Theoret. chim. Acta (Berl.) 6, 320—332 (1966)

Electronie Structures and Spectra of Adenine and Thymine

MasasuaI Tavagra*, and SABURO NAGARURA
The Institute for Solid State Physics, the University of Tokyo, Tokyo, Japan

Received August 2, 1966

The near and vacuum ultraviolet spectra of adenine and thymine were measured with the
evaporated film method and in solution. The absorption spectrum of the adenine anion in basic
solution was also measured. The assignment of the absorption bands was made by comparing
the observed transition energies and intensities with the theoretical results obtained by the
LCAO-SCF-CI-method. The results indicated that the longest wavelength band of adenine at
269 my is a 5~ 7* transition band. This was supported by the fact that a new band due to
the n— 7r* transition was found at 278 mu for the adenine anion. Furthermore, it was shown
that the thymine molecule may interact strongly with the solvent molecules and that the
electronic structure of thymine in solution may be different from that of the free molecule.

Die UV-Spektren von Adenin und Thymin in Losung bzw. als diinne Filme wurden bis
160 my herunter gemessen, auBerdem das Spektrum vom Adenin-Anion in basischer Losung.
Auf Grund der Ergebnisse einer LCAQ-SCF-CI-Rechnung wurde eine Zuordnung der Banden
vorgenommen. Danach ist die langwellige Bande bei 269 mu ein 7z — 7*-Ubergang, die neue
Bande des Adenin-Anions bei 278 mu dagegen ein n— n*-Ubergang. Die Elektronenstruktur
von Thymin kann durch das Lésungsmittel stark beeinflufit werden.

Les spectres dans Iultraviolet proche de ’adénine et de la thymine ont été mesurés avec
1a méthode du film évaporé et en solution. Le spectre d’absorption de I'anion adénine en solu-
tion basique a été aussi mesuré. L’identification des bandes d’absorption a été faite en com-
parant les énergies de transition et les mtensités observées avec les résultats théoriques obtenus
par la méthode LCAO-SCF-CI. Les résultats indiquent que la bande de plus grande longueur
d’onde de I’adénine & 269 mpu, qui a été considérée comme une transition » — 7* par certains
auteurs, est une bande de transition 7z — 7z*. Ceci est confirmé par le fait qu'une nouvelle bande,
dfie & la transition n — 7%, a été observée & 278 mu pour 'anion adénine. De plus, on a montré
que la molécule de thymine peut interagir fortement avec les molécules de solvant et que la
structure électronique de la thymine en solution peut étre différente de celle de la molécule libre.

Introduction

Investigations of the electronic structures of base components of nucleic acids
are of importance in connection with the biological activities of desoxyribonucleic
acid (DNA) and ribonucleic acid (RNA). The electronic absorption spectra of some
purine and pyrimidine bases have been studied by several workers from both
experimental and theoretical points of view.

Masox [10], VozT et al. [28], and CraRk and Tivoco [1a] measured the solution spectra
of some of the bases and made the effort to systematize their absorption bands. NARANISHI

ot al. [13] measured the absorption spectra of uracils at various pH’s. STEWART and DAvinsoN
[25] measured the polarized absorption spectra of single crystals of 9-methyl adenine, 1-methyl
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thymine and the adenine (4) — thymine (') dimer. Furthermore, PuLLMAX et al. [20], and
LADIK et al. [6] calculated the m-electronic structures of base components by means of the
Hiickel MO method. Semi-empirical SCF-MO calculations were also carried out by VEILLARD
and PoLiMaN [27], Nusser [14], Naeara et al. [12], LADIK and APPEL [6a], and BERTHOD
et al. [I].

The aim of the present work is to obtain a more detailed knowledge about the
m-electronic structures of adenine and thymine by extending the measurement of
their spectra to the vacuum ultraviolet region (down to 160 mu), and by comparing
the observed absorption bands with the theoretical results obtained by the
LCAO-SCF-CI calculation. In particular it has been undertaken to give a con-
clusion on the assignment of the 269 mu band of adenine which was discussed
from two different stand-points: from the 7 —z* and n — n* transitions.
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Fig. 1. Absorption spectra of adenine measured with the aqueous solution and with the evaporated film
Fig. 2. Absorption spectra of thymine measured with the aqueous solution and with the evaporated film
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Fig. 8. Absorption spectra of adenine at various pH’s
Fig. 4. Adenine: variation of the intensity with pH
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Experimental

Commercially available adenine and thymine were purified by vacuum sublimation.

