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The recent experimental and theoretical results in elucidating the structures and properties
of ultraviolet (UV)-induced electronic excitations of DNA fragments and related analogs
are discussed. Although, the electronic absorption maxima of nucleic acid bases are in
the UV region of the energy spectrum, these genetic molecules are highly photostable.
The observed photostability is the outcome of the extremely short excited state life-times.
This fundamental characteristic of nucleic acid bases on the other hand is attained by the
ultrafast nonradiative decay through internal conversion. Recent theoretical investigations
unambiguously show that excited state geometries are generally nonplanar, though the
amount of nonplanarity depends on the level of theory used in the calculation. It is also
evident that conical intersections involving ground and excited state potential energy
surfaces are instrumental for such nonradiative deactivation. Though, theory and experi-
ments are complementary to each other, but the experimental progress in studying excited
state properties are far ahead compared to the theoretical methods. For example, it is
still very challenging for an extensive investigation of excited state properties of systems
like nucleic acid bases at multi-configurational theoretical levels and with large basis sets
augmented with diffuse functions. The theoretical and computational bottleneck impedes
the investigation of effect of stacking interaction, which is of the fundamental importance
for DNA, at the reliable theoretical level. However, we hope that with the theoretical and
computational advances such investigations will be possible in near future

DNA Fragments, Base Pair, Nonradiative Decay, Excited State, Ab Initio

INTRODUCTION

The deoxyribonucleic acid (DNA) has three important components: (1) purine and
pyrimidine bases, (2) deoxyribose sugar and (3) phosphate group. The adenine and
guanine belong to the purine class of nucleic acid bases while thymine and cytosine
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belong to the pyrimidine class of bases. In ribonucleic acid (RNA) thymine is
replaced with uracil (see Figure 14-1 for structure and atomic numbering schemes of
DNA and RNA bases). DNA is known as genetic carrier where information is stored
in the form of specific patterns of sequence of hydrogen bonds formed between
purine and pyrimidine bases (adenine with thymine and guanine with cytosine).
It was Avery et al. [1] who in 1944 discovered that DNA was the genetic agent
responsible for the heredity and this theory was confirmed only in 1952 by Hershey
and Chase [2]. The helical nature of fibrous DNA was demonstrated using X-ray
diffraction study [3, 4] and double helical structure was discovered by Watson and
Crick [5]. These discoveries opened new era of biological research called molecular
biology. A great deal of basic information about structures of nucleic acids can be
found in a recent review article by Schneider and Berman [6] published in the second

Guanine-Cytosine base pair Adenine-Thymine (Uracil) base pair

Figure 14-1. Structure and atomic numbering schemes of nucleic acid bases and Watson-Crick base
pairs. The ® represents the transition moment direction according to the DeVoe-Tinoco convention [11]
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volume of the current book series “Challenges and Advances in Computational
Chemistry and Physics”.

Remarkable photophysical properties have been endowed to DNA to combat the
photodamage. It is well known that nucleic acid bases (NABs) absorb ultraviolet
(UV) radiation efficiently. But quantum efficiency of the radiative emission is
extremely poor in aqueous solution at room temperature and most of the absorbed
energy is released in the form of ultra-fast nonradiative decay in the subpicosecond
time scale and the inclusion of the bulky group on NABs increases the time scale
[7]. Tt is expected that life on earth started in an extremely harsh environment, where
there were abundant of UV-irradiation. Since absorption profile of NABs lies in
the UV-spectral range and the fact that electronic excited states are very favorable
for photoreactions; the stability requirement necessiated genetic materials with
very short electronic excited state life-time. However, UV and ionizing radiation
are dangereous. Alteration in DNA structure may lead to mutation by producing
a permanent change in the genetic code. The exact cause for mutation is not
known, but several factors e.g. environment, irradiation etc., may contribute towards
it. The formation of pyrimidine dimers between adjacent thymine bases on the
same strand results in the most common UV-induced DNA damage. Kohler and
coworkers [8], based on the femtosecond time-resolved IR spectroscopic study
on thymine oligodeoxynucleotide (dT),s and thymidine 5'-monophosphate (TMP),
have recently shown that thymine dimerization is an ultrafast process usually occurs
in the femtosecond time scale, where the formation of photodimer from the initially
excited singlet " state of thymine is barrierless. However, the proper geometrical
orientation of stacked thymine pairs is the necessary requirement for the formation
of photodimer. Recent investigations suggest that low energy radiation (even less
than 3 eV) may also cause strand breaks in the nucleic acid polymers [9, 10].
Interesting results devoted to the experimental and theoretical discussion of low
energy electron induced DNA damage are presented in the current volume (see
Chapters 18-21).

Spectroscopic methods have long been used to study structures and properties of
nucleic acids. Although, the fluorescence of NABs at in aqueous solution is very
poor (fluorescence quantum yield being around 10~ or less) [7, 11], on the other
hand, the fluorescence were obtained from the protonated forms of bases in the
room temperature solution [12—14]. The first low temperature work on nucleic acids
was reported in 1960 [15], while the phosphorescence of nucleic acids was reported
for adenine derivatives in 1957 [16]. The first results on isolated monomers were
obtained in 1962 by Longworth [17] and in 1964 by Bersohn and Isenberg [18].
Initially low temperature measurements were performed using a frozen aqueous
solution, but due to the inherent problems in such matrices, most investigations
were turned to polar glasses such as ethylene or propylene glycols usually mixed
with equal volumes of water [19]. A great deal of discussion on the photophysical
properties of DNA fragments based on the earlier experimental work can be found in
the excellant review article by Eisinger and Lamola published in 1971 [19] and that
by Callis in 1983 [11]. The latter work also summarizes theoretical transition energy
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data based on the semiempirical results. Recently, state-of-the-art spectroscopic
investigations have been performed to study ground and excited state structures
and dynamics of NABs mostly in the supersonic jet-cooled beam and in some
cases in an aqueous solution at the room temperature [7, 20, 21]. The nonradiative
decay mechanisms have also been investigated using the high levels of theoretical
calculations [22-36]. Discussion about the different investigations can be found in
the recent review articles [7, 20, 21, 37]. It is becoming evident that the excited
state structural nonplanarity promotes conical intersection between the ground and
excited states and therefore provides suitable trail for the ultrafast nonradiative
decays in genetic molecules. Great deal of attention has been paid in the current
book where several chapters are devoted in unravelling the underlying mechanism
for the ultrafast nonradiative decay in NABs.

