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Abstract: The complete active space (CAS) SCF method and multiconfigurational second-order perturbation theory
(CASPT2) have been used to study the electronic spectra of the nucleic acid base monomers guanine and two tautomers
of adenine (the N(9)H and N(7)H forms). The calculations include vertical excitation energies, oscillator strengths,
and transition moment directions in gas phase. For guanine solvent effects were included using a self-consistent
reaction field model. The lowest — 7* excited valence states of N(9)H-adenine are calculated at (experimental
data in parentheses) 5.1, 5.2 (4.9), 6.2 {%7), 6.7, 7.0 (6.8), and 7.6 (7.7) eV. The first two almost degenerate
states are characterized by small and medium intensities, respectively. The third and fifth transitions have large
oscillator strengths. Two less clear assignments can be performed to the transitions observed in experiment at 4.6
and 6.3-6.4 eV. Presently they can be assigned to th& 2nd 3A’ states of the N(9)H tautomer of adenine, but
possible contributions to the!®' and GA' states of the N(7)H tautomer of adenine cannot be ruled out. As both
tautomers appear to be present in experiment, the measured and calculated polarization angles differ substantially.
For guanine the following energies are obtained for the lowest 7* valence excited states: 4.7 (4:8.8), 5.1
(4.9-5.0), 6.0 (5.55.8), 6.5 (6.6-6.4), 6.6, 6.7 (6.66.7), and 6.7 eV. The polarization vectors of the first two
transitions are almost perpendicular and point along the short and long axes, respectively. The fourth and sixth
transitions are the most intense peaks of the spectrum. The experimental transition moment directions are reproduced
with an accuracy better tharf.6 The fourth transition is strongly shifted to lower energies in polar solvents.

1. Introduction combination with basis sets of douhiequality which were
extended with diffuse pfunctions. Fischeret al.® determined
MCSCF wave functions using small basis sets and experimental
average geometries.

In our previous studies of the electronic spectra of the
pyrimidine bases cytosine, uracil, and thymine, tautomerism was
not a problem. In contrast, experiments indicate that, even if
the N(9)H form of adenine dominates in aqueous solutions, up
to about 22% of the molecules may adopt the N(7)H tautomeric
form.”8 Here, we shall not enter this discussion in more detail,
but refer the interested reader to ref 9 and citations therein.
However, because a significant fraction of adenine may adopt
the N(7)H form, we have calculated the electronic spectra for
both forms. In the case of guanine experiments clearly give
preference to the N(9)H ford¥. For practical reasons, a planar
form of the molecules was used in the calculations. According
to what is known about the geometry, this is not a serious
idealization?

The UV/vis absorption spectra of aqgueous solutions of
adenine and guanine exhibit two complex band systerfibe
low-energy band (246280 nm) is due to two electronic
transitions with maxima at about 4.5 and 5.0 eV. The second
band system begins at about 6.0 eV and extends into the far
UV. In the energy range 6:07.0 eV at least two electronic

This contribution is the third paper in a row of publications
aiming at the description of electronic spectra of nucleic acids
in the gas phask? Even though theoretical studies on isolated
molecules may be of limited value to bench chemists, detailed
knowledge of the electronic structure of nucleic acids and related
molecules is important for our understanding of static and
dynamic properties of polynucleotides. In particular, transition
moment directions in a molecule-fixed frame and oscillator
strengths are needee.g., to calculate the GC content of DNA
from CD spectra-but difficult to measure. Solvent effects and/
or the influence of a crystalline environment on transition
moments are sometimes larg§eSolvatochromic shifts for
guanine are studied in the present work. A more thorough
discussion of environmental effects will be presented in
forthcoming publications.

A large number of theoretical end experimental studies have
been performed on the photophysics of DNA bases. An
extensive review of this work has been published by Céllis.
Theoretically, most of theb initio work has focused on the
geometry of DNA bases in the ground state, and calculations
on excited states have in general applied semiempirical methods
To the authors’ knowledge, only twab initio investigations
of excited states of adenine and guanine are available in the
literature. Petket al® applied the random phase approximation (6) Fiischer, M. P.. Malmavist, P.-A Roos, B. O. Ab initio quantum

(RPA) and limited configuration interaction (Cl) methods in  chemical calculations of excitation energies and transition moments for the
nucleic acid base monomers. Time-resoled Laser Spectroscopy in
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transitions have been identified by experiment. In guanine, the H, \/ H;

electronic transition lowest in energy is polarized along the short NN Y

axis of the molecule and the transition moment vector of the C' /\1

second electronic transition points along the long &kidn 6\ )

adenine, the transition moments exhibit a similar polarization Nl% ™~ Cs/ Ny NOH-Adenine

pattern, but the difficult assignment of the bands has obscured ’

a detailed assignmeftt. N

To describe ground and electronic excited states of adenine - % _— G /

and guanine, we have applied the complete active space (CAS) N;

SCF method supplemented by multireference, second-order

perturbation theory, the CASPT2 methd# In general, the H,

method gives excitation energies with an accuracy of 0.2 eV or N X Y
A

1 CS_ Hy———

better. However, the interpretation of electronic spectra of the
nucleotides is not easy due to intense, broad, and strongly
overlapping bands and involves a number of experimental
uncertainties. In addition, small structural differences, tautom- \
erism, and solvation effects make the comparison beteen ‘ ‘
experiment and theory difficult.

The computed excitation energies exhibit a similar pattern H,
for all three species: At low energies we predict a weak band
followed by a second, stronger transition. In accord with
experiment we predict that the second band system begins at
about 6.0 eV. We also report excitation energies for the lowest o:\ Y
n — s* transitions, for which no experimental evidence is yet s,
available. H, ! .
N Nl/ \ /N7 N(9)H-Guanine

2. Methods and Details of the Calculations ‘

“ Cg — H, >
X
Geometries. Theoretically determined geometries of the N(9)H and

N(7)H forms of adenine were taken from the literat®ite.It was also
assumed that the molecules are planar. For a discussion of the quality
of these structures and comparison with experiment the interested reader H, H,

is referred to ref 9. Identical methods were used in the present work

to optimize the geometry of guanine: the MP2 approximation and Figure 1. Molecular structures and atom numbering for N(7)H-adenine,
6-31G* basis sets. Figure 1 shows the chemical structure, the atomN(9)H-adenine, and N(7)H-guanine. The anglgives the orientation

numbering, and the definition of the transition polarization angle. (positive values) of molecular and transition dipole moment vectors

Excited State Energies and Transition Moments. To describe relative to they axis, according to the DeVe€linoco convention.

