molecule, to a large extent, in the C,-C,
bond and this result is in agreement with the similar findings of MANTIONE and
Purrmax [45] made in the limits of the Hiickel approximation and which they



Theoretical Study Purine and Pyrimidine Components. I. 65

have related to the ability of thymine and some of its analogues to undergo
photodimerization. For cytosine we find a much smaller concentration of lone
electrons at the C;~C; bond. In fact, we obtain the highest concentration of lone
electron on the oxygen, followed by N; and C,, the Cy carbon coming next.

Also, the bond order of the C;—C, bond, very high in the ground state, is not
particularly decreased in the excited state. These results are in agreement with the
fact that in contrast to thymine, cytosine does not dimerize easily.

098
0

0
NH
a5z Y]
Clytosine
0360 0%
Ny 0
078!
2378 lid
N
0.068
23
0769 .
NH g 12 NH
o V74 e 0257 4087
Adeniine Guaniie

Fig. 3. Distribution of the unpaired electrons in the two singly occupied orbitals of the first excited state of the
nucleic bases

Ag far as adenine is concerned, the odd electrons appear to be concentrated
mainly on the extracyclic nitrogen, and on carbon 8 of the imidazole ring with
appreciable densities also on C; and N of the pyrimidine ring. In guanine, the
maximum concentration of the odd electrons is largely displaced towards the
benzene ring with a maximum at C,. These results are similar to those of the
Hiickel approximation [67]. There is no great concentration of the lone electrons
on any particular bond, a situation which
agrees, in connection with the afore- Table 5
mentioned consideration, with the ab- s Hhtotal Hexp [11]
sence of photodimerization of purines.

A 2.0 2.3 3.0
1Y)

E. Dipole moments 3.3 4.0 3.9

G 6.1 7.2
The calculated values of the dipole ¢ 5.4 71

moments obtained for the four bases are

given in Tab. 5. The agreement with the known experimental values is satis-
factory although the value obtained for adenine is & little too low. In agreement
with previous calculations [3, 17] we predict high values of the moments for
guanine and cytosine.

Theoreb. chim. Acta (Berl.) Vol. 5 5
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F. Electronic charges and basicities

The distribution of the m-electronic charges may be used for the study of a
number of properties of the purine and pyrimidine bases. We shall not discuss this
problem in any detail because the overall distribution obtained here is similar to
those obtained previously in our laboratory and so the discussion would follow
closely the previous ones [66, 81]. We feel, however, the need of considering more
closely one point.

In agreement with PuLLMAN-VEILLARD [81] we find for the relative order of the
electron densities on the nitrogens N; > N, > N, in adenine and N; > N; in

guanine. Nacataet al. [50] obtain a differ-

Table 6 ent order for adenine,namely N; >Nz >

N; and they invoke, in favor of the
correctness of their results, the fact that
A ~1.68 -1.60 -1.20 protonation occurs at the N, position of
G -1.14 -1.60 this molecule. The argument may,

N, N, N

T With the . however, be easily returned against its
ith the appropriate cor- X o
rection related to a pentacyclic authors. Thus, protonation of guanine is
nitrogen [§71, 81]. well known to occur at N, [37] in agree
ment with an early theoretical prediction
[52], while the electron density of Nacatra et al. is much larger at N, than at N,
for this molecule.
As a matter of fact, it has been shown a number of years ago [41], that the
basicities in heterocycles containing more than one nitrogen atom cannot be
considered as being a function of the charge densities only, but vary rather like:

; Qp (dd | pp)

where @ is the net charge of atom p and d is the lone-pair orbital of the nitrogen
congidered. The values of this quantity for adenine and guanine are given in
Tab. 6. They give the order

N, ~ N3 >N,

for the basicities of the nitrogens in adenine, and
N, > N;

for guanine and are thus in general agreement with experiment.
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