14.2. GROUND STATE STRUCTURES AND PROPERTIES
OF NUCLEIC ACID BASES AND BASE PAIRS

Depending upon the environment, nucleic acid bases can have different tautomeric
forms. The prototropic tautomerism involving the N9 and N7 sites of purines
(adenine and guanine) and the N1 and N3 sites of pyrimidine (cytosine) are blocked
in nucleosides and nucleotides due to the presence of sugar at the N9 and N1
sites of purines and pyrimidines, respectively. However, the possibility of the
formation of other tautomeric forms (enol and imino) is not hindered in these
species (nucleosides and nucleotides). Thorough discussion about different ground
state properties including stacking interactions and interactions with metal cations
and solvents can be found in some recent review articles [38, 39] and in the second
volume of the current book series [40]. Therefore, only brief description of ground
state properties of NABs and base pairs are presented here.

Recent high level experimental and theoreical results suggest the existence of very
complex tautomeric behaviour in guanine. Using the resonance enhanced multi-
photon ionization spectroscopic technique, the four tautomers of guanine namely
keto-N9H, keto-N7H, enol-N9H, and enol-N7H have been suggested in the laser
desorbed jet-cooled beam of guanine [41, 42]. However, for guanine trapped in
helium droplets only keto-N9H, keto-N7H and cis- and trans forms of the enol-N9H
tautomer of guanine have been revealed by Choi and Miller [43]. This conclusion
was based on the agreement between the experimental infra-red (IR) spectral data of
guanine trapped in helium droplets and that of the theoretically computed vibrational
frequencies of guanine tautomers at the MP2 level using the 6-3114++4G(d,p) and
aug-cc-pVDZ basis sets. The results of Choi and Miller prompted Mons et al. [44]
to reassign their previous R2PI data and according to the new assignment, the enol-
NOH-trans, enol-N7H and two rotamers of the keto-N7H-imino tautomers of guanine
are present in the supersonic jet-beam. It should be noted that imino tautomers of
guanine are about 8.0 kcal/mol less stable than the most stable keto-N7H tautomer
in the gas phase at the MP2/6-3114++G(d,p)//B3LYP/6-3114++G(d,p) level [45].
Thorough discussion about guanine tautomerism and that of the R2PI spectra has
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already been made by Prof. Mons in the previous chapter. Recent experimental
investigation along with theoretical calculation suggest that adenine has three
tautomers namely N9H, N7H and N3H in the dimethylsulfoxide solution; the NOH
being the major form while N7H and N3H are the minor tautomeric forms [46].
It should be noted that in earlier experimental investigations only two tautomeric
forms of adenine (N9H and N7H) have been suggested [47-49]. The N9H form
was the major tautomer, while the relative population of the minor N7H form was
found to be the environment dependent [47-49]. Recent theoretical investigations
show that the NOH tautomer of adenine has the global minima, the stability of the
N3H and N7H tautomers is almost similar [50, 51].

The purine metabolic intermediate hypoxanthine is structurally similar to guanine
and can be formed by the deamination of the latter [52]. It is also found as a minor
purine base in transfer RNA [53, 54]. During DNA replication hypoxanthine can
code for guanine and can pair with cytosine [55]. Similar to guanine, hypoxanthine
also shows keto-enol and prototropic (N9H-N7H) tautomerism [56, 57], but the
concentration of enol tautomer in guanine is significantly larger than that in hypox-
anthine [57]. The tautomeric equilibria in guanine are much more complex than that
in the hypoxanthine. However, it should be noted that much attention has been paid
to understand the physical and chemical properties of guanine than hypoxanthine.
The dominance of the keto-N7H tautomer over the keto-N9H form (hydrogen being
at the N1 site in both forms) of hypoxanthine has been suggested in the quantum
chemical studies in the gas phase [58-61], matrix isolation studies [56, 57], photo-
electron spectra [62] and NMR studies in the dimethylsulfoxide [47]. The existence
of a small amount of the enol-N9H form of hypoxanthine has also been suggested
in both theoretical and experimental investigations [56-61]. Theoretical calcula-
tions suggest that under aqueous solvation, the keto-N9H form is favored over the
keto-N7H form and the enol-N9H form is largely destabilized [58-61]. The UV-
spectroscopic study in water also predicts the domination of the keto-N9H form
over the keto-N7H form [63]. In a crystalline environment, hypoxanthine exists as
the keto-N9H tautomeric form [64]. Theoretically, the water assisted proton transfer
barrier height corresponding to the keto-enol tautomerization of hypoxanthine was
found to be reduced significantly compared to tautomerization without a water
molecule [58, 59]. It was also shown that the transition state corresponding to a
proton transfer from the keto form to the enol form of the hydrated species has a
zwitterionic structure [58, 59]. These results were found to be in accordance with
the molecular dynamics simulation study of proton transfer in a protonated water
chain which was described in the form of the collective movement of protons in a
water chain involving either the H;O" or H;O; [65].

Among pyrimidine bases, cytosine shows significant tautomeric acitivity. In argon
and nitrogen matrices, it exists as a combination of amino-oxo (N1H) and amino-
hydroxy forms; the tautomeric equilibrium being shifted towards the latter form [66,
67]. In microwave studies, the amino-oxo, imino-oxo, and amino-hydroxy forms of
cytosine are revealed [68] and in the aqueous solution only amino-oxo forms (N1H
and N3H) are present [69]. In a recent REMPI study of laser desorbed jet cooled
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cytosine, Nir et al. [70] have shown the existence of keto and enol tautomers of
cytosine. The matrix isolation study has also indicated the existence of imino-oxo
tautomer in 1-methyl and 5-methylcytosine [71, 72]. In the crystalline environment
the existence of only amino-oxo-N1H form is revealed [73]. Theoretically, upto
the CCSD(T) level of theory has been used to determine the relative stability
among different tautomers of cytosine [74, 75]. In the gas phase the amino-hydroxy
tautomer is predicted to be the most stable; however, under aqueous solvation
tautomeric stability is found to be shifted to the canonical amino-oxo form [75, 76].
Although, uracil and thymine exist mainly in the oxo-tautomeric form [37-39], the
aqueous soltion of 5-chlorouracil at room temperature is suggested to possesses
small amount of enol tautomeric form [77]. On the basis of the UV/Vis absorption
and fluorescence data, Morsy et al. [78] have suggested the presence of small amount
of the enol form of thymine, but Hobza group [79] does not support the utility of
such measurement in tautomeric detection. It should be noted that the presence of
small amounmt of minor tautomeric form of thymine in aqueous solution is not
completely ruled out from theoretical calculations [79].