the ground and excited states of adenine and guanine, the complete L . .

active space (CAS)-SCF metHdvas used and supplemented by a reviews of the methods and applications the interested reader is referred
second-order perturbation approach for estimating effects of dynamic to refs 13 and 21. . . .
electron correlation. the CASPT2 methBd® The CAS state interac- It has been showhii®#?that calculations of electronic spectra require
tion method CASS’I was used to compute transition momént&o extended basis sets. Therefore, we used for this purpose large ANO-
avoid the effect of intruder states in the CASPT2 calculations, common type lia3|s setcé;,r\:v Z'Ch were contr:?cteld tqr;ls:%pld and 25| for th? fc'jrStfth
to many calculations on excited states, a level shift tecnique was used,rOW atoms and nyarogen, respectively. €y Were supplemented wi
the so-called LS-CASPT2 approdtf® (a level shift of 0.3 was used). a 1sipld set of Rydberg-type functions (contracted from eight primitives

The transition dipole moments were combined with excitation energies for each angular momentum type), which were built closely following
. . the recipe outlined elsewhet®.A single set of Rydberg functions was

obtamed by the CASPT2 method_ t_o calculate oscillator strengths_. The constructed for both the N(9)H and N(7)H forms of adenine by

combined used of CASSCEF transition moments and CASPT2 excitation determining wave functions for the?A’ and A" cations of both

energies is, by now, a well-established tool to study electronic excitation species. The ANO basis sets were contracted to daibjieality to
spectra of aromatic and conjugated, organic molecules. For deta”edrepresent the valence orbitals in these calculations.

Active Spaces. The crucial step in the construction of the CASSCF
83 glgit t gj éﬂ;fgﬁ?msgg;gggg %93 435?34' wave functiqns is the choice of th_e activ_e space. In general, all orbitals
(13) Roos: B. O.: Fischer, M. P.: Mal}nqvist, P-A Mercha, M.: with occupation numbers appreciably different from two or zero should
Serrano-Andre, L. In Quantum Mechanical Electronic Structure Calcula-  be considered as active. Thereby all static correlation and near-
tions with Chemical AccuragyLanghoff, S. R., Ed.; Kluwer Academic degeneracy effects are included in the CASSCF reference function, and

PUEJlliz)hgrS: Dgrd(r)ecgt,dThe Neth}sr!ﬁggs, 1?\25;39 3é57- v consequently there will be no large terms in the perturbation expansion.

) 00s, B. O.; Andersson, K.; er, M. F.; serrano-AnaseL.; For aromatic or conjugated systems the CAS space, typically, includes

gg'%%t% K.; Merctia, M.; Molina, V. J. Mol. Struct: THEOCHEM1996 the valencer-orbitals. In heteroatomic systems one may want to
(15) S.poner, J.; Hobza, B. Phys Chem 1994 98, 3161. include also the lone pair orbitals and electrons to allow fer or*

(16) Roos, B. O. IPAdvances in Chemical Physics; Ab Initio Methods ~ excitations.
in Quantum Chemistry- Il; Lawley, K. P., Ed.; John Wiley & Sons Ltd.:

Chichester, England, 1987; Chapter 69, p 399. (21) Roos, B. O.; Andersson, K.;"Beher, M. P.; Malmqvist, P-A
(17) Andersson, K.; Malmqvist, P.-ARoos, B. O.; Sadlej, A. J.; Serrano-Andrs, L.; Pierloot, K.; Mercha, M. In Advances in Chemical
Wolinski, K. J. Phys Chem 199Q 94, 5483. Physics: New Methods in Computational Quantum Mechanics X@ill:
(18) Andersson, K.; Malmgvist, P.-ARo00s, B. OJ. Chem Phys 1992 219 Prigogine, |., Rice, S. A., Eds.; John Wiley & Sons: New York, 1996.
96, 1218. . (22) Fuscher, M. P.; Roos, B. OTheor. Chim Acta 1994 87, 403.
(19) Malmqyist, P. A, Roos, B. O.Chem Phys Lett 1989 155 189. (23) Widmark, P.-O.; Malmaqvist, P.-ARoos, B. OTheor Chim Acta

(20) Roos, B. O.; Andersson, KChem Phys Lett 1995 245 215. 199Q 77, 291.
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To describe ther — 7* excited states of adenine and guanine discusses the spectrum of adenine and the third the spectrum
(numbers in parentheses), it was found from test studies that the of guanine. Finally, the fourth subsection is devoted to the

sr-orbital lowest in energy can be kept inactive thrOUghOUt, Ieading to discussion of the genera' aspects of the Spectra of both Systems
active spaces including 10 (12) electrons in 10 (11) orbitals, respec- and the relation to other similar molecules.

tively. Moreover, we observed interferences with Rydberg states for 3.1. Ground State Properties. The computed dipole

some excited states. As we are primarily interested in predicting ments of N(7)H-adenine and nine are remarkably similar
properties of valence excited states, state average calculations were firsf1OMeENtS O (7)H-adenine and guanine are remarkably simila

performed with one additional activeorbital such that the Rydberg ~ @nd large, 6.83 and 6.70 D, respectively. No experimental
state was included. The associated Rydberg orbital was then identifiedvalues seem to be available. The dipole moment of N(9)H-
and deleted from the MO basis. For guanine and the N(7)H form of adenine is, however, much lower, 2.50 D, and is related to the
adenine it was sufficient to repeat this step three times whereas twopartial charge of the protonated/deprotonated N-atom. The
additional steps were needed for the N(9)H form of adenine. In contrast, computed dipole moment of N(9)H-adenine is in agreement with
the Rydberg orbitals o symmetry can be readily identified among  the experimental estimate of the dipole moment of crystalline
the secondary orbitals and are also deleted from the MO basis. With 9.methyladenine, 2.4 B, and is also comparable to the dipole
all appropriate Rydberg-type orbitals deleted from the basis set, the ,qmant of 9-butyladenine in solution, 3890.2 D31 Earlier

final calculations will now only involve valence excited states withno ., \1ations on gas-phase dipole moments are close to our

valence Rydberg mixing. Finally, to calculate the-nz* excitation 5 .
lowest in energy, the lone pair orbital af symmetry and the results. Petkeet al®> obtained MRCI values of 7.89 D for

corresponding electron pair are added to the active space. guanine and 2.68 D for N(9)H-adenine. .