The ultraviolet absorption spectra down to 190 mu were measured with a Cary recording
spectrophotometer, model 14M, a quartz cell of 1 em light-path length being used for the
measurements of solution spectra. A vacuum ultraviolet spectrophotometer constructed in our
laboratory [26] was used for the measurements in the vacuum ultraviolet region. In this case,
a quartz cell 0.01 cm thick was used for the measurements of solution spectra. The solution
spectra are consistent with the results obtained by Vorr et al. [28] and by Crarx
and Tmvoco [1].

The measurements of near and vacuum ultraviolet absorption spectra were also made with
thin films which were prepared by vacuum evaporation of samples on thin quartz plates. The
thin films were used to extend the measurement to 160 mu.

The observed absorption spectra are shown in Figs. 1 and 2. Furthermore the ultraviolet
spectra of adenine at various pH values are recorded in Fig. 3, and the pH dependence of the
intensities of the first two bands of adenine is shown in Fig. 4. The pK value of adenine was
determined to be 9.2 and the spectra of the basic aqueous solution will safely be due to the
adenine anion.

Theoretical

In the present study, a semi-empirical LCAO-SCF-CI method similar to
ParisER, PARR, and PopLr’s [15, 19] was applied to the s-electron structures of
adenine and thymine, CLEMENTI's [2] SCF-AQ’s being used as basic atomic orbitals.

First of all, the zero-differential overlap approximation will be briefly discussed. This
problem has already been discussed by Lowpin [§], McWEENY [17], RUDENBERG [23], PARR
[17], Lyxos [9], and FiscEER-HraLMARS [3]. We will discuss the relation between the Pariser-

Parr-Pople method and RoorEAaN’s [21] LCAO-SCF method from a viewpoint somewhat
different.

The molecular orbitals ¢; can be written as linear combinations of Léwdin’s orthogonalized
orbitals

gi= X Zz'»' i
where 3, = 2y, (1 + S);,;/ %, 4,15 an SCF-AOQ on the atom g, and (1 + §) is the overlap
g
matrix with elements
Sor= = 8pu + | 10 () 10 (1) oy
The coefficients C; are determined by the SCF method leading to the following equation:
% o | F l2p) Cp = Cii &

or
e =0¢.

!

The elements of the matrix F” include the following six types of integrals: I7,,, I (p | 2D),
®P [ 92)’s (pg | rr)” and (pg | rs)” where

1, - jx; (1) I (1) doy
and

(g | 76y = H 2 ) 70(1) % 2 (2) 7 (2) dvy v, .

By expanding Léwdin’s orbitals in terms of the SCF atomic orbitals and by using Mulliken’s
approximation for the electron repulsion integrals, the above-mentioned integrals can be re-
presented by those over the atomic orbitals as follows:
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Xp = I;,p = Ipp - ZSpm {Iap — J'z‘Sap (Ipp 4 Illll)} + 7}__‘ Z S;‘;’a (lpp - Iaa.) 3
a 3
ﬁpq = I;ﬂl = Ipq - %Spq (Ipp + Iqq) - %‘ = Spa {Iaq - %Suq ([qq + Iaa)} +
a¥q
+ % hH Spu, Saq (Iqq - Iam) - % % an {Ipa - %Spa (Ipp + Icm)} +
@ a#ED

+ % ESpa Saq (]pp - Iaa) s

(pp | pp) = (PP | PP) + % z 82, {(pp | pP) — (PP | 00)},
(pp |99y = (pp|99) +1E 85 {(ppled) — (@a]gn)} + % Z St {(pp | 20) — (pp | aa)},
(pg | 1) = % 5 SpaSaa{lgg | rr) + (pp |17} — 2 (as | 1)},

(pg|rs) = S8 terms.
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Fig. 5. The core resonance integral fpq and the Coulomb repulsion integral (pp \ ¢q) vs. the atomic distance rpg

In the m-electron system, all the terms of second or higher order concerning overlap
quantities may reasonably be neglected. Accordingly the above-mentioned integrals can be
reduced to the following equations:

op = Ipp, PBrg = Ipg — % Spe Ipp + 149) s
(pp | pp) = (pp | DP), (PP |99) = (PP | 20) »
(pg )’ = (pg|rs) = 0.

Assuming the core Hamiltonian I to be the sum of the kinetic operator and core potentials
U7 approximated by GoEPPERT-MAYER and SKLAR [5], we can obtain the core integrals oy,
Ipq and fpq as follows:

&p = Wp ~ (Zp — 1) (pp | pp) —IE Z (pp | Kk},
»
Io= =@l -3A410)+ | -4+ U )+ 0| - 34+ U g) —kf Z (pg | KE)
0,9

Bra = — <P["%Alq>+%qu(Wp+WQ)+Spq(p17]‘19);

where Wy is the orbital energy of the AO y, and may be approximated as the negative
of the first ionization potential from a suitable valence state. The resonance integrals fyo
may be shown to be negative in terms of PARISER’s [16] relation.
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Fig. 6. The geometries and numberings of adenine, adenine anion and thymine

Fig. 7. Calculated directions ofthe polarizations of adenine, adenine anion and thymine (types I and IT). In adenine
and adenine anion, number 1 is of the first excitation and 2 of the second excitation

The atomic integrals were evaluated from formulae analyzed by Roormaax [22]. The
correlation energy of a pair of 2pm electrons was taken into account according to FiscHER-
HiaLmars’ [4] method.