The six-membered ring of NABs is revealed theoretically to have signifi-
cantly large conformational flexibility [80, 81]. The amino group of the NABs
are nonplanar. Of the NABs, guanine exhibits the largest degree of pyramidal-
ization [38, 39, 82]. The amino group pyramidalization originates from the partial
sp® hybradized nature of the amino nitrogen. Using the vibrational transition
moment direction analysis, Dong and Miller [83] have indicated experimentally the
pyramidal nature of amino group in adenine and cytosine.

For a given system, the amount of energy released when an electron (proton) is
added to the molecule is called electron (proton) affinity. The energy difference
between the neutral and anionic (cationic) forms of the molecule yields the electron
(proton) affinity. On the other hand, the amount of energy required to remove an
electron from a molecule is called the ionization potential. The ionization potential
is computed as the energy difference between the cationic and neutral forms of
the molecule. Based on the experimental and theoretical data, the adiabatic valence
electron affinity for pyrimidine bases has been estimated to be in the range of
0-0.2 eV while that for guanine and adenine it is about —0.75 and —0.35 eV, respec-
tively [84]. Guanine has the lowest ionization potential among NABs and in general
purines have lower and pyrimidines have higher ionization potentials [85-90]. Due
to the low ionization energy, guanine is the most susceptible of the NABs to one
electron oxidation under irradiation. The protonation and deprotonation properties
of NABs have also been studied both theoretically [91-93] and experimentally
[94-96]. Podolyan et al. [91] computed proton affinities of all nucleic acid bases
up to the MP4(SDTQ) level and found that the computed proton affinities are very
close to the experimental data; the computed error was found to be within the 2.1%.

At the HF and DFT level, the ground state geometries of the Watson-Crick
(WCQ) base pairs are generally planar including the amino group [38, 39, 97-100].
However, at the MP2 level the amino groups of the WC GC and AT base
pairs are revealed pyramidal with smaller basis set, but with larger basis sets the
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corresponding group of the AT base pair was found almost planar [99, 101]. It
has been suggested that the nonplanarity of the GC base pair may enhance the
stacking of bases on the strand and may increase the stability of the helix [101].
The structural properties of different reverse Watson-Crick (RWC), Hoogsteen (H)
and reverse Hoogsteen (RH) base pairs have also been investigated theoretically,
and the geometries of some of them have been found to be nonplanar [38, 39, 102].
Recently, the energetics of hydrogen bonded and stacked base pairs were studied up
to the CCSD(T) level [103—107]. Kumar et al. [108, 109] have recently investigated
the adiabatic electron affinities of GC, AT and hypoxanthine-cytosine base pairs
at the DFT level and found the significant increase in the electron affinity of the
AT base pair under polyhydrated environments. A comprehensive investigation of
structure and properties of deprotonated GC base pair was recently performed by
Schaefer and coworkers [110].

14.3. EXCITED STATE PROPERTIES
14.3.1. Electronic Transitions of DNA Bases

It is generally known that the 260 and 200 nm absorption bands of purines consist of
two transitions with nonparallel transition dipole moments and the relative intensity
and positions of these peaks are dependent on the environment [11, 111, 112].
Occasionally, a weak transition near 225 nm is also observed which is considered
to be the weak mw* or the nm™* transition [11, 113]. Five electronic transitions
in the UV region are generally obtained for guanine in different environments
[11, 114]. The first transition lies near 4.51eV (275nm) and second is located
near 4.96 eV (250 nm) region; the intensity of the latter is stronger than the former
one [115-117]. The third transition near 5.51eV (225nm) is very weak and is
rarely observed. This transition has been only observed in the protonated form
of guanine and in the electronic spectra of crystalline guanine and 9-ethylguanine
[115]. Although, it has also been observed in the CD spectra, but unambiguous
assignment has not been made [113, 118]. The fourth transition is located near
6.08¢eV (204nm) and the fifth transition is located near 6.59eV (188 nm); the
intensity of both peaks is strong [11, 114-116]. The existence of the nm* transitions
near 5.21, 6.32, and 7.08 eV (238, 196, and 175 nm) in guanine has been tentatively
suggested by Clark [116]. In an elegant study on the transition moment directions
of guanine, Clark [116] has suggested that the transition moment directions of 4.46,
5.08, 6.20 and 6.57 eV region peaks would be —12°, 80°, 70° and —10°, respectively
with respect to the C4C5 direction (see Figure 14-1 for details). Using the R2PI
spectroscopy, the spectral origins corresponding to the first singlet mm* transition
of guanine tautomers are measured in the laser desorbed jet-cooled beam of the
sample [41, 42, 44]. According to the reassigned R2PI spectra [44], the spectral
origin of enol-N9H-trans, keto-N7H-IMINO-cis, keto-N7H-IMINO and enol-N7H
forms tautomers [45] are at 4.31, 4.20, 4.12 and 4.07 eV, respectively.