Solvent Effects. To study solvation effects on the excitation energies _ 3-2. Electronic Spectrum of Adenine. The UV/vis absorp-
and transition moments of guanine, we used a modified version of the tion spectrum of adenine exhibits a low-energy band with a peak
self-consistent reaction field (SCRF) mod&Ré In this method the measured at 252 nm (4.92 eV) in the gas pHasehich is red-
solvent is mimicked by a dielectric continuum with dielectric constant, shifted to 260 nm (4.77 eV) in aqueous solutfdnin 1963
€, surrounding a spherical cavity which contains the molecule. The Stewart and Davidsé? studied crystals of 1:1 complexes of
latter polarizes the solvent and induces an electric field, which interacts 9-methyladenine and 1-methylthymine and concluded that this
with the solute. In the SCRF model the solusblvent interaction is - hand contains at least two electronic transitions. Since then,
addedf as a per tu(;bat'on. tootlhs Hamiltonian of the free Sﬁ'“ée an(:] the the observation has been confirmed multiple times using various
wave function is determined by appropriate iterative methods. Thus, spectroscopic techniques. Somewhat surprising is that the

equilibrium between the electronic state of the solute and the reaction litting i t ob d in circular dichroi cD Hrap
field is assumed. However, in vertical electronic excitation processes SPHtting is not observed in circular dichroism (CD) spe

the relaxation of the reaction field may be incomplete. Therefore, the DUt is clearly seen in magnetic CD (MCBJ® and linear

time dependence of the absorption process has been accounted for bglichroism (LDf®4%spectra. In aqueous solutions and crystal
partitioning the reaction field factor into slow and fast components. environments the transitions are separated by approximately 10
The former is determined by the properties of the ground state. The nm, and typically, the first transition is weaker and centered at
fast component can be considered as the instantaneous electroni@pproximately 270 nm (4.6 e\#. The high-energy branch of
polarization that follows the absorption of a photon and is in a first the UV/vis spectrum also consists of a superposition of several
approximation proportional to the dielectric constant at infinite 5ussian bands. In particular, experiment reveals two strong

frequencye™ wheree™ ~ 5?2 andy, is the refractive index of the solvent. ; ;
The reaction field is computed at the CASSCF level and added as an 888(: ”é?;)?gizcsséezﬁda%t dziitli)oprzoglrr?igflgrﬂoinﬁggsggégnrg (:,['9128(1

external perturbation to the zero-order Hamiltonian of the CASPT2 4149 1 "
method. For more details, the interested reader is referred to ref 27.nm.> Recently _Clark suggested that three distinct bands
To estimate the solvent shifts in water= 80.0,7 = 1.33), a cavity should be present in the 5:8.8 eV band envelope of the crystal

with a radius of 8.4 au was used. The basis sets were identical to SPectrum of 9-methyladenine. Additionally, a band at 6.36 eV
those used for the isolated molecule. No repulsive potential representinghas been reported in Ci*% and MCD*® spectra, which has
the exchange interaction between the solute and the environment wadnot been described by any of the other experimental techniques.
included in the model. n — s* transitions are also expected to be present in the

CASSCF, CASPT2, and CASSI calculations were performed with electronic spectrum at intermediate energies. They are, how-
the MOLCAS-3 softwar@® The MP2 geometry optimizations were ever, about 2 orders of magnitude less intense than 7*
performed with the MULLIKEN program#? All calculations were  ransitions. Therefore, they are difficult to observe in absorption
carried out on IBM RS/6000 workstations. spectra, but may be observed in CD or MCD spectra. It has
been speculated that a band appearing at 230 nm (5.4 eV) in
CD spectré&*35of adenosine may be due to-nx* transitions.

The presentation of our results is divided into four subsec- Its position is however rather insensitive to solvent, pH, and
tions. The first describes the electronic properties of N(7)H- temperature, and it has not been described in any other spectra.
and N(9)H-adenine and guanine in the ground state. The secondlable 1 summarizes the experimental and theoretical information
about the adenine spectrum.

3. Results and Discussion

(24) Karlstron, G. J. Phys Chem 1988 92, 1315.

(25) Karlstran, G.; Malmgvist, P.-AJ. Chem Phys 1992 96, 6115. (30) Eisenstein, MActa Crystallogr 1988 B44, 412.
(26) Bernhardsson, A.; Lindh, R.; Karlstrp G.; Roos, B. OChem (31) DeVoe, H.; Tinoco, ., JiJ. Mol. Biol. 1962 4, 500.
Phys Lett 1996 251, 141. (32) Clark, L. B.; Peschel, G. G.; Tinoco, I., &.Phys Chem 1965
(27) Serrano-Andig L.; Fischer, M. P.; Karlstim, G.Int. J. Quantum 69, 3615.
Chem, in press. (33) Stewart, R. F.; Davidson, J. Chem Phys 1963 39, 255.
(28) Andersson, K.; Hacher, M. P.; Karlstio, G.; Lindh, R.; Malmaqvist, (34) Sprecher, C. A.; Johnson, W. C., Biopolymers1977 16,
P.-A; Olsen, J.; Roos, B. O.; Sadlej, A. J.; Blomberg, M. R. A.; Siegbahn, 2243.
P. E. M.; Kellg V.; Noga, J.; Urban, M.; Widmark, P.-OLCAS Version (35) Brunner, W. C.; Maestre, M. Biopolymers1975 14, 555.
3; Department of Theoretical Chemistry, Chemical Center, University of (36) Miles, D. W.; Hahn, S. J.; Robins, R. K.; Eyring, HPhys Chem
Lund, P.O. Box 124, S-221 00 Lund, Sweden, 1994. 1968 72, 1483.
(29) Rice, J. E.; Horn, H.; Lengsfield, B. H.; McLean, A. D.; Carter, J. (37) Voelter, W.; Records, R.; Bunnenberg, E.; Djerassil. Bm Chem

T.; Replogle, E. S.; Barnes, L. A.; Maluendes, S. A.; Lie, G. C.; Gutowski, Soc 1968 90, 6163.

M.; Rudge, W. E.; Sauer, S. P. A; Lindh, R.; Andersson, K.; Chevalier, T. (38) Sutherland, J. C.; Griffin, KBiopolymers1984 23, 2715.

S.; Widmark, P.-O.; Bouzida, D.; Pacanski, G.; Singh, K.; Gillan, C. J.; (39) Fucaloro, A. F.; Forster, L. S. Am Chem Soc 1971, 93, 6443.
Carnevali, P.; Swope, W. C.; Liu, BAULLIKEN Version 11.0; Aimaden (40) Matsuoka, Y.; Norde B.J. Phys Chem 1982 86, 1378.
Research Center, IBM Research Division, 6500 Harry Rd., San Jose, CA, (41) Clark, L. B.J. Phys Chem 199Q 94, 2873.

