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Abstract: Energies and structures of different arrangements of the stacked adenine homodimer have been
computed at the ab initio CASPT2 level of theory in isolation and in an aqueous environment. Adenine
dimers are shown to form excimer singlet states with different degrees of stacking and interaction. A model
for a 2-fold decay dynamics of adenine oligomers can be supported in which, after initial excitation in the
middle UV range, unstacked or slightly stacked pairs of nucleobases will relax by an ultrafast internal
conversion to the ground state, localizing the excitation in the monomer and through the corresponding
conical intersection with the ground state. On the other hand, long-lifetime intrastrand stacked excimer
singlet states will be formed in different conformations, including neutral and charge transfer dimers, which
originate the red-shifted emission observed in the oligonucleotide chains and that will evolve toward the
same monomer decay channel after surmounting an energy barrier. By computing the transient absorption
spectra for the different structures considered and their relative stability in vacuo and in water, it is concluded
that in the adenine homodimers the maximum-overlap face-to-face orientations are the most stable excimer

conformations observed in experiment.

Introduction

Because of the growing concern about the role of solar UV
light on human health, the study of DNA’s behavior against
such type of radiation is an area of increasing research.' ® The
excited-state nature of DNA and its nucleobase multimers is
complex and depends on conformation and base sequence.>’*
The absorption spectrum of DNA closely resembles that of the
building-block monomers. The low-lying excited states of
nucleic acid base (NAB) monomers are accessible by middle
UV absorption, near 5 eV, >'> and have extremely short
lifetimes, in the sub-picosecond regime, due to the presence of
ultrafast internal conversions channels toward the ground state,
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displaying just a very weak emission (;7; = 10™*) measured in
polar solvents.**!' In the multimers, however, the fluorescence
spectrum is characterized for having an additional longer-decay
component, red-shifted with respect to that of the constituent
nucleotides. The slow relaxation channels have been measured
in a variety of oligonucleotides by different techniques, such
as time- and wavelength-resolved fluorescence'''* and femto-
second excited-state absorption (fs-ESA),”'"'31¢ although the
nature of the decay is still under debate.'*'” The origin of the
long-decay channels is nowadays attributed to the existence of
excimer or exciplex states of pairs of s;-stacked nucleobases
(homodimer or heterodimer, respectively), a concept that was
first used by Eisinger et al."® to describe the observed red-shifted
emission as being an excimer fluorescence, and has been firmly
established at a theoretical ab initio level.'®

The most recent accounts'>'® suggest that after initial
radiative population of delocalized exciton states on the NAB
multimers, the system evolves in an ultrafast manner to either
a fluorescent excimer/exciplex state or a localized excited-state
of the NAB monomer, depending on the larger or smaller degree
of stacking, respectively. From the long-lived excimer/exciplex
state, the system is expected to decay to the ground-state slowly
(r > 10 ps), while the relaxation along the monomer path should
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be ultrafast (7 < 2 ps), as known in the isolated systems.>'® It
has been claimed that the excimer/exciplex state has a charge
transfer (CT) nature and that there exists a correlation between
the state lifetime and the driving force for charge recombina-
tion.'® The formation and quenching of bonded exciplex CT
states has been also described between pyridine and cyanoaro-
matic electron acceptors as a new form of photochemical
reaction.”® The fate of the excited state will be strongly
dependent on the extent of charge reorganization between the
monomers and the relative energetic position of the CT and
non-CT excimer states, information that can be obtained from
theory. In the case of DNA, dynamics validation of the model
only relies on a theoretical time-dependent density functional
theory (TD-DFT) report of adenine and 9-methyladenine dimers
and trimers in which the CT states were obtained as the low-
lying excimer states in solution.?' The results of the TD-DFT
methodology in calculations that simultaneously involve CT and
non-CT excited states must always be taken with great caution
because of the well-known tendency of TD-DFT toward severe
underestimation of CT excitation energies.>> > Particularly in
this case, a recently published study?® suggests that the
mentioned TD-DFT report underestimated the CT excitation
energies by near 1 eV. It is clear that there is a need of having
theoretical studies at higher levels of theory. In the present paper
we will focus our interest on the analysis of the excited
electronic states responsible for the spectroscopic properties for
different adenine (9H-adenine, A) dimer arrangements in vacuo
and in an aqueous environment. The relative positions and
binding energies of the excimer states, excitation energies,
and oscillator strengths for transient absorption spectroscopy,
and an overall model for the deactivation dynamics of the
homodimer, shall be offered. The results, obtained by an
accurate quantum-chemical ab initio method, namely the
complete active space self-consistent-field second-order pertur-
bation theory (CASPT2),>’~?° employing high-quality ANO-
type basis sets,*® and using the Polarizable Continuum Model
(PCM)*!** for solvation effects, are expected to provide the
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Table 1. Energies of the Low-Lying Singlet =z* Excited States in
the 9H-Adenine Monomer Computed at the Ground-State
Geometry with Different Basis Sets and Active Spaces