In the case of aqueous solution of adenine the main absorption transition appears
at 4.75eV (261 nm) and this is short axis polarized. A weak shoulder near 4.64 eV
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(267 nm) is also observed and this transition is long axis polarized [119]. In fact these
two transitions are the component of the 4.77 eV (260 nm) main absorption band of
adenine which are not resolved in the vapor phase and in a trimethyl phosphate solution
[11,37].1tshould be noted that splitting between these two components is increased in
the crystal environment of adenine compared to that in the water solution [119]. In the
photoacoustic spectra, four absorption peaks are observed in the 180-300 nm region
[120]. Transition moment directions of adenine have been studied extensively [11, 37]
and an elegant analysis, to model electronic spectra of adenine, was performed by Clark
[121, 122]. It was revealed that the 265 nm transition of adenine is polarized at 25° with
respect to the C4C5 direction (see Figure 14-1) and the weak transition near 275 nm is
polarized close to the long molecular axis. Holmen et al. [123] have also studied the
transition moments of 9-methyladenine and 7-methyladenine oriented in the stretched
polymer film. Clark [ 124] has tentatively assigned the existence of nm* transitions near
5.08 and 6.08 eV in the crystal of 2’-deoxyadenosine. The existence of an nTr* transition
near 5.38 eV was alsorevealed in the stretched polymer film of 9-methyladenine [123].
Recently several high level spectroscopic investigations were performed to study the
spectral origins corresponding to the ™ and n™ transitions of adenine. Based on the
REMPI and fluorescence investigations of supersonic jet-cooled adenine, Kim et al.
[125] have suggested that the first transition of adenine has n* character and the second
has the mm* character; the spectral origins are located at 35503 cm™! (~281.7 nm,
~4.40eV), and 36108 cm™! (~276.9 nm, ~4.48 eV), respectively. However, Luhrs
et al. [126], based upon the similar study on adenine and 9-methyladenine, do not
support the assignment of the nm* transition suggested by Kim et al. [125] and have
speculated the involvement of some other tautomer in the latter study which might
have formed due to heating of the sample. According to the investigation of Luhrs
et al. [126] the spectral origins of the first wm* transition of adenine and 9MA are
locatedat 36105 cm~! (~277 nm, ~4.48 V) and 36136 cm™! (~276.7 nm, ~4.48 eV),
respectively, and these results are in accordance with the observation made by Kim
etal. [125]. Nir et al. [ 127] have found similar results based on the R2PI investigation
of laser desorbed adenine.

The absorption spectra of aqueous solution of cytosine show broad peaks near
4.66 (266nm) and 6.29eV (197nm) and weak peaks or shoulders near 5.39
(5.39nm) and 5.85eV (212nm) [11, 113, 128-134]. In general, absorption spectrum
of cytosine is solvent dependent [11, 129]. Compared to the first absorption
peak of cytosine near 4.66eV (266 nm) the corresponding peak of cytidine and
3-methycytosine are found to be near 4.57 (271 nm) and 4.29 eV (289 nm) respec-
tively in aqueous solution [128, 132, 133]. Based upon the polarized reflection
spectroscopy of single crystals of cytosine monohydrate, Clark and coworkers have
assigned the transition moment directions of cytosine to be 6°, —46° and 76° for the
first three transitions respectively and suggested two values (=27° or 86°) for the
forth transition [131]. There is significant experimental and theoretical evidence for
the existence of an nm* transition near 5.3 eV (232 nm) in cytosine [37]. Zaloudek
et al. [131] have suggested the existence of another nm* transition near the 5.6eV
(220 nm).



Computational Study of UV-Induced Excitations of DNA Fragments 377

The spectral features of uracil and thymine are generally similar having absorption
bands near 4.77, 6.05 and 6.89¢eV (260, 205 and 180 nm, respectively) [7, 11, 37].
The first and third absorption bands of thymine are generally slightly red-and
blue-shifted with respect to the corresponding band in the uracil. The polarized
absorption and reflection measurement show that the transition moment of the first
band of uracil and thymine is about 0° and —20° respectively. Novros and Clark
[135] have suggested 59° for the second transition and this conclusion was based
on agreement with the results of the LD spectra of uracil [136]. Holmen et al.
[137] have found 35° for the second transition in 1,3-dimethyluracil. The existence
of an nm* transition within the first absorption envelope of uracil, thymine and
their analogs has been suggested in several investigations [11, 120, 138, 139]. The
relative position of the nm* transition is found to be solvent dependent. In the
gas phase and in an aprotic solvent, the nm* state is the lowest but in the protic
environment it has higher energy than that of the wm* state [11, 138, 139].

Theoretically, electronic singlet transition energy calculations of nucleic acid
bases guanine, adenine, cytosine, thymine and uracil are performed at the
CASPT2/CASSCF [140-142], TDDFT [143-150], RI-CC2 [151] and CIS [114,
143, 152-156] levels. In one of the TDDFT calculations, several set of diffuse
functions were also used [145]. In comparing CIS transition energies, a scaling of
0.72 was found to be necessary and the scaled transition energies were found to be
in good agreement with the corresponding experimental data [37, 114]. In general,
computed transition energies were generally found to be in good agreement with the
corresponding experimental data. Detailed discussion about the experimental and
theoretical electronic transitions of nucleic acid bases can be found in the recent
review article [37]. So and Alavi [157] have recently studied vertical transitions of
DNA and RNA nucleosides at the TDDFT level using the B3LYP functional and the
6-3114++4G(d,p) and aug-cc-pVDZ basis sets. It was revealed that the sugar binding
to isolated bases generally does not affect the nature of the lowest singlet wm* and
nT* transitions of isolated bases significantly, but consequent to the sugar binding
new low energy lying nm* and mwo* transitions are also obtained. Ritze et al. [158]
have studied the effect of base stacking on the electronic transitions at the SAC-CI
and RI-CC2 levels by considering cytosine-cytosine and thymine-thymine stacked
dimers in the A- and B-DNA configuration. It should be noted that monomers are
almost parallel in the B-conformation but significantly tilted in the A-conformation.
It was revealed that the spectral splitting in thymine-thymine stacked dimer in the
A-DNA is significantly (six times) larger than that in the B-DNA.

14.3.2. Electronic Transitions of Hypoxanthine

The absorption spectra of 9-methylhypoxanthine in the gas phase show peaks
near 4.41, 5.19, 6.05 and 6.42¢V, in trimethylphosphate near 4.46, 5.02, 6.26
and 6.70eV [129]. In water solution at pH of 6.1 the absorption spectra of 9-
methylhypoxanthine show a broad shoulder in the range of 4.59—4.77 eV and peaks
near 4.98 and 6.20 eV [129]. Further, the CD spectra of deoxyinosine 5'-phosphate
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show a weak peak near 5.51eV (225nm) and this transition was suggested as
being due to the existence of a weak m* or nm* transition [113]. Detailed vertical
electronic transition energy calculations were performed on hypoxanthine at the
MCQDPT2/MCSCF, TD-B3LYP and CIS level and these energies are shown in
the Table 14-1 along with the experimental data of 9-methylhypoxanthine [159].
It is evident that the MCQDPT?2 transition energies are in good agreement with
the experimental data within the accuracy of about 0.2eV except for the second
transition for which the margin of error is larger (Table 14-1). The computed
transition energies of hypoxanthine at the TD-B3LYP level can also be correlated
satisfactorily with the vapor phase experimental data, however, the margin of error
is larger than for those obtained at the MCQDPT?2 level. Computations also predict
the existence of a weak mm™* transition in the range of 6.2-6.3 eV at the TD-B3LYP
level and at 5.48eV at the MCQDPT2 level. Although, the existence of such a
transition has neither been observed in the vapor spectra nor in aqueous solution, but
the computed value is in the range of the CD transition of deoxyinosine 5'-phosphate
near 5.51eV [113]. The 5.48 ¢V transition obtained at the MCQDPT?2 level in the
gas phase is expected to be blue shifted in the hydrogen bonded environment, since
the dipole moment of this state is lower than the ground state dipole moment at the
CASSCEF level. This transition is in excellent agreement with the CD prediction of
the 5.51 eV region transition. Therefore, it appears that the computed results resolve
the ambiguity concerning the nature of the 5.51 eV experimental transition in favor
of the existence of a weak wm™ transition.