95120-6099, 1994. (42) Yamada, T.; Fukutome, HBiopolymers1968 6, 43.
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Table 1. Summary of Experimental and Present Theoretical Values for the Excitation Enesdies\(), Oscillator Strengths)( and
Transition Moment Directions®}, deg) for Adenine and Adenine Derivatives

band | band Il band 111 band IV band V band VI authors
Absorption in Solution
AE 4.63 477 6.05 Voelteet al®”
AE 4.63 4.77 5.99 Sutherland and Griffin
AE 4.77 5.99 Voet
AE 4.61 5.90 6.81 7.75 Yamada and Fukutétne
AE 4,92 5.99 Clarlet al. (vapor}?
AE 4.77 5.96 Clarlet al. (TMP)?
AE 4,77 5.99 Clarlet al. (water§?
Linear Dichorism
AE 4.59 4.71 (5.27) Matsuoka and Norde
(€] +9/—70 (—75/16)
-3 +82/-88 Fucaloro and Forstér
Circular dichorism
AE 4.68 5.77 6.36 Sprecher and Johri€on
AE 4.63 5.93 6.36 Brunner and Maestre
AE 4.92 6.08 Mileset al36
Magnetic Circular Dichorism
AE 4.59 4.92 5.90 Voelteet al®”
AE 4.63 4.92 5.84 6.33 Sutherland and Gri#fin
Electron Scattering
AE 4,53 5.84 6.50 7.70 Isaacsén
Polarized Absorption
AE 4.54 4.82 6.02 6.33 Chen and Cl&rk
f 0.08 0.20 0.16 0.51 adenine hydrochloride
(S —28 —80 +15 —60 (crystal)
AE 451 4.68 5.82 6.08 6.81 7.75 Clark (crystal)
f 0.1 0.2 0.25 0.11 0.30 0.23 9-methyladenine
(€] +83 +25 —45 +15 +72 +6
AE 4.6 4.8 5.9 6.3 6.8 7.7 average experiment
AE 5.1 5.2 6.2 6.7 7.0 7.6 Ad9H calculated
f 0.07 0.37 0.85 0.16 0.56 0.41
(€] +23 +37 -57 +40 +27 +89
AE 46,5.0 6.0, 6.2 6.3,6.5 Ad7H calculated
f 0.05,0.19 0.36,0.12 0.07,0.58
(€] +23,-10 +3,-49 +52,+33

Table 2. CASSCF and CASPT2 Excitation Energies (eV), Oscillator Strendih®ipole Moments 4 (D), 6 (deg)), and Transition Moment
Directions @ (deg)) of Singlet Valence Excited States of Aderine

N(7)H-adenine N(9)H-adenine
state CAS PT2 f (€] u 0 CAS PT2 f (€] u 0
ground state 6.83 —22 2.50 —-96
n—a* Transitions
2tA" 5.12 4.61 0.050 +23 5.95 —18 5.73 5.13 0.070  +23 2.37 —106
A 6.63 4.97 0.187 -10 9.64 -7 6.48 5.20 0.370  +37 2.30 -39
4N’ 7.81 6.02 0.363 +3 8.68 -11 7.80 6.24 0.851 57 2.13 —53
5A’ 7.22 6.15 0.123 —49 6.70 —29 8.30 6.72 0.159  +40 4.60 —83
61A’ 8.12 6.32 0.077 +52 6.72 —15 8.77 6.99 0.565 +27 3.42 —98
A 8.41 6.49 0.581  +33 7.36 -13 9.29 7.57 0.406  +89 6.41 -72
n—as* Transitions
A" 6.43 6.15 0.001 2.14 +97
21A" 7.16 6.86 0.001 1.93 +3

a Angles defined in Figure 1.

