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Abstract

The absorption spectra of several systems containing an adenine (A) cation are computed in water by TD-DFT calculations,
using three different functionals and including solvent effects by a mixed discrete—continuum approach. Our calculations well
reproduce the experimental absorption spectrum of deoxyadenosine nucleoside cation (dA™), which provides an intense peak
at 350 nm and a weaker one at 600 nm, allowing its assignment. M052X and CAM-B3LYP predict that the hole is essentially
localized on a single A base also in the cationic forms of dApdA dinucleotide, both in single and in double strand, and of
(dApdT) duplex, exhibiting absorption spectra similar to that of dA*. For all these compounds, B3LYP predicts instead the
delocalization of the hole over two A bases. On this ground, it is possible to propose which would be the spectral signature
of partial hole delocalization. Vertical and adiabatic ionization potentials for the compounds under investigation are also
computed, providing values in good agreement with the available experimental results.
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1 Introduction

The generation of a cation, a ‘hole’, following absorption of
light by a material is a key step in processes ranging from
photovoltaic to photosynthesis [1, 2]. The study of the static
and dynamic properties of photoinduced cationic species is
thus of paramount importance for several research fields,
such as material science [3, 4], electrochemistry [5] or bio-
chemistry [6]. For what concerns the damage of the genetic
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code induced by UV light in DNA, recent studies have
shown that for several oligonucleotides the absorption of a
single photon at ~ 266 nm can ionize the base, with electron
transfer to the solvent and formation of reactive radical spe-
cies [7-11]. This process, besides having obvious biological
consequences, is particularly puzzling, since the measured
ionization potential (IP) of the purine nucleobases in water
(7.3-7.7eV) [12] is 2.5 eV larger than the energy deposited
by 266 nm excitation (4.66 eV). On the one hand, it could be
possible that some of the long living excited states created
in oligonucleotides, such as those with significant charge
Transfer (CT) [13-21] character, could be particularly prone
to undergo ionization. On the other hand, it is also possible
that inclusion of a base in the oligonucleotides leads to a
dramatic lowering of the IP and that partial delocalization
of the hole on multiple bases is possible [22-24]. The extent
of hole localization in oligonucleotides is relevant also for
the study of CT processes in DNA, which are critical to
assess the possible use of oligonucleotides in optoelectron-
ics, explaining the huge number of studies, both experimen-
tal and theoretical, focussing on charge transport in DNA
[17,22,24-37]. In a series of interesting papers, Peluso and
coll. examined several oxidized DNA sequences, ranging
from oligoadenine single strand to guanine-rich fragments
[38—41]. In oligoadenine single strands (containing up to
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4 bases), the computed IP significantly decreases with the
number of bases, mirroring a noticeable delocalization of the
hole over multiples bases [38, 39]. For fragments containing
stacked guanine bases, a similar result is found, though the
decrease in the IP per base is significantly smaller than that
found for adenine (A) [40]. In the present paper we study
the possible hole delocalization from a different perspective,
focussing on the study of the electronic absorption spectra
of A cation. We compare the results obtained for the iso-
lated base in water with those of larger fragments, namely
A dinucleotide (dApdA, hereafter (dA),) both in single and
in double strands, and (dAT), duplex. Transient absorption
spectroscopy is the basic tool to characterize the cascade of
chemical processes triggered by ionization. Adenine cation
(A™) is indeed instable with respect to deprotonation at the
amino group (A-H6 radical, Scheme 1), but this reaction
is sensitive to environmental effects (pH, temperature, etc.)
[42—44]. Furthermore, recent studies show that for isolated
dA the absorption spectra of the two radicals (A* and A-H6)
are extremely similar [7]. An accurate analysis of the spec-
tral changes induced by the inclusion of A* into the oli-
gonucleotides is fundamental to interpret the time-resolved
spectra obtained after one photon ionization, especially
considering that these spectra could be significantly sensi-
tive to partial hole delocalization. Conversely, we also aim
to look for a spectral signature of the hole delocalization,
which would be extremely useful to characterize the charge
migration processes in DNA. This study also provides the
opportunity to get additional insights on the effects ruling
hole localization/delocalization in DNA and, finally, to bet-
ter assess the performance of different TD-DFT functionals
in reproducing the absorption spectra of open shell species.