14.3.3. Electronic Singlet Excited State Geometries

Ground state geometries of nucleic acid bases are generally planar except the amino
group which is pyramidal. On the other hand, geometries in the lowest singlet
" excited states are generally strongly nonplanar, except adenine which shows
relatively less nonplanar excited state geometry [114]. In the S1(w*) excited state
the NOH tautomer of adenine is almost planar while the N7H tautomer of adenine
has a nonplanar structure at the CIS/6-311G(d,p) level; the amino group is pyramidal
for both tautomers [114]. A nonplanar structure around the N1C2N3 fragment of
the N9H tautomer is revealed in the S1(nm*) excited state. Further, in this state the
N7H tautomer has a structure reminiscent to twisted intramolecular charge transfer
states [155, 160, 161]. The N7H tautomer has Cs symmetry; the amino hydrogens
are at the dihedral angles of +61° with respect to the ring plane in this state. It
should be noted that no significant intramolecular charge transfer was found [114].
In the case of the hydrated tautomers, where three water molecules were considered
in the first solvation shell, water molecules were found to induce planarity in the
system and consequently the ground and lowest singlet ™ excited state geometries
were found to be almost planar including the amino group [114].

The S1(mm*) excited state geometry of the keto-N9H tautomer of guanine at the
CIS/6-311G(d,p) level was found to be strongly nonplanar around the CON1C2N3
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fragment [114]. The lowest singlet n* excited state (S1(n7*)) of the same tautomer
and at the same level of the theory is characterized by the excitation of the C6=0
lone pair electron. In this excited state the C6=0 and N1H bonds are significantly
out-of-plane from guanine ring and are opposite to each other. Further, the C6=0
bond is increased by about 0.1 A compared to the ground state value obtained at
the HF/6-311G(d,p) level. The excited state geometrical distortion of the keto-N7H
tautomer is similar to that of the keto-N9H form, but the amount of the distortion
is usually smaller than that of the latter form. In the water solution modeled at the
IEF-PCM approach and the CIS level of theory, although geometrical distortions
were found similar to those on the gas phase, but the amount of change was
significantly larger in the water solution [144]. The CASSCF [22] and TDDFT [23]
levels have predicted significantly distorted S1(mm*) state geometry of the keto-N9H
tautomer where the amino group and the C2 atom are significantly out-of-plane.
But prediction regarding the keto-N7H tautomer in the excited state is significantly
different. The CASSCF predicted significantly distorted geometry similar to that of
the keto-N9H form [22] but TDDFT predicted a less distorted geometry [23]. On
the other hand, CIS method predicted significantly nonplanar geometry for excited
state of the keto-N7H tautomer, though the degree of nonplanarity is less than that
of the keto-N9H tautomer in the same state [114].

At the CIS level of theory, the S1(mwm*) the excited state geometry of
cytosine (keto-N1H tautomer) revealed a significant nonplanarity mainly around
the C4C5C6N1 fragment, the amino group is also significantly pyramidal in
this state [114, 156]. In the lowest singlet nm* excited state (S1(n7*)) the N3
atom 1is located significantly out-of-plane and considerable rotation of the amino
group was also revealed. The obtained deformation was revealed as due to the
result of excitation of lone pair electron of the N3 site and that of the partial
mixing of the lone pair electron belonging to the amino nitrogen. Further, the N3
site provided the repulsive potential in the S1(nw*) excited state and therefore,
the structure of hydration around the N3 site was completely modified in such
state [114, 156].

The lowest singlet n* excited state (S1(nw*)) geometries of uracil and thymine
were found to be slightly nonplanar at the CIS level of the theory, but the C4=0
group is significantly out-of-plane and the C4=0 bond is increased by about 0.1 A
compared to the ground state value [114, 162]. The S1(m*) excited state geometry
of thymine is in a boat type configuration where N1, C2, C4 and CS5 atoms are in the
approximate plane. For hydrated species, the structural deformations in the excited
state are generally similar to those in isolated species [114, 162]. The CASSCF
and RI-CC2 level of theoretical calculation with cc-pVDZ basis set also predicted
significant elongation in the C4=0 bond of thymine in the (S1(n7*)) state and
such elongation is large at the RI-CC2 level of the theory; with the ring geometry
being only slightly distorted [24]. The S1(m*) excited state geometry of thymine at
the CASSCF/cc-pVDZ level is also reported but geometrical distortion was found
to be significantly smaller than that obtained at the CIS level. However, a close
examination of this geometry shows the significant elongation of the C2=0 bond.
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Thus, the reported geometry of the S1(mm*) excited state [24] appears significantly
contaminated with n7r* state characterized by the excitation of the lone pair electron
of the C2=0 group of thymine.