Information concerning transition moment directions stems, strengths, and transition dipole moment directions computed for
on the one hand, from linear dichroism spectra of 6-(methyl- N(9)H-adenine and N(7)H-adenine in the gas phase.
amino)-9-methyladenine and 9-methyladenine dissolved in  The interpretation of the adenine spectrum is difficult and
stretched films of poly(vinyl alcohoPB?#° On the other hand,  remains unclear. The first aspect to consider is the presence of
polarized absorption spectra have been taken from adenineboth N(7)H and N(9)H tautomers in vapor and solvated spectra.
hydrochloride, 6-(methylamino)purine, and 9-methyladenine As the N(9)H tautomer has been established as the predominant
crystals to calculate polarization anglé4! There is no evident ~ form both in the gas phase and in solufi@nd also because
agreement between the different experiments. It seems cleathe most recent and extensive measurements are available for
that at low energies the most intense transition around 4.7 eV 9-methyladenine crystafd,we will try to interpret the adenine
is polarized along the short axis of the moleciii¢t In contrast, spectrum preferentially considering the N(9)H-adenine transi-
the transition moment vector of the 182 nm (6.8 eV) band points tions.
along the long axis while the intermediate band at 210 nm (5.9  For the N(7)H form of adenine we predict the lowest—
eV) has an intermediate polarization (cf. Table 1). Table 2 gives n* excited valence state at 4.61 eV with a low oscillator strength
more details about the computed excitation energies, oscillatorof 0.05. The second lowest — 7* excited valence state is
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computed at 4.97 eV with a larger oscillator strength, 0.19. The 4.59, 4.71, and 5.27 eV. Considering the other experimental
energy splitting with respect to the!® state is 0.36 eV; information and our own computed values, we infer that, unless
however, the dipole moment of thé/8 is 41% larger than the two adenine isomers participate in the observed spectrum,
that of the ground state, and therefore the band is expected toonly two electronic transitions are involved. Although the value
strongly shift to lower energies in polar solvents. For the N(9)H- at 5.27 eV matches better with our computed 5.20 eV transition
adenine tautomer the lowest singlet — x* transition is for N(9)H-adenine, the absence of such a transition in all other
computed at 5.13 eV with an oscillator strength of 0.07. The experimental spectra indicates that the 5.27 eV is simply a higher
second transition is computed at 5.20 eV with a much larger component of the transition to thé/ state of N(9)H-adenine.
oscillator strength, 0.37. Both the!® and 3A’ states in The two most prominent bands of adenine (bands Il and V
N(9)H-adenine have dipole moments close to that of the ground in Table 1) have been measured at 5.9 eV (6.0 eV in Vpor
state; therefore, no larger solvent shifts are predicted for theseand 6.8 eV. Isaacsénhfound an excitation energy of 6.5 eV
transitions. for the most intense band using electron scattering. Calculated
The N(9)H forms has been established as the predominantenergies and oscillator strengths makes it possible to correlate
form both in the gas phase and in solutfomyt the presence of  these bands with thelA’ and A’ states in N(9)H-adenine,
the N(7)H tautomer cannot be ruled out, especially in polar computed at 6.24 and 6.99 eV. Equally clear seems the
solvents, where the higher polarity of the N(7)H-adenine assignment of the band VI of Table 1 located at 7.7 eV with an
stabilizes this tautomer with respect to the N(9)H form. In the oscillator strength of 0.28. We have computed the/X' state
gas phase only one broad band is detected, peaking at 4.92f N(9)H-adenine at 7.6 eV and the transition to this state with
eV.3243 As is observed in Table 1 the band splits in solution an oscillator strength of 0.41 and a transition moment direction
into two components, approximately at 4.6 and-#® eV. of 89°. The transition of 6.24 eV also carries the maximum
The splitting seems clear in the optical absorption spectra in intensity of the computed spectrum, which is not in agreement
solution®7:38 linear dichroism (LDY® and magnetic circular  with the observed profiles of the bands in solution. Apart from
dichroism (MCD)37* Two bands also appear clearly in the that the assignments of bands IlI, V, and VI seem clear.
crystal spectra of adenine hydrochlofitiend 9-methylad- The situation is less clear for band IV in Table 1. The
enine? In this last case only the N(9)-methyl tautomer is measured energies range from 6.1 eV in Cldisrystal
present, and therefore the measured excitations at 4.50=V ( spectrum to 6.4 eV in the CD spectr#s¢ Our computed
0.1) and 4.68 eVf(= 0.2) should better match those of the excitation energy for the®' state of N(9)H-adenine is 6.72
N(9)H tautomer. To estimate how the crystal environment eV, with an oscillator strength of 0.16. We observed that the
affects the excitation energies, we can use the example ofcomputed dipole moment of thelS state (4.6 D) almost
9-ethylguaniné? In that case both transitions were red-shifted doubles the ground state value. Therefore, a strong red shift
by more than 0.1 eV with respect to the values in solution. can be expected for this band in solvated environments. This
Added to the small effects of the methylation (usually also could be an explanation for the assignment of the-6.2 eV
decreasing the excitation energies), the crystal values wouldtransition observed in the G®3 and MCI?® spectra. The
compare well to the values obtained in solution. deviation from the measured value in the crystal phase is
The previous discussion leads to an interpretation of the however too large. One possibility is to consider that the two
spectrum basically based on the N(9)H-adenine tautomer. Webands proposed by Clafin the crystal model spectrum at 5.82
have computed a band at 5.13 eV with low intensity and another and 6.08 eV were simply one. Otherwise the crystal effects in
band at 5.20 eV with medium intensity. Considering the the 6.08 eV transition seem too large (compare to the solution
bathochromic effect of the solvent, which can be as large asvalues near 6.4 eV). There is in addition a final possibility
0.2 eV, the match of the medium-intensity 4489 eV band that cannot be discarded: If the somewhat weak transition
with the 5.20 eV computed transition for the isolated molecule computed at 6.72 eV is not shifted toward lower energies by
seems clear. A larger deviation is observed for the low-lying the solvent, it could be easily obscured by the presence of the
transition: 4.63 eV observed in solution and 5.13 eV computed more intense fifth band at 6.8 eV. In that case there are no
in isolation. Although the deviation falls still within the limits  prominent features in the spectrum of N(9)H-adenine from 6.0
of accuracy expected for the CASPT2 method, we also have toto 6.6-6.7 eV. Therefore, it is possible that the N(7)H-adenine
consider the possibility that the contribution of the N(7)H- contributes with some intensity to this region. We have
adenine tautomer shifts the band maximum to lower energies.computed the B\’ state of N(7)H-adenine at 6.49 eV and an
First we have to take into account that thEA2state of the oscillator strength of 0.58. This is the most intense transition
N(9)H-adenine has a low oscillator strength (computed computed for the N(7)H-adenine, and it could explain the
0.07). The 2A" of N(7)H-adenine, computed at 4.61 eV, has observation of a weak band at 6:8.4 eV in the CD and MCD
too low intensity, but the intensity is higher for théA3 state spectra in solution, where the N(7)H-adenine tautomer is
computed at 4.97 eV with an oscillator strength of 0.19. The expected to contribute 20% to the composition of the sample.
transition should be expected at much lower energies due to Finally, we have computed the low-lying-n s* transitions
the high dipole moment of the'®'’ state. Therefore, although  in adenine. The lowest transition is calculated at 6.15 eV with
limited by the relatively small presence of the corresponding a very low oscillator strength. It is therefore not likely that
tautomer, the contribution to the intensity of the transition of sych a weak transition can be observed in an absorption
the N(7)H-adenine '3\" state cannot be ruled out completely spectrum since it is buried under the envelope of the more
for the spectra of adenine in solution. This does not apply for intense 4A’ transition.
the transition observed in the crystal spectrum of 9-methylad-  Mmuch attention has been devoted to the polarization of the
enine. transition bands in adenine. Unfortunately the experimental
Matsouka and Nord#® using linear dichroism (LD) spec-  sijtuation is unclear, and we have not obtained a good agreement
troscopy propose the presence of three low-lying transitions atjth our theoretical values. Only two angles have been reported
(43) Williams, S. A.; Callis, P. R. Two-photon electronic spectra of for the low-lying transition at 4.5 eV:—28 # for adenine

nucleotides. InTime-resabed Laser Spectroscopy in Biochemistry Il  hydrochloride crystals an#t83° 41 for 9-methyladenine crystals.
Lakowicz J. R., Ed.; SPIE: Bellingham, WA, 1990.
(44) Chen, H. H.; Clark, L. BJ. Chem Phys 1973 58, 2593. (45) Isaacson, MJ. Chem Phys 1972 56, 1803.
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Table 3. Summary of Experimental and Present Theoretical Values for the Excitation EnesdiesY), Oscillator Strengths)( and
Transition Moment Directions®}, deg) for Guanine and Guanine Derivatives