Scheme 1 Representation of dA+5H,0
the systems under study. See dA

for atom labelling and the posi- /)
tion of explicit water molecules

2 Computational details
2.1 Quantum mechanic calculations

The ground state of the neutral and cationic species was
optimized using density functional theory (DFT), compar-
ing the performance of three different functionals, B3LYP
[45], CAM-B3LYP [46], and M052X [47, 48]. Solvent
effects were taken into account implicitly by considering the
polarizable continuum model (PCM) [49, 50] and in specific
cases also explicitly including a small number of water mol-
ecules of the first solvation shell into the calculations (see
Scheme 1). When computing the vertical ionization potential
(VIP) of dA, we have considered dynamic solvation effects
by using state-specific [S1] PCM calculations, which have
been shown to provide values close to experimental IPs for
several nucleobases [12, 52, 53]. The absorption spectrum
at each minimum was simulated by computing the vertical
absorption energies (VAE) using the time-dependent version
of DFT (TD-DFT). Each VAE was convoluted using a gauss-
ian function with half width at half maximum = 0.4 eV. For-
mal charges have been estimated by a Mulliken population
analysis in terms of §q, i.e., the difference between the popu-
lations of purine ring in the cation and in the neutral ground
state. Geometry optimizations have been performed by using
the 6-31G(d) basis set, ionization potentials and the VAEs by
performing 6-31 + G(d,p) single-point calculations. This has
been the reference level of calculation for this study. Single-
point calculations on dA have also been performed by using
the 6-311 4+ G(2d,2p) basis set. Gaussian 09 package was
used for all the QM calculations [54].

[(dA),(dT),]

SA,
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2.2 Molecular dynamic simulations

The (dA); single helix was built in JUMNA software [55]
and subjected to 500 ns molecular dynamics (MD) simula-
tion performed by the Amber 11 suite of programs [56] with
the bsc0 [57] modification to the parm99 force field [58].
The (dA); structure was solvated with SPC/E water model
[59] in a truncated octahedral box using a 11 A distance
between the solute and the edges of the box. The system was
neutralized with K* counterions, and an excess of KC1 was
added to achieve a final concentration of ~ 150 mM. Periodic
boundary conditions were used, and electrostatic interac-
tions were treated using the particle mesh Ewald methodol-
ogy with a cut-off value of 9 A. Lennard—Jones interactions
were truncated at 9 A. Equilibration was performed using
previously published protocols [60—62]. The production
simulation was run in the NPT ensemble at 300 K using the
Berendsen algorithm for temperature and pressure control
(coupling time set to 5 ps). SHAKE constraints [63] were
applied to all bonds involving hydrogen atoms, allowing for
a stable simulation with a 2-fs integration time step. The
atomic coordinates were saved every 1 ps along the pro-
duction trajectory. From the latter, snapshots were extracted
every 5 ns, for a total of 100 structures. In order to minimize
the effects coming from the terminal 5'- and 3'-end nucleo-
sides, we considered the central dimer (A3—-A4) in the (dA);
structures selected by using it in the subsequent quantum
calculations. The VIPs were computed without the counte-
rion and explicit water molecules.

3 Results
3.1 dA monomer
3.1.1 lonization potential

The computed VIP for dA in solution (taking into account
dynamical solvation effects) is 7.4-7.7 eV, (depending on
the selected functional, Table 1), which is in good agreement
with the experimental results (7.6 eV for AMP) [12] and
previous computational studies (7.7 eV) [12, 52, 64]. Includ-
ing solvent effects significantly lowers the VIP compared
to gas phase, [12, 52, 64-66]; on the other hand, explicit
inclusion of water molecules has a limited effect on the VIP
and negligible on the adiabatic ionization potential (AIP), in
line with previous studies [52]. Linear response PCM shows
once again its limitations in the treatment of dynamical sol-
vation effects, providing severely underestimated VIP values
[12, 52, 53, 64, 67, 68].

Confirming the results obtained on DNA bases [53],
MO052X provides the VIP values closest to the experimen-
tal estimates; CAM-B3LYP also is sufficiently accurate,
whereas the B3LYP results are underestimated by 0.3 eV
with respect to the experimental ones.

The cation is essentially localized over the purine ring
(6 = 0.9 a.u.) according to a simple Mulliken population
analysis (see computational details). The charge delocalized
on the sugar atoms is very small (6 = 0.1 a.u.), the largest
contribution coming from C1' (0.022) and C2' (0.025) car-
bon atoms.