14.34. Excited State Proton Transfer in Purines

The electronic singlet excited state proton transfer reactions in guanine, adenine and
hypoxanthine were also studied [163-165]. The keto-enol tautomerization reactions
in guanine and hypoxanthine in the electronic lowest singlet 7™ excited state were
studied at the TDDFT/CIS level [163, 165]. Ground state geometries and transition
states corresponding to the proton transfer from the keto to the enol form of guanine
and hypoxanthine were optimized at the B3LYP/6-311++G(d,p) level. In the case
of guanine, geometries in the excited state including that of the excited transition
states were optimized at the CIS/6-311G(d,p) level [163]. The excited state geome-
tries including that of the excited transition states in the case of hypoxanthine were
optimized at the CIS/6-3114++4G(d,p) level [ 165]. The CIS optimized geometries were
used to compute transition energies at the TD-B3LYP/6-311++G(d,p) level. Calcu-
lations were also performed for monohydrated species where a water molecule was
placed in the proton transfer reaction path (between the N1-H and C6=0 sites). The
effect of bulk aqueous solvation was considered using the PCM solvation model. The
transition state geometries in the excited state were found to be significantly nonplanar
especially around the six-membered part the ring. Detailed discussion about excited
state geometries can be found in [163, 165]. The computed ground and excited state
proton transfer barrier height is shown in the Table 14-2. Evidently, the proton transfer
barrier heights are significantly large in the ground and electronic singlet ™ excited
states both in the gas phase and in bulk water solution. In the monohydrated species,
where a water molecule was placed in the proton transfer reaction path, significant
reduction in the barrier height was revealed. In general, the excited state barrier heights
were revealed to be slightly larger than the corresponding ground state values. The
transition states corresponding to the proton transfer from the keto to the enol form for
the monohydrated forms were found to have zwitterionic structures. The transition state
geometries of monohydrated complexes were in the forms of H30"... X~ (X=guanine
or hypoxanthine), except the NOH form of guanine in the excited state where water
molecule is in the hydroxyl anionic form (OH™) and the guanine is in the cationic form
[163, 165]. On the basis of theoretical calculations it was suggested that the singlet
electronic excitation of guanine and hypoxanthine may not facilitate the keto-enol
tautomerization both in the gas phase and in the water solution. Salter and Chaban
[164] have used MCQDPT2/MCSCEF level of theory to investigate the proton transfer
between the N9 and N3 sites of adenine both in the ground and electronic singlet excited
states. The excited state proton transfer barrier height was found to be 43.0 kcal/mol
while the corresponding ground state value was 63.0 kcal/mol. It is expected that the
presence of a water molecule in the proton transfer reaction path may reduce the barrier
significantly. This speculation was based on the fact that in the similar type of reaction
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Table 14-2. Computed barrier height (kcal/mol) for guanine and hypoxanthine corresponding to the
keto-enol tautomerism in the ground and the lowest singlet 7" excited state obtained at the B3LYP/6-
3114++G(d,p) and TD-B3LYP/6-3114++G(d,p)//CIS/X levels, respectively in the gas phase and in
aqueous solution [163, 165]*

Species Ground State Excited State

Gas Water Gas Water

Guanine
keto-N9H — TS-N9H 375 45.2 429 45.7
enol-N9H — TS-N9H 36.3 38.2 36.9 40.8
keto-N7H —TS-N7H 40.6 46.5 36.8 41.4
enol-N7H —TS-N7H 359 38.5 36.8 39.3
keto-N9H.H20 — TS-N9H.H20 159 16.7 19.8 18.3
enol-N9H.H20 —TS-N9H.H20 12.8 10.4 12.8 13.5
keto-N7H.H20 —TS-N7H.H20 17.3 17.1 13.9 13.5
enol-N7H.H20 —TS-N7H.H20 12.0 10.2 13.4 11.2

Hypoxanthine
keto-N9H — TS-N9H 39.85 47.15 50.98 55.67
enol-N9H — TS-N9H 35.87 38.83 30.28 30.29
keto-N7H —TS-N7H 42.99 48.53 47.93 51.27
enol-N7H —TS-N7H 35.76 39.27 28.49 30.29
keto-N9H.H20 —TS-N9H.H20 17.05 17.46 26.09 23.17
enol-N9H.H20 —TS-N9H.H20 12.62 10.17 8.41 4.54
keto-N7H.H20 —TS-N7H.H20 18.22 17.83 33.79 28.31
enol-N7H.H20 —TS-N7H.H20 11.84 9.91 15.05 7.93

 For guanine X=6-311G(d,p) and for hypoxanthine X=6-3114++G(d,p).

in the 7-azaindole the barrier was found to be significantly reduced in the presence of
a water molecule [166].

14.3.5. Hydration of Guanine

Hydration of guanine in the lowest singlet wm* excited state was studied recently
[167]. In this investigation 1, 3, 5, 6 and 7 water molecules were considered in the
first solvation shell of guanine. The ground state geometries of complexes were
optimized at the HF/6-311G(d,p) level and that in the excited state were optimized at
the CIS/6-311G(d,p) level. All geometries were found to be minima at the respective
potential energy surfaces via harmonic vibrational frequency analysis. Geometry
of guanine in the hydrated complexes in the ground state was found planar except
the amino group which was pyramidal. But, water molecules involved in direct
interaction with amino group were found to induce planarity and consequently the
amino group of those complexes was revealed less pyramidal. In the excited state,
the hydrogen bond distances were changed compared to the corresponding ground
state values. Table 14-3 shows the selected dihedral angles of guanine showing
structural nonplanarity in the excited state of isolated and hydrated complexes. It
is evident from the data shown in the Table 14-3 that the degree of hydration has
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Table 14-3. Selected dihedral angles (°) of the guanine in the isolated and hydrated forms and that in the
GC and GG base pairs in lowest singlet wm* excited state obtained at the CIS/6-311G(d,p) level [167]

Parameters G G+1W G+3W G+5W G+6W GC GGl6 GG17

C6N1C2N3 64.0 —64.7 —64.8 38.1 43.0 36.4 3.1 —64.7
N1C2N3C4 —44.2 39.2 42.4 —-1.7 —6.5 —-3.3 —0.7 44 .4
C2N3C4C5 2.4 2.0 0.0 —-32.2 -29.0 —28.8 —1.3 2.2
N3C4C5C6 18.5 —18.1 —18.8 32.2 29.7 29.6 1.1 —18.1
N1C6C5C4 0.6 -7.3 -3.3 2.6 5.4 2.6 1.0 -1.9
N2C2N3C4 161.4 —159.7 —160.5 —177.3 179.7 —177.7 —179.8 —156.9
H21IN2C2N1 —42.3 31.0 34.8 10.2 10.6 3.7 8.2 41.6

H22N2C2N1  —171.8 167.9 170.4 —178.7 —177.4  —178.5 175.2 174.3

significant influence on the excited state structural nonplanarity of guanine. On the
other hand, the excited state dynamics of guanine will depend upon the degree of
hydration. It was found that the isolated, mono and trihydrated complexes have
similar excited state geometrical deformation for guanine and these structural defor-
mations are completely different than that obtained in the penta and hexahydrated
guanine. Figure 14-2 shows the variation of NH stretching vibrational frequencies
of isolated and hydrated guanine ground and excited state. It was revealed that
the changes in stretching vibrations are in accordance with variation of hydrogen
bond distances under electronic excitation compared to the corresponding ground
state [167].