(pp | pp)e = (PP | D)t — Veorr » (PP |49)e = (02| q9): — VeorsSpq,

where Ve for a pair of 2pz electrons is to a good approximation constant for the first
row elements, and its values should be close to 3.5 eV. The subscript ¢ means that the integrals
are numerical values obtained by RooTHAAN’s formulae.

In Fig. 5, the resonance and the Coulomb repulsion integrals calculated by the above
equations are given as functions of the distance rp; between two carbon atoms p and g.

Table 1. Calculated and observed excitation energies (AE in V) and oscillator strengths (f)
for the neutral Adenine and the Adenine anion

Adenine Adenine anion
obs.» cale. obs.® calc.
AE f AE f AR f AE f
4.46 ~5-10% (n — %)

4.61 ~10-3 4.45 0.006 4.61 0.15 4.41 0.09
4.73 0.27 4.81 0.21 4.93 0.07 4.70 0.05
5.98 0.40 5.61 0.39 5.90 0.63 6.15 0.37
6.77 0.26 6.77 0.61

6.90 0.50
7.567 715 0.21

7.42 0.49

a The observed values are taken from the spectra of adenine at pII = 6.66 and the adenine
anion at pH = 12.06.
® The value observed with the evaporated film on a quartz plate.
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The above-mentioned theoretical procedure has been applied to the m-electron
structures of adenine and thymine. Concerning adenine, the calculation was made
with the anion beside the neutral molecule in order to understand the pH depend-
ence of the intensity of the spectra. As for thymine, two types of calculations were
made. Type I is concerned with the keto type thymine and in type II the core
integrals o, were taken as parameters and were changed in wide ranges in order
to consider the deformation of the g-skeleton due to the hydrogen-bond formation
with solvent molecules or due to other solvation effects.

The geometrical structures of the molecules are taken as is shown in Fig. 6.
They are a little different from those determined by SPENcER [24] and by Pavrine
and Corey [18] by the aid of the X-ray crystal analysis technique. The simplifica-
tion of our geometrical model may be expected to exert no serious effect on the

Table 2. Calculated and observed transition energies (A in eV )
and oscillator strengths (f) for Thymine

obs. cale.
(type I) (type II)

AE f AE f AE f
4.68= 021 5.34 0.88 4.81 0.09
6.052 0.31 6.20 0.09 5.74 0.23
6.9v 6.54 0.34 7.38 1.16
7.6v 6.76 0.05 7.76 0.35

2 The values are taken from the spectrum of neutral
solution.

® The values measured with evaporated film on quartz
plate.

theoretical results. In actual calculations the resonance integral f,, was taken
as an adjustable parameter. In the Appendix are given the integral values
necessary for the SCF and CI calculations and the detailed presentations of the
SCF-MO’s, and of the finally obtained state energies and wave functions. All
singly excited configurations within 3 eV above the lowest excited configura-
tion were taken into account in our CI calculations. All the above-mentioned cal-
culations are made by an electronic computer, Facom 202 in our Institute.

The calculated transition energies and oscillator strengths for the adenine,
adenine anion and thymine (types I and II) are summarized in Tabs. 1 and 2
together with the experimental values. The theoretically predicted directions of
polarization of the first two transitions for the adenine and adenine anion, and the
first transition for the thymine (types I and IT) are indicated in Fig. 7.

Discussion
Adenine

As is clearly seen in Fig. 1, the neutral adenine shows a spectrum consisting of
five bands in the wavelength region of 300 my to 160 mu. Their energies and
oscillator strengths are given in Tab. 1 together with the corresponding theoretical
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values. This table shows that the experimental and theoretical results of the
adenine molecule and the anion are in good agreement with the observed results.
Therefore, it may be said that the assignments of the bands were conclusively
made by the present theoretical consideration.