3.1.2 Absorption spectra
The experimental absorption spectrum of A* in LiCl glass

exhibits a broad band at ~ 600 nm (Band I in the follow-
ing) and a more intense peak at ~ 340 nm (Band II in the

Table 1 Vertical and adiabatic

e A VIP AIP

ionization potential (VIP and

AIP in eV) for the different B3LYP MO052X CAM-B3LYP B3LYP MO052X CAM-B3LYP

systems computed at the

specified functional combined dA gas phase 7.94 8.16 8.07 7.59 7.77 7.69

with the 6-31 + G(d,p) basis set dA 7.46 (6.37)  7.68 (6.58)*  7.60 (6.49) 6.10 6.32° 6.19
dA + 5H,0 7.42(6.37)  7.76 (6.70) 7.56 (6.50) 6.14 6.38 6.23
(dA), 7.16 (6.28)  7.65(6.77) 7.55(6.71) 6.08 6.31 6.21
(dA), + 10H,0  7.20(6.34)  7.67 (6.84) 7.65 (6.79) 6.21 6.50 6.35
(dAT), 6.97 (6.20)  7.50 (6.78) 7.48 (6.69) 6.11 6.27 6.19
[(dA),(dT),] 6.98 (6.19)  7.53(6.63) 7.43 (6.59) 6.13 6.29 6.19

Solvent effects considered with PCM (and including explicit water molecules if specified). VIP computed
at the state-specific non-equilibrium level (the linear response results are reported in parenthesis)

26.58 eV with the 6-311 + G(2d,2p) basis set
b6.33 eV with the 6-311 + G(2d,2p) basis set
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following), ca. three times more intense than the red wing
feature (inset in Fig. 1) [7]. The spectrum of A* in water
solution at room temperature is not available, due to the
larger stability of A-H6 radical, whose spectrum in water,
however, is extremely similar to that recorded in LiCl glass
[7].

The computed spectrum (Fig. 1) of dA™ is fully con-
sistent with the experimental one for all the density func-
tional examined, with two bands, a broad one at ~ 600 nm
(Band I = 2.07 eV) and a more intense peak at ~ 340 nm
(Band II = 3.65 eV). From the quantitative point of view,
B3LYP provides a spectrum which is blue-shifted by 0.2
(Band I) and 0.5 (Band II) eV with respect to the experi-
mental one, while the blue-shift with respect to the experi-
ments increases at the CAM-B3LYP (0.4 and 0.7 eV for
Band I and Band II, respectively) and M052X level (0.5
and 0.6 eV for Band I and Band II, respectively). On the
other hand, our calculations lack of vibrational and ther-
mal effects, whose inclusion is expected to induce a signifi-
cant red-shift (~ — 0.2 eV) of the computed spectrum [69,
70]. Considering the effect of an additional increase in the
basis-set size, the PCM/TD-B3LYP spectrum would result
extremely close to the experimental one, whereas those
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Fig.1 Spectrum of dA* monomer computed in PCM at the
B3LYP/6-31 + G(d,p) (pink), M052X/6-31 + G(d,p) (blue) and
CAM-B3LYP/6-31 + G(d,p) (green) levels of theory. Inset: experi-
mental spectra extracted from ref [7]

provided by CAM-B3LYP and M052X would be moderately
blue-shifted, by 0.2 and ~ 0.3 eV respectively. The relative
intensity of two bands is instead well reproduced by all the
functionals employed.

Several transitions, some of them weak, contribute
to the absorption spectra. The most intense transition,
being the main responsible of Band II corresponds to a
SOMO — LUMO a excitation, and it is reminiscent of the
HOMO — LUMO state of the parent neutral A. Band I
can be assigned to transitions involving f spin and SOMO
orbital, being two of them relatively more intense than the
others (at ~ 500 nm and > 600 nm). According to B3LYP,
these two transitions have similar intensity, whereas accord-
ing to M052X and CAM-B3LYP the one at 500 nm is much
more intense. This feature explains why the shape of the
MO052X and CAM-B3LYP spectra is closer to the experi-
mental one; at the B3LYP level Band I is broader than its
experimental counterpart.