band | band Il band IlI band IV band V band VI band VII authors
Absorption in Liquids
AE 4.51 4.96 551 6.33 Voet al.*8
AE 451 4.96 Voelteret al3”
AE 4.59 4.96 5.99 6.59 Clark (9-ethylguanine, pH7)
f 0.14 0.21 0.38 0.42
AE 451 4.96 5.79 6.39 Clark (guanine, pH2)
f 0.13 0.22 0.7
AE 4.31 4.90 6.20 6.70 Yamada and Fukutéfne
Linear Dichorism
AE 4.40 5.00 Matsuoka and Nord#®
(€] +4/-61 —88/31
Circular Dichorism
AE 4.59 4.90 5.51 6.20 6.59 Sprecher and Johffson
AE 4.81 5.00 571 6.29 Milest al.36
Magnetic Circular Dichorism
AE 451 4.96 Voelteret al3”
AE 451 4.96 6.11 6.59 Sutherland and Griffin
Polarized Absorption
AE 4.55 4,98 6.03 6.63 Clark (solutidf)
f 0.16 0.25 0.41 0.48 9-ethylguanine
(€] —4/4-35 -75 —71/-79 —9/+41
AE 45 5.0 5.7 6.2 6.6 average experiment
AE 4.73 5.11 5.98 6.49 6.59 6.72 6.74 guanine compguted
f 0.15 0.24 0.02 0.29 0.18 0.41 0.15
(€] —4 +75 +6 -85 —42 +36 +58

a2This work. Includes an estimation of the solvation effects in water.

For the second transition the same compounds and authors givelerivatives. Two excited states are observed at low energies.
—80° and +25°, respectively. LD spectroscopy, on the other Unlike adenine, they are clearly separated by about 25 nm and
hand, reported+-9/—70°.40 Our computed transition dipole positioned at 275 (4.51 eV) and 250 (4.95 eV) nm, respectively.
moment directions for A’ and 3A' of both the N(7)H and Both have similar oscillator strengths, 0.16 and 0.25, respectively
N(9)H tautomers of adenine give short-axis polarization. (cf. Table 3). At energies higher than 6.0 eV the spectra show
Selecting the more reliablé25 and+9° values for the more  two strong bands centered at about 203 (6.11 eV) and 188 (6.59
intense transition at 4-74.8 eV and comparing them with our  eV) nm. In the energy range from 5.0 to 6.0 eV an additional
computed value for the!d' state of N(9)H-adenine{-37°, we weak state has also been obserl®et:3648 As for adenine, n
can agree with the experiment that the most intense band of— z* transitions have not been assigned.
this region of the spectrum is short-axis-polarized, in contrast Table 4 compiles the calculated excited state properties of
to the situation for the guanine molecule. The situation for the guanine, both in the gas phase and in water. Table 5 compiles
low-lying band remains unclear, perhaps due to the low intensity the final interpreted results for adenine and guanine spectra.
of the band. The two lowest excited singlet valence states of guanine have
The situation for the remaining transitions of adenine is not been found at 4.76 and 5.09 eV, respectively. The calculations
much better. Experimentdl and our CASSCF theoretical also showed that transitions to théA2 and 3A' states are
results agree in obtaining an intermediate polarization for the characterized by rather strong oscillator strengths, 0.13 and 0.23,
5.9-6.0 eV transition. We observe, however, that for the 6.8 respectively, and are polarized along the shei1%’) and the
and 7.7 eV transitions the results are reversed. ¢ladports long (+73°) axes of the molecule. For both states the dipole
long- and short-axis polarizations, respectively, for the two moment is similar to that of the ground state. Since the dipole
bands, while the theoretical values clearly point to short- and moments of the different excited states are similar, only small
long-axis polarizations, respectively. We do not have an changes were found in the excited state properties when solvent
explanation for such discrepancies, but we also do not haveeffects were included in the calculations. The largest influence
any reason for suspicion of the theoretical results. In systemsconcerns the transition moment direction of tha'State, which
where the experimental situation is clear such as guanine (seechanges from-15° to —4° (the 5A’ state is an exception, as
below), indole?® and different amide$’ we have never found  discussed below).
discrepancies larger thah20°® in the polarization angles from The thirdzt — z* transition of guanine is computed to be a
crystal-phase measurements. Also here the crystal effects araveak band at 5.96 eV (5.98 eV in water) with an oscillator
not expected to be so important. It is clear that more strength of 0.023 and short-axis polarization. Evidence of such
experiments are required to clarify the situation. a band has been found in CD spe&i®and also in the crystal
3.3. Electronic Spectrum of Guanine. The electronic ~ spectrum of guanine and 9-ethylguanine and in the solution
spectrum of guanine is rather similar to that of adenine, but the spectrum of protonated guanielose to 5.8 eV. It has been
agreement among different experiments is better. Table 3suggested that this band is due to &nr* transition. In fact,
summarizes the experimental excitation energies, oscillator our calculations predict the lowest-n 7* state at 5.79 eV
strengths, and transition moment directions for guanine and some(see below), which may explain the experimental uncertainties.
Four transitions were found in the energy range-&.® eV.

(46) Serrano-And L.; Roos, B. 0J. Am Chem Soc 1996 118 185.
(47) Serrano-Andrg L.; Fuscher, M. P.J. Am Chem Soc 1996 118 (48) Voet, D.; Gratzer, W. B.; Cox, R. A.; Doty, Biopolymers1963
12190. 1, 193.
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Table 4. CASSCF and CASPT2 Excitation Energies (eV), Oscillator Strendih®ipole Moments 4 (D), 6 (deg)), and Transition Moment
Directions @ (deg)) of Singlet Valence Excited States of Guahine

gas phase water experiment
state CAS PT2 f (€] u 0 PT2 f (€] AE f (€]

ground state 6.89 +157

w—m* Transitions
2IA’ 6.08 4.76 0.133 -15 7.72 +170 4.73 0.154 -4 4.4-45 0.16 ¢4, +35)
A 6.99 5.09 0.231 +73 6.03 +168 5.11 0.242 +75 4.9-5.0 0.25 €75)
41N 7.89 5.96 0.023  +7 5,54  +161 5.98 0.021 +6 5.7-5.8 <0.05
5A’ 8.60 6.65 0.161 -—-80 10.17 —172 6.49 0.287 -85 6.1-6.3 0.41 €71,-79)
6'A’ 9.76 6.55 0.225 -—41 6.11 +160 6.59 0.183 —42
A 8.69 6.66 0.479 +43 6.57 4179 6.72 0.412 +36 6.6-6.7 0.48 (9, +41)
8tA’ 9.43 6.77 0.098 +52 717 —178 6.74 0.154 +58

n—a* Transitions
1'A" (no) 6.22 5.79 104 431  +141
2TA'" (nN) 8.05 6.60 0.013 4.63 +167
3*A" (no) 7.97 6.63 0.002 2.64 +116
41A" (ny) 8.99 7.16 0.002 6.10 —137

2 Angles defined in Figure 2. The most reliable experimental data have been included. See Table 3 for a survey of results and references.
¢Weak band in the spectra of 9-ethylguarinand guaniné?* See also ref 34.