14.3.6. Electronic Excited States of Thiouracils

The thiosubstituted analogs of nucleic acid bases have been subjected to several
investigations owing to their therapeutic and other biological activities [52, 168].
For example, thiouracil can be used as anticancer and antithyroid drugs. The inves-
tigation of t-RNA shows the presence of small amount of thiouracil [169, 170].
Comprehensive analysis of structures and properties of thiouracils can be found
in the review article of Nowak et al. [168]. In general, all theoretical calcula-
tions suggest that in the gas phase and in water solution thiouracils (2-thiouracil
(2TU), 4-thiouracil (4TU), 2,4-dithiouracil (DTU)) exist in the keto-thione/dithione
tautomeric form. In the crystalline environment and in low temperature similar
results were also obtained [171-174]. However, in ethanol solution 4TU has
been suggested to occur in minor (thiol or enol) tautomeric form also [175]
and this conclusion was based on the ab initio theoretical calculation and the
electronic absorption and fluorescence spectra of the compound. On the basis of
extensive absorption, circular dichroism (CD) and magnetic circular dichroism
(MCD) spectroscopic investigations of 2TU, 4TU, DTU and their substituted
analogs (Figure 14-3) in the water and acetonitrile solutions, Igarashi-Yamamoto
[176] have indicated the presence of thiol tautomeric form for 2TU and DTU.
Further, based on the NMR study of 2TU in deuterated dimethylsulfoxide solution
the presence of thiol tautomeric form has been also suggested [177].
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Figure 14-2. Variation of different stretching vibrational modes (unscaled values) of the guanine in
the isolated and hydrated forms in the ground (HF/6-311G(d,p) level) and lowest singlet wm* excited
state (CIS/6-311G(d,p) level). Reprinted with permission from ref. [167]. Copyright (2005) American
Chemical Society

Significant change in the photophysical properties are revealed when the carbonyl
group of a molecule is substituted by thiocarbonyl group. Consequently, the lowest
singlet ™ and n7* states of thiocarbonyl containing molecules have significantly
lower energy than the corresponding carbonyl containing molecules [178, 179].

Figure 14-3. Atomic numbering scheme of 2TU (X2=S, X4=0), 4TU (X2=0, X4=S) and DTU
(X2=X4=S). Different methyl derivatives can be obtained by the substitution of methyl group at the
relevant site. Reprinted with permission from ref. [180]. Copyright (2004) American Chemical Society
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Detailed theoretical electronic spectroscopic investigations were performed on
thiouracils and their substituted analogs using the CIS, TDDFT (TDB3LYP)
and MCQDPT2/MCSCF levels to explain the experimental transitions and to
resolve the existing ambiguities regarding the presence of minor tautomers and
the nature of singlet and triplet states [180-182]. The TDDFT transition energies
were also computed in the water and acetonitrile solutions. In the case of 2TU,
the computed transition energies at the TDB3LYP/6-3114++G(d,p)//B3LYP/6-
3114+4G(d,p) level were found to be in good agreement with the experimental
transition energy data of 2TU and 2-thiouridine (2TUrd) [180]. The computed weak
Trr* transition in the 5.3-5.4eV region were also found to be in good agreement
with the experimental transition energy in the range of 5.1-5.3 eV which was only
observed in the MCD spectra of 2TU and 2TUrd [176]. The computed transition
energies of minor tautomers were also found to be in good agreement with the corre-
sponding methyl substituted analog of 2TU. It was revealed that 2-methylthiouracil
(2MTU) would exist in the N3H tautomeric form and this conclusion was based
on the agreement with the transition energies of the thiol tautomer of 2TU (2TU-
S2H1). Contrary to the conclusion drawn from the ref. [176], the first singlet mm*
transition of 2TU and 2TUrd was not reveled to belong to the thiol form of 2TU.
The TDDFT computed transition energies of 4TU and different substituted methyl
analogs were also found to be in good agreement with the corresponding experi-
mental data [180]. The experimental CD band near 3.1¢eV in 4TUrd in the acetoni-
trile solution which was assigned as due to the nm* transition was also supported
from the TDDFT which yielded an n7* transition in the 3.2 eV region in the water
and acetonitrile solution of 4TU and 1-methyl-4-thiouracil. The transition energy
calculations of 4TU were also performed at the MCQDPT2/MCSCEF level with
6-3114-G(d) basis set and MP2/6-311++G(d,p) level optimized geometries [181].
The active space consisted of 12 orbitals where 6 were occupied m type while
remaining were the 7* virtual type [181]. The changes in molecular electrostatic
potentials consequent to electronic excitations were also studied. Good agreement
between the MCQDPT?2 transition energies and that of the experimental data were
revealed. The effect of mono, di- and tri-hydrations were also studied in the lowest
singlet nm* excited state of 4TU at the CIS/6-311++G(d,p) level. The lowest
singlet n7* transition of 4TU was assigned to the excitation of lone-pair electron
of the thiocarbonyl group. It was revealed that nm* excitation provides repulsive
potential for hydrogen bonding [182]. On the basis of the agreement between the
TDDFT computed transition energies and the corresponding experimental data, it
was concluded that 2TU and 4TU will exist in the keto-thione tautomeric form.
Experimentally, the spectral profiles of DTU were found to be complex and
solvent dependent [176]. The spectral profiles show two absorption peaks near 3.53
(351nm) and 4.40eV (282nm) in the water solution, while three peaks near
3.53 (351 nm), 4.32 (287 nm) and 5.28 eV (235 nm) were obtained in the acetoni-
trile solution [176] The observed spectral transitions in the water and acetonitrile
solutions of DTU were explained in terms of the thione-thiol tautomeric forms
[176]. However, the relative stability of different tautomers of DTU at the
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B3LYP/6-311++G(d,p) and MP2/cc-pVTZ/B3LYP/6-3114++4G(d,p) levels does
not support the existence of thiol tautomers [180]. Further, the pK, analysis of
2,4-dithiouridine has indicated the presence of an anionic and neutral form of
DTU in the neutral solution [183]. Computed transition energies of DTU at the
TDB3LYP/6-31114+4G(d,p) level [180] were found to be in agreement with the
corresponding experimental data. It was found that DTU will mainly exist in the
dithione tautomeric form. Further, the existence of an anionic form of DTU obtained
by the deprotonation of the N1H site of DTU was also revealed and probably this
anionic form was responsible for the assignment of the thiol form of DTU in water
and acetonitrile solution [176].