The qualitative assignment of the electronic transitions is
similar for all the functionals examined (Table 2). However,
the M052X and B3LYP orbitals are different, with the lat-
ter functional providing larger contributions from orbitals
mainly localized over the sugar ring (see Fig. 2). We have
also observed such larger participation of the sugar moiety
(and even H,O molecules) in B3LYP orbitals for the (dA),
system. Inclusion of explicit solute—solvent hydrogen bonds
does not dramatically affect the absorption spectrum, except
for a small increase of the intensity of Band I and a tiny red-
shift of Band II (Figure S1).

3.2 (dA), dinucleotide: single strand

Once having optimized the minimum for (dA), starting from
a B-DNA conformation, we have computed the VIP and then
the AIP, following (dA)} optimization at the PCM/DFT/6-
31G(d) level, by using the three functionals examined. When
computing the VIP, all functionals predict that the hole is
delocalized, though not perfectly, on the two bases: dq-> A
0.53, 0.57 and 0.39 and 6q-*'A 0.38, 0.36 and 0.53 a.u. at
M052X, CAM-B3LYP and B3LYP levels, respectively. The
picture provided by the three functionals is instead dramati-
cally different after geometry optimizations of (dA)3. Both
MO052X and CAM-B3LYP predict indeed that the extent of

Table2 Assignment, vertical

. . B3LYP MO052X CAM-B3LYP

absorption energies (VAE,

in eV [nm]) and oscillator VAE f VAE f VAE f

strengths (f) for the first four

transitions calculated for dA* in Hﬂ — S 2.01 [615] 0.029 2.57 [482] 0.064 2.45 [506] 0.065

PCM using different functionals zf—S 2.47[501] 0.034 3.33 [371] 0.003 3.12[397] 0.004

and the 6-31 + G(d,p) basis set S —La 3.95 [313] 0.081 4.27 [290] 0.162 4.14 [300] 0.142
B — S 4.16 [298] 0.140 4.51[275] 0.127 4.40 [282] 0.128
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Fig.2 Molecular orbitals -
of dA* involved in the most

intense transitions collected in HB
Table 2

hole delocalization is rather small, though not exactly zero.
In (dA)J minimum the two A bases exhibit very different
geometries: one is very similar to a neutral A, while the
other to the A* cation. Accordingly, Mulliken population
analysis shows that ~ 85 to 90% of the extra charge is local-
ized over one *'A ring while the remaining 15-10% is dis-
tributed on the backbone. Analysis of the spin density pro-
vides the same conclusion. As shown in Fig. 3, the unpaired
electron is essentially localized over one A and, therefore,
the hole in the other.

As shown in Table S1 and Figure S4, A ionization leads
to noticeable structural changes in the dinucleotide: (i) the
x angle of the two bases shifts up to 30—40°, (ii) the phase

Fig.3 Spin densities and dq val-
ues for the optimized cationic
species of (dA); and duplexes,
using the specified functionals
(MO052X in blue and B3LYP in
pink)

S de,
S, de.

by
*

angle of the ¥A increases, and (iii) the stacking area between
the two bases decreases. These shifts can be explained by the
tendency of the cationic base to partially unstack in order to
be better exposed to the solvent.

B3LYP calculations predict instead that the hole is fully
delocalized over the two bases, which are characterized by
geometrical parameters intermediate between those typical
of A and A*. According to Mulliken population analysis,
5qis 0.43 a.u for >A and 0.47 a.u. for ¥A, and the unpaired
electron is delocalized on the two bases (see Fig. 3).

The vertical and adiabatic IPs of (dA), are collected in
Table 1. The computed SS-PCM VIP for (dA), exhibit a
small decrease (M92X(0.03 and “AM-B3LYP( 05 eV) with

0+ 0.80
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respect to the values computed for dA. Differences between
dA™ and (dA)} AIPs are even smaller, decreasing by 0.01 eV
at M052X and increasing by 0.02 eV at CAM-B3LYP. This
result is not surprising because, when going from dA™ to
(dA)T the extra stabilization of the cation (which is possi-
ble only in the dinucleotide) can be counterbalanced by the
larger exposure to the solvent experienced by the monomer.

Indeed, the shifts predicted for the AIP are very small
also for B3LYP, notwithstanding the extreme hole delocali-
zation predicted by this functional. For CAM-B3LYP and
MO052X, the computed AIP does not remarkably depend on
the inclusion of explicit solvent molecules, in agreement
with previous studies for A [52]. On the other hand, for
B3LYP inclusion of explicit H,O has a dramatic effect on
the final picture, since it leads to a localization of the cation
at the >'A base, with q equal to 0.72 a.u.