Table 5. Interpretation of the Adenine and Guanine Spectra Based on the ExperitrerddPresently Computed Theoretical Excitation
Energies AE, eV), Oscillator Strengthgf)( and Transition Moment Direction$, deg?

N(9)H-adenine N(9)H-guanine

theoretical experimental theoretital experimental
state AE f (€] AE f (€] AE f (€] AE f (€]
2IA' 5.1 0.07 —23 4.6 0.10 +83 4.7 0.15 —4 4.4-4.5 0.16 —4
A’ 5.2 0.37 +37 4.8-49 0.20 +25 5.1 0.24 +75 4.9-5.0 0.25 —75
4A’ 6.2 0.85 -57 5.9-6.0 0.30 —45 6.0 0.02 +6 5.7-5.8 <0.05
5tA’ 6.7°f 0.16 +40 6.3-6.4 6.5 0.29 -85 6.1-6.3 0.41 —79
6IA’ 7.0 0.56 +27 6.8 0.30 +72 6.6 0.18 —42
A’ 7.6 0.41 +89 7.7 0.23 +6 6.7 0.41 +36 6.6-6.7 0.48 +41
8IA’ 6.8 0.15 +58

aThe most reliable experimental data in different media have been included. See Tables 1 and 3 for a survey of results and P&agteses.
defined in Figure 1¢ Includes an estimation of solvent effects in water by a SCRF médéie 2A’ and 3A’ states of N(7)H-adenine at 4.6 and
5.0 eV could also contribute to the barfd’he transition is expected to shift strongly to lower energies in polar solVerie 6A’ state of
N(7)H-adenine at 6.5 eV could also contribute to the band.

The dipole moment of thelB' state is almost 50% larger in general, leads to large blue shifts ofnz* transitions, which
than that of the ground state. Taking solvation effects into will make the discrepancy between theory and experiment even
account, the excitation energy shifts 0.16 eV to the red. As larger.

the SCRF model tends to underestimate solvatochromic shifts, 3.4. General Aspects.Our calculations predict, in accord
one may assign the'!A’ state as the origin of the band observed with experiment, that the electronic spectra of adenine and
at 6.1-6.3 eV. With such an assignment, the calculated guanine can be separated into two band systems. The low-
polarization,—80°, is in agreement with the experimental value, energy band system is due to transitions to at least two excited
71791 states with small to modest intensity. The second band system

The 6A’ and A’ states are predicted 6.55 and 6.66 eV above starts out atv6.0 eV and includes the bulk of intensity. In the
the ground state. The polarization directions are almost ®N€'9Yy range 6:07.0 eV we find at least three states.
perpendicular and close ta40° with calculated oscillator _ The g_enera_l structure of the spectra resembles that of systems
strengths of 0.23 and 0.48, respectively. Finally, the'tate iK€ purine® indole;® and naphthalerié (references are to
is computed at 6.77 eV with a low oscillator strength, 0.10. As CAS.SCF/C.:ASPTZ studies). .In these systems 100, a low-in-
no indication of a splitting of the most intense band at-6668 tensity region separates the first and second band systems. The
eV can be found in any of the experiments, presumably, all general pattern of oscillator strengths is also remarkably simi-

intensity is assigned to théA’ state. The agreement with the ﬁgwg\\;\g: VggggugzcgﬁféSe)?l;geﬁzt?;’gﬁg ;X dt\(,:vgntsetgr(]:%nc;pis?l
observed value of the oscillator strength, 0.48, and transition :

) A o uted by the substituents, deviations are expected.
dipole moment direction, £1(preferred to—9°), is excellent :
for the A’ state. In contrast to naphthalene and indole, however, where double

) - ] . excitations contributed up to #20% to the CASSCF wave
We have in addition computed the low-lying - x functions (even for some of the intense states), these excitations
transitions of guanine. The'A" state is calculated at5.79 eV pjay in general a minor role in adenine and guanine, especially
with an oscillator strength of 1. Clark'! detected a weak  for the Ly, Ly, By, and B, states.

bump in the perpendicularly polarized crystal spectrum of  The intense Bstate in naphthalene is best described by the
parallel spectrum. This feature was assigned to a possibie n

* transition or the shifted parallel component of the band origin be%ﬁ%liﬂgg{ A. C.; Serrano-Andeg L.; Fscher, M. P.; Roos, B. O. To

of the firstr — a* transition. Our calculations strongly support (50) Rubio, M.; Mercha, M.; Orfi, E.; Roos, B. OChem Phys 1994
the second possibility. Hydrogen bonding of lone pair electrons, 179 395.
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Table 6. Configurations and Weights of Excited Configurations
(weight >5%) for the Most Representative Valence Singlet Excited
States of N(7)H-Adenine, N(9)H-Adenine, and Guanine

N(7)H-adenine N(9)H-adenine guanine

state CSF (%0)° (%0)° (%0)°
1L, 21A A 21A
H—-—1—L
H—L+1 6 14 7
H—L 42 63 68
H-1—L+1 17 5
N (W, %) 4 (70) 2(77) 3(81)
Ly A’ 21A! A’
H—L 13 7
H-1—L+1 14
H—L+1 41 69
H—L+2 10
H—-1—L 25 31
N (W, %)° 4 (68) 3(85) 3(80)
By AN AN 51A
H—-—1—L 30 46 51
H—L+1 10 26 2
H-2—L+1 3
H-1—L+1 14
N (W, %) 3(58) 2(72) 6 (77)
Ba A 6A A
H-1—L+1 16 60 30
H—L 28 5
H,H—L,L 1
N (W, %) 4 (53) 1 (60) 9 (74)

aMain configurations. H= HOMO, L = LUMO. ® Weight of the
configuration.c Number of configurations with weight5% and
accumulated weight (in parentheses).

— LUMO and HOMO— LUMO + 1 excited states, whereas
the B, state is well characterized by the HOMO1 — LUMO

+ 1 excited configuration. Thus, focusing on the oscillator
strengths and disregarding states with large contributions from
the HOMO— 2 — LUMO + 2 excited configuration, we can
readily identify the states that can be related to the L and B

J. Am. Chem. Soc., Vol. 119, No. 26, d0%y

from the HOMO— 2 — LUMO + 1 configuration and, due to
the loss of symmetry, are expected to become visible in the
nucleic acids.