According to the observed absorption spectrum of the adenine molecule, there
exist two bands in the 260 myu region, a stronger band at 261 my and a shoulder
at 269 my. Whether the latter band may be assigned to the n — 7* transition or
the s —n* transition was discussed seriously by several workers [12] and the
question still remains to be solved. The present experimental and theoretical
studies show that these two bands are due to the m —z* transition. One of the
reasons for this is that the present theoretical consideration on the m-electron
structures can explain satisfactorily the appearance of the two  — n* transition
bands in the 260 my region for both the adenine molecule and anion (see Tab. 1).
In particular, the phenomenon that in the anion the longer wave length band at
269 my is stronger than the shorter wave length band at 257 myu while the reverse
is the case in the neutral molecule, can be well explained theoretically. The second
reason supporting the above assignment is that, as is clearly seen in Fig. 3, a new
weak band due to the » —z* transition appears at 278 my for the anion in addi-
tion to the two bands in the 260 my region. It is reasonable that the band disap-
pears for the neutral molecule, because the n —a* transition band is usually
known to shift toward shorter wave lengths by protonation.

Mason found a weak absorption band at about 300 my in the spectrum of
9-methyl purine in cyclohexane. STEWART et al. attributed the band at about
300 my of 9-methyl-ademine 1-methyl-thymine hydrogen-bonded complex to the
n —g* transition with the transition moment perpendicular to the molecular
plane. These weak absorption bands at about 300 mu are likely to correspond to
the n — z* transition band of the adenine anion observed by the present authers.

The theoretically determined polarization of the 269 and 261 my band (Fig. 7)
are almost parallel to the short and long axes, respectively. This is in agreement
with the polarized absorption spectrum obtained by STEWART et al. with 9-methyl
adenine, which shows that the first band at 275 my is short axis polarized and the
second band at 255 my is long axis polarized. On the other hand, Masox attributed
the former band to a long axis polarized band in view of the fact that the spectra
of several 2- and 8-substituted purine derivatives such as 2-aminopurine and
8-mercaptopurine are greatly red shifted compared with adenine (6-aminopurine)
and unsubstituted purine. Therefore, our calculation for neutral adenine seems to
support STEWART’s assignments, as does the calculation of BerTHOD et al. [I].

The spectrum of the film has five absorption bands in the region of 300 mu to
160 my. All the bands show red shift compared with the spectrum in neutral
solution and the shift of the first band is extremely great. Two peaks in the 280 my
region seem. to correspond to two peaks at 269 and 264 my in solution.

Thymane
As is shown in Tab. 2, the calculated oscillator strengths based on type I
cannot explain the observed relative intensities between 264 my and 205 my bands.
According to the observed results, the former is weaker than the latter, while the
calculated oscillator strengths are 0.88 and 0.09, respectively. Furthermore, the
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discrepancy between the observed and theoretical transition energies is also con-
siderably large for type I. The agreement between the observed and theoretical
values is greatly improved for type II in which a change in the «; values due to
the hydrogen-bond formation or due to other solvation effects is allowed for. That
is to say, the | ap | values of the C = O oxygen atom and the N — H nitrogen
atoms are respectively taken to be larger and smaller in type IT than the corres-
ponding values in type I. These changes in the | &, | values can be reasonably
explained by considering the formation of hydrogen bonds in which the C = O
and N — H groups act as proton acceptor and donor, respectively. From
this, it may be inferred that the thymine molecule interact strongly with the
solvent molecules through the hydrogen-bond and the electronic structure of
thymine in solution is different from that of the free molecule. The theoretically
determined direction of the polarization of the first 7 — n* transition band is
well coincident with the experimental data obtained by StEwarT and Davipsow
[25] (Fig. 7).

The spectrum of the evaporated film has four bands in the region of 300 mu
to 160 my. All the bands show red shift compared with the spectrum in neutral
solution and the shift of the first band is extremely large.

Appendix

Table 1. Coulomb integral values used for the SCF-CI calculations of adenine,
adenine anion and thymine (types I and II)

r (CC | CC) r (NN | NN) 7 (CC| NN)
0.00 A 11.76 eV 0.00 A 15.08 eV 1.34 A 8.23 eV
1.36 7.74 2.20 6.04 1.36 8.16
1.38 7.68 2.25 5.93 1.38 8.01
2.20 5.72 2.33 5.76 2.20 5.89
2.35 5.45 2.35 5.72 2.25 5.79
2.40 5.36 2.40 5.62 2.33 5.63
2.72 4.87 2.95 4.74 2.35 5.59
2.76 4.82 3.48 4.06 2.40 5.50
3.56 3.88 3.70 3.81 . 2.72 4.97
4.53 311 4.06 3.49 2.76 4.90
4.50 3.16 3.48 4.00
3.54 3.92
, 00100 3.56 3.91
(00]00) r (CC| 00) 3.70 3.78
4.06 3.47
0.00 17.72 ;gg i-gg 4.95 3.32
448 3.18 : .
3.50 3.99 4.53 312
3.98 3.54
r (NN | 00)
2.25 5.99

3.98 3.56
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