There are some contradictions regarding the nature of the first triplet state of
thiouracils. The nm* state as the first triplet state of 4TUrd has been suggested by
Salet et al. [184]. However, optically detected magnetic resonance (ODMR) investi-
gation of 1-methyl-2-thiouracil, 1-methyl-4-thiouracil and 1-methyl-2,4-dithiouracil
[185] and laser photolysis study of uracil, 4TUrd and 1,3-dimethyl-4-thiouracil in
different solvents along with INDO/S calculations [186] have suggested the first
triplet state of thiouracils as the mm* type. The MCQDPT2/MCSCEF level of calcu-
lations on 4TU have also indicated that the wm™* state is the lowest triplet state in
the molecule [181]. Figure 14-4 shows that variation of lowest singlet and triplet
transition energies of nm* and mw* type each for uracil and thiouracils computed at
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Figure 14-4. Variation of computed transition energies of uracil and thiouracils; B: 3ww* in gas, C: 3mm*
in water, D: 3nm* in gas, E: *nm* in water, F: 'mm* in gas, G: 'mw* in water, H: 'n7* in gas, and I:
'nm* in water. Reprinted with permission from ref. [180]. Copyright (2004) American Chemical Society
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the TD-B3LYP/6-311++G(d,p)//B3LYP/6-3114++4G(d,p) level [180]. It is evident
from the Figure 14-3 that for uracil and thiouracils the lowest 3m* state has the
lower energy than the nm* state both in the gas phase and in water solution and
thus supporting the findings of Taherian and Maki [185] and Milder and Kliger
[186] that the lowest triplet state of thiouracils is of the mm* type.

14.3.7. Excited States of Base Pairs

Ground and the lowest singlet mm* excited state geometries of the guanine-cytosine
(GC) and guanine-guanine base pairs were also investigated at the HF and CIS
levels using the 6-311G(d,p) basis set and computed results were compared with
that of isolated guanine obtained at the same level of theory [187]. Two different
hydrogen bonding configurations namely GG16 and GG17 of the guanine-guanine
base pair were studied. In the GG16 base pair, guanine monomers form cyclic and
symmetrical hydrogen bonds in between the N1H site of the first monomer and the
carbonyl group of the second monomer, and vice versa. Whereas, the GG17 base
pair is mainly connected by two strong hydrogen bonds; the amino group and the
N1H site of the first guanine monomer acting as hydrogen bond donors (Gp) is
hydrogen bonded with the carbonyl group and the N7 site of the second monomer
acting as the hydrogen bond acceptor (G, ).

The electronic excitation to the lowest singlet mm* excited state of the GC base
pair was found to be dominated by orbitals mainly localized at the guanine moiety
while those for the GG17 base pair were found to be localized at the G, monomer.
In the case of the GG16 base pair, the orbitals involved in the lowest singlet mm*
electronic excitation were found to be delocalized [187]. Geometries of base pairs
are shown in the Figure 14-5 and selected geometrical parameters are shown in
the Table 14-2. It was found that the amino groups of guanine belonging to the
GC and GG16 base pairs are almost planar while that in the GG17 base pair is
significantly pyramidal both in the ground state and in the lowest singlet "
excited state. The excited state geometries of the isolated guanine and those of the
GC and GG17 base pairs were found to be nonplanar and the predicted structural
nonplanarity in the GC and GG17 base pairs was located at the excited guanine
monomer. The remarkable difference was revealed in the mode of nonplanarity
which was found to be significantly influenced by the hydrogen bonding in the

Figure 14-5. The S1(mm*) excited state geometries of GC, GG16 and GG17 base pairs. The top indices
correspond to that in the ground state (HF/6-311G(d,p)) and bottom indices correspond to that in the
S1(mm*) obtained at the CIS/6-311G(d,p) level
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base pair. The geometrical deformation of isolated guanine and the G, monomer of
the GG17 base pair in the excited state were similar but found to be significantly
different than the structural deformation of guanine monomer of the GC base pair
in the excited state. The geometry of the GG16 base pair was predicted to be almost
planar in the excited state except both guanine monomers are folded with respect to
each other. Thus, this study also suggested that the excited state dynamics of bases
and DNA may be significantly influenced by the hydrogen bonding environments.
The interaction energy of the WC AT, AU and GC base pairs were also studied
in the few lower lying singlet electronic excited states [97, 98]. In these investiga-
tions, the ground state geometries were optimized at the HF/6-314++G(d,p) level
while the excited state geometries were optimized at the CIS/6-31++G(d,p) level
by considering the planar molecular symmetry. The Boys-Bernardi counterpoise
correction scheme [188] was utilized to compute excited state interaction energies.
The computed interaction energies in the ground and singlet mm™* excited state
were found to be similar. However, the nm* excitations were found to signifi-
cantly destabilize the hydrogen bonding in the studies systems. The reduction in
the base pair energy in the WC GC base pair computed at the B3ALYP level was
also found in the triplet mm* state where excitation was localized at the guanine
moiety [189]. But, the WC AT base pair was revealed to be unaffected under such
excitation.

14.4. CONCLUSIONS

Molecules like nucleic acid bases and base pairs possess very complex photophysical
and photochemical properties. Although, the excited state geometries of nucleic
acid bases and base pairs can not be determine experimentally yet, theoretically
the singlet excited state geometries are usually significantly nonplanar compared to
the corresponding ground state. The electronic excitation energies of nucleic acid
bases and base pairs under UV-irradiation are dissipated by ultrafast nonradiative
channels probably operating through conical intersections between the excited and
ground state potential energy surfaces assisted by structural nonplanarity and thus
enabling these genetic molecules to be highly photostable. The degree of hydration
usually affects the mode of excited state structural nonplanarity and therefore, it is
expected that excited state dynamics will depend upon the degree of hydration. In
DNA, hydrogen bonding and stacking interactions have important roles in deciding
the fate of absorbed electronic energy. We hope that with the advancement in
computational algorithms and computer hardware, it will be possible to study more
complex nucleic acid fragments with reliable theoretical methods routinely.
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