As a last step of our analysis of the effects modulating
the IP in longer sequences, we have investigated the role
of conformational flexibility on the VIP. To this aim, we
have computed the VIP for 100 different dimer structures
extracted from a long MD simulations on (dA); pentamer,
as explained in the Computational Details section. The aver-
age value obtained from 100 configurations at the PCM/
MO052X/6-31 + G(d,p) NEQ level is 7.54 + 0.11 eV, i.e.,
0.08 eV lower than that obtained for (dA), after geometry
optimizations at the same level of theory. VIPs values span
arange of 0.5 eV (from 7.30 to 7.80 eV). In order to check
if this result is due to the use of geometries issuing from
MD simulations, we also calculated the VIPs of all the A
structures in the dimers as isolated monomers (200 calcu-
lations in total). In this case PCM/M052X/6-31 + G(d,p)
gives an average VIP of 7.74 +£ 0.11 eV, i.e., 0.2 eV larger
than that found for the dimers, confirming that inclusion of
conformational disorder leads to a slight decrease of the VIP.

The absorption spectra computed for (dA)3 by the three
density functionals are collected in Fig. 4 together with their
(dA)* monomer counterpart. For M052X the absorption
spectrum is very close to that predicted for (dA)*, with band
maxima almost superimposed and the relative intensity of
Band I and II maintained (Fig. 4a). The most intense transi-
tions are not significantly affected by the extremely small
hole delocalization (6q is 0.85 for ¥A) and are very similar to
those described above for A*. The only noticeable difference
concerns the lower intensity of the (dA)J spectrum com-
pared to the monomer, which is likely due to the presence of
the ‘neutral’ A stacked to A*. This base, besides decreasing
the solvent exposed surface of A*, provides a small contribu-
tion to the A" transitions, which could give account of their
rather low intensity. The presence of a close lying stacked
A base also induces the appearance of several almost dark
low-energy transitions, involving interbase excitations. For
example, the lowest energy excited state (falling at 1.2 eV)
basically involves hole transfer from the cationic A to its

@ Springer
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Fig.4 Spectrum of (dA)} (solid) and dA™ monomer (dashed) com-
puted in PCM at the a B3LYP/6-31 + G(d,p) (pink), b M052X/6-
31 + G(d,p) (blue) and ¢ CAM-B3LYP/6-31 + G(d,p) (green)
levels of theory. In panel b the spectra computed at the M052X/6-
31 + G(d,p) for the optimized (dA)F B3LYP/6-31G(d) minimum is
shown in black solid line

stacked partner. These transitions, which, because of their
very small oscillator strength, do not noticeably affect the
absorption spectra, could, nonetheless, modulate the pho-
tophysics of A* containing sequences. Furthermore, it is
also possible that, because of the conformational fluctuations
of oligonucleotides, for some structural arrangements the
intensity of these dark transitions could increase, leading to
a broadening of Band I with respect to that found in dA*. For
CAM-B3LYP, where the degree of localization is even larger
(6q is 0.9 for ¥A), the spectra of (dA)F and the monomer are
very similar and the decrease in the intensity with respect to
the monomer is less significant than for M052X.

The spectrum computed for (dA)3 by B3LYP is instead
very different from that of dA™, with a broad red tail in the
visible appearing in the spectrum (Figs. 4b and S2). On the
other hand, the analysis of the electronic transitions reveals
that most of the low-lying excited states have a significant
CT character. B3LYP suffers indeed from the well-known
limitations of non-long-range corrected functionals and
hugely overestimates the stability of long-range CT tran-
sitions [71]. Actually, in the system (dA)3-10H,0, a very
broad band in the visible is present, where many transitions
have a solute—solvent CT character, often involving one base
and the solvation shell of the other one (see Figure S3). The
presence of many spurious low-energy CT transitions makes
very difficult to use the B3LYP results to investigate the
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consequences of hole delocalization on the optical spectra.
To this aim, we have computed the spectra of (dA)} at the
PCM/TD-MO052X level, but using the minimum optimized
at the B3LYP level, where the two bases have very similar
geometries. The hole appears to be more delocalized than
when using the M052X optimized geometry, though it is
clear that the unpaired electron is mainly localized over the
S'A. This partial delocalization has a dramatic effect on the
absorption spectrum. The red wing tail is significantly more
intense, leading to the broadening of Band I, while the rela-
tive intensities of Band I and Band II are much more similar
(Fig. 4b).