Experiment and theory agree that the polarization of the
two lowest transitions in indole and guanine are mutually
perpendicular. For guanine the polarization vectors point
along the short and long axes of the molecule, whereas they
are rotated by~20° in indole#® The computed transition di-
pole moment directions of guanine are in excellent agreement
with the experimental data obtained by CHirfor crystalline
9-ethylguanine. The comparison between theory and experi-
ment for adenine is more difficult partially due to the exist-
ence of two tautomeric forms and an uncertain experimental
scenery.

4. Summary and Conclusions

The CASSCF/CASPT2 method has been applied to predict
a large number of singlet excited valence states of N(7)H-
adenine, N(9)H-adenine, and N(9)H-guanine (cf. Figure 1).
Table 5 contains the interpretation of adenine and guanine
spectra based on the available experimental data and the present
theoretical results.

For adenine the experimental situation is complex partially
due to the presence of at least two tautomeric forms which are
believed to contribute to the observed spectra in solition.
Therefore, we computed the electronic spectra of the two forms
N(7)H-adenine and N(9)H-adenine. We found that it is in
general possible to interpret the observed spectra as only
resulting from transitions belonging to the N(9)H-adenine
tautomer, although contributions from the N(7)H-adenine tau-
tomers cannot be discarded completely. We have computed
the excited state energies of N(9)H-adenine blue-shifted as
compared to N(7)H-adenine. The lowest weak transition
observed in the spectrum at 4.6 eV can be assigned to'&ie 2
state in N(9)H-adenine, but both4 and, especially,’3\" states

states in indole and naphthalene. Table 6 summarizes theyt N(7)H-adenine can contribute to the intensity in solution.

structure of the CASSCF wave functions for these states.
Earlier3> we observed that the L and B states in indole are blue-

The second component of the first band system (4.9 eV in the
gas phase) is clearly assigned to excitations to ¢ Sate in

shifted as compared to the band position in naphthalene, andy;g)H.adenine. The second and intense band in adenine extends

due to the loss of symmetry, the near degeneracy of the HOMO
—1— LUMO and HOMO— LUMO + 1 excitations is lifted.

Here, these trends are even more pronounced. In guanine, for,

example, the ratio between the two dominant CI coefficients in
the 1L, and 1By, states is reduced to1:4. Moreover, thély
and!L, states have switched order in both guanine and N(9)H-
adenine.

As noted above, a number of additional electronic transitions
are present in the spectra, which include configuration state
functions involving the HOMO- 2 and LUMO+ 2 orbitals.
N(7)H-adenine exposes two such statéd'@and 6A’. They
have strong multiconfigurational character. In contrast, ##¢ 5
and 7A’ states of N(9)H-adenine are well described by the
singly excited configurations HOMG- 2 — LUMO (weight
70%) and HOMO — 2 — LUMO + 1 (weight 77%),
respectively. Finally, the*&’ state of guanine can be described
as a mixture of three singly excited configurations: HOMO
LUMO + 2 (weight 49%), HOMO- 2 — LUMO + 1 (weight
10%), and HOMO, HOMG—~ LUMO + 1, LUMO + 1 (weight
7%). Likewise the BA' state involves the configurations
HOMO — 1 — LUMO + 1 (weight 22%), HOMO—2 —
LUMO (weight 37%), and HOMO, HOMG- LUMO, LUMO
(weight 9%). Finally we note that the dipole-forbiddetAg
and B4 states in naphthalene also include a large contribution

(51) Serrano-Andr® L.; Fischer, M.; Roos, B. O.; Merc¢imaM. J. Phys
Chem 1996 100, 6484.

from 5.7 to 7.0 eV. Two clear peaks observed at 5.9 and 6.8
eV are assigned to théA' (1Bp) and 6A’ (1B,) states of N(9)H-
adenine, whereas the intermediate transition observed be-
tween 6.3-6.4 eV could be assigned to th&5 state of N(9)H-
adenine, which is computed at 6.7 eV. This state is expected
to be strongly shifted to lower energies in polar solvents. The
absence of intense bands of the N(9)H species in this energy
range should make it possible to observe the interige 6
N(7)H-adenine transition, which is computed at 6.5 eV.
Therefore, also here the participation of the N(7)H tautomer
cannot be ruled out. Finally, the intense band observed at 7.7
eV is assigned to the'&’ state of N(9)H-adenine computed at
7.5¢eV.

The polarization of the transitions in adenine is still an
unsolved experimental problem, in part due to the simultaneous
presence of both tautomers in the medium. The calculations
confirm the short-axis polarizatiéhof the transition at 4.9 eV
and the intermediate polarization of the 5.9 eV band, but do
not match the measured transition dipole moment directions of
transitions higher in energy than 6.2 eV.

For guanine the agreement with experiment is excellent. The
excitation energies are reproduced with an accuracy better than
0.3 eV, and the transition moment directions agree with@.

As in adenine the lowest band is composed of two transitions,
measured at 4.5 and 5.0 eV and computed at 4.73 and 5.11 eV.
The first transition YL, state) has a short-axis polarization, and
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the second'{_,) is perpendicular to the first, in agreement with molecules as indolt propanamidé? and N-acetylglycine>?
experiment. A weak band found at 5.7 eV has been assignedTo this end we conclude that the somewhat larger discrepancies
to the 4A’ state of guanine. The envelope of the most intense found in adenine are a consequence of the complex experimental
band ranging from 6.1 to 6.8 eV includes four different spectrum and the presence of the two tautomers.

transitions. Two peaks are observed in the spectrum near 6.2 Finally, we showed that the lowest excited valence states of
and 6.6 eV. We assign the 6.2 eV transition to tha'State adenine and guanine can be related to the classical four-state
of guanine located at 6.65 eV in the gas phase. The state hasnodel used to discuss simple annulenes such as naphthalene.
shown larger sensitivity to the solvent effects than the other A thorough analysis and comparison of wave functions and
states. Calculations carried out by means of a reaction field excited state properties of the series of molecules naphthalene,
model shifted the excitation energy to 6.49 eV and increased indole, purine, adenine, and guanine will be reported, together
the intensity of the BA’ state. The transition to thé/A’ state with a study on the excited states of the purine molecule, in a
of guanine {By) is the most intense one. The computed forthcoming publicatiort?

oscillator strength and polarization for this state agree with the o
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