3.3 Duplexes

In the alternated AT sequences, the structural properties of
the cation, (dAT);, are similar to those found in isolated
dA*; this result could be expected since the IP of Thymine
is larger than that of A, explaining why the hole is essentially
localized over this latter base, as shown in Fig. 3. Mulliken
population analysis, accordingly, indicates that 5q is 0.81 for
one A and 0.11 for its associated backbone (with the C atom
of the sugar bonded to A showing 6q = 0.02 a.u). As a con-
sequence, the absorption spectrum predicted in the duplex
is very similar to that found in the monomer (Fig. 5a), for
what concerns both the position and the intensity of Band I
and Band II. SS-NEQ-VIPs are slightly lower (~ 0.2 eV) for
(dAT), compared to the monomer; on the other hand, the

03 r r —
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01} J
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00 —r
dA), dT),]"
oz b (b) [(dA), (dT),] ]
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0.05 | J
\- \'=;
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Fig.5 Spectrum of a (dAT); (brown) and dA* monomer (black
dashed) and b [(dA),(dT),]* (yellow) and (dA)F dimer (black) com-
puted in PCM at the TD-M052X/6-31G(d) level of theory. The spec-
tra computed on the PCM/B3LYP/6-31G(d) minima are shown in

grey

computed AIPs are very similar to those of dA™ (Table 1).
B3LYP predicts instead that the hole is delocalized over
the two bases (5q is 0.40 for A, and 8q is 0.44 for >'A,),
notwithstanding the poor stacking between the two bases.
Actually, in (dAT)? hole delocalization leads to a significant
decrease of the adenine interbase distance (Figure S5).

In AT homoduplex [(dA),(dT),]*, we observe instead a
scenario rather similar to what found for (dA)3. Within the
duplex, the two A are not as close as in (dA)J; for exam-
ple, the interbase distance *'C4->'C2 is ~ 0.3 A larger (3.45
and 3.17 A, respectively). Also in [(dA)2(dT)2]Jr the hole is
almost perfectly localized over one of the two A bases (°'A),
as shown by the spin density (Fig. 3), and by 6q = 0.80. On
the other hand, the presence of a stacked A affects the elec-
tronic transitions, whose positions are very similar to those
of dA™*, but whose intensity decreases, as discussed above
for (dA)F (Fig. 5a, b). Inspection of the transition densi-
ties shows indeed that some of the most intense transitions
acquire a small intra-strand CT character. The decrease is
smaller for [(dA),(dT),]* compared to (dA)3, probably due
to the larger interbase distance observed in the duplex. As
for (dA)}, B3LYP predicts hole delocalization over the two
A bases (q is 0.38 for *A and 6q is 0.46 for >'A).

Also for duplexes we have exploited the availability
of minima presenting hole delocalization to gain insights
into the consequences of this phenomenon on the optical
spectra, by means of PCM/TD-M052X calculations on the
PCM-B3LYP minima. For both (dAT)} and [(dA),(dT),]*
duplexes, the spectra of the delocalized cation, plotted in
grey in Fig. 5, show that the relative intensity of Band I
increases, confirming the indications obtained on (dA)3. A
small red-shift of Band I maximum is also observed.

Also for the homoduplex our calculations predict
a small decrease of the IP, with respect to the monomer
(~ 0.15 eV), whereas the AIPs are not affected. The small
shift found in the VIP does not depend on hole delocaliza-
tion: we find indeed very similar results in the alternated and
in the homoduplex. A larger computational model would
be necessary to assess the effect of DNA on the VIP of A.
Interestingly, the ionization process does not induce strik-
ing changes in the stacking geometry, but, as expected, the
presence of the cation strengthens one of the WC hydrogen
bonds.

4 Concluding remarks

In this study we have analysed the optical properties of the
cation derivative of A nucleoside in different environments,
from the aqueous solution to a dinucleotide, both in single
and in double strands. In the former case, we studied the
AA sequence, whereas in the latter both the AA and the AT
sequences. We resorted to DFT and TD-DFT calculations,
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checking the performances of three commonly used density
functionals, namely B3LYP, CAM-B3LYP and M052X.
Aqueous solution was described by the polarizable contin-
uum model and, for dA and (dA),, including up to ten water
molecules of the first solvation shell. Our aim was to verify
the possibility of partial hole delocalization and, if this was
the case, its consequences on the spectrum. The calculation
of the spectra was also complemented by the computation
of vertical and adiabatic ionization potentials.

For (dA)™ all the adopted functionals provide an absorp-
tion spectrum in qualitatively agreement with the experi-
mental one, which enables the assignment of the two most
intense bands appearing in the spectrum at ~ 600 nm (Band
I) and at ~ 340 nm (Band II). The former is due to two
transitions involving the f electrons, and, in particular, the
SOMO. Both « and g electrons instead contribute to Band
II. The computed VIP is very close to the experimental one,
MO052X being the most accurate between the functionals
examined. It is confirmed that a proper inclusion of dynami-
cal solvation effect is mandatory to reproduce the vertical
ionization potential in solution.

Both CAM-B3LYP and M052X predict that the hole is
essentially localized on the purine ring of a single A base
also in dinucleotides, not only in the presence of a T but
also when two A bases are stacked. As a consequence, the
spectrum of the cation is very similar to that computed for
(dA)*. Consequently, also the VIP and AIP are very simi-
lar to those predicted for the monomer. Recent studies have
instead shown that partial hole delocalization in stacked ade-
nines can decrease the IP up to 0.2 eV [38, 39]. On the other
hand, these estimates have been obtained for A* embedded
within a single strand, i.e., for a model of the monomer very
different with respect to that examined here. In our case,
instead, the larger solvent exposed surface in the monomer
can counter-balance the possible hole delocalization effect.
Actually, the comparison between the stacking geometry of
(dA), and (dA)} confirms that ionization can induce a small,
but noticeable unstacking, allowing a better exposure of the
cation to the solvent.

Also B3LYP predicts the IPs of dA and (dA), are simi-
lar, notwithstanding this functional predicts that the hole
is delocalized over two A. Analysis of the cations of AT
and AA duplexes provides the same conclusion drawn for
the single strand, with B3LYP predicting a full hole delo-
calization over the two A bases, also for (dAT) alternated
duplex, where the stacking between the A bases is poor.
Rapid deprotonation of A cation in oligoAde single strand
does not allow to get unambiguous experimental indications
on the possible hole delocalization [7]. On the other hand,
following UV absorption, transient IR spectra of alternated
and homo AT duplexes show the spectral signature of A
cation, which is formed on a < 5 ps timescale and decays
back to the ground state within 300 ps, without any hint of
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significant hole delocalization [15]. This result suggests that
B3LYP has a tendency to over-stabilize delocalized cati-
onic electronic structures and confirms that the description
of localization/delocalization is extremely sensitive to the
adopted computational model and, for DFT calculations,
to the chosen functional. For what concerns solvent effect,
inclusion of explicit solute—solvent hydrogen bonds favours
hole localization.

A single-point TD-M052X calculation on the minimum
of (dA)} computed by B3LYP gives useful insights on the
consequences of hole delocalization on the optical spectra
of dA* cation. In the presence of a partial delocalization,
the relative intensity of Band I and Band II is more similar,
and intensity of the broad red tail for A > 700 nm increases.

The picture just described is that issuing from the analysis
of the minima, which, though representative of highly popu-
lated regions of the potential energy surface (for example,
the B-DNA conformation), could not provide an exhaustive
description of the conformational behaviour of DNA, espe-
cially for single strand. As a first step towards the inclusion
of conformational fluctuations [72] in our treatment, we have
computed the VIP of a (dA), on an ensemble of structures
issuing from a long MD simulation of an oligoAde fragment.
This procedure indicates that the VIP decreases by ~ 0.2 eV
with respect to that found for the monomer; strand fluctua-
tions, allowing, for example, closely stacked bases or the
approach of the negatively charged phosphate moiety to
one of the base, can thus modulate DNA photoionization.
Analogously, for what concerns AIP, it could be in prin-
ciple possible that starting from peculiar strand conforma-
tions, geometry optimizations lead to partially delocalized
A cations. On the other hand, our results point out a strong
tendency to localize the hole on a single A base.
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