active space
basis set (e7/MO) CASPT2 energies (eV)
6-31G(d,p)* 16/13 N 5.16
N 5.35
6-31G(d)® 10/9 Si 5.10
S, 5.45
ANO-L C,N[4s3pld]/H[2s]+1s1pld® 10/10 N 5.13
Sy 5.20
ANO-S C,N[3s2p1d]/H[2s1p] 6/6 Si 5.25
S, 542

“ Values taken from refs 4 and 5. * The standard Gaussian-d exponent
0.8 has been replaced by the more diffuse exponent 0.25 in the basis
set. See ref 42. “ Values taken from ref 41.

grounds to establish more complete models to understand DNA
relaxation dynamics.

Methods and Computational Details

Characterization of the lowest singlet states of the adenine
homodimer in different arrangements has been carried out by using
the CASPT2 method as implemented in the MOLCAS 6.3
software.®>*>* In order to minimize weakly interacting intruder
states, the imaginary level-shift technique (0.2 au) was employed.*
The basis set of Atomic Natural Orbital (ANO-S) type with the
primitive set C,N(10s6p3d)/H(7s3p),*® contracted to C,N[3s2p1d]/
H[2s1p], was used throughout. The CASSCF state interaction
(CASSI) method®”® was used to calculate the transition dipole
moments. In the expression for the oscillator strength, the CASSCF
transition moment and the energy difference obtained in the
CASPT2 computation were employed. Considering our interest in
the calculation of zsr* states of the homodimer, the active space
for the CASSCF wave functions comprises a total of 12 electrons
distributed along 12 7t molecular orbitals (MOs), that is CASSCF(12/
12), that correspond to 6 MOs of each adenine. Other states, such
as nr*, will be much higher in energy (because of hydrogen-bond
interactions of different types in the DNA strand) and will play a
minor role.>**° In order to select the proper basis set and active
space, CASPT? calibration calculations were performed on the low-
lying singlet states of the adenine monomer using the optimized
CASSCEF (11,12)/6-31G(d,p) ground-state geometry obtained by
Serrano-Andrés et al.” Table 1 compiles the results of modifying
basis sets and active spaces. In particular, the use of the more
restricted (6,6) active space for adenine still provides results that
are in agreement with the values obtained earlier employing larger
active spaces.”*!

For the study of the adenine homodimer, different molecular
arrangements were studied in vacuo and in water, employing in
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(b)

Figure 1. Labeling for the adenine molecule. Structure a corresponds to the ground-state equilibrium geometry of the monomer computed by Serrano-
Andrés et al.> and b to the adenine dimer at the optimized '(A*A).. S, state. Main bond distances are displayed in angstroms. The inset of part a illustrates
the parallel face-to-face arrangement of the adenine dimer, whereas the inset of part b illustrates the orientation in the optimized '(A*A ). state face-to-face

minimum.

the latter case the PCM model*'-*? as implemented in the MOLCAS
package.*** A reaction field approach uses a polarizable dielectric
continuum outside a properly shape-adapted cavity to account for
the most relevant solvation effects, in an aqueous medium here,
and is computed in a multiconfigurational self-consistent manner
at the CASSCF level and added to the Hamiltonian as a perturba-
tion, defining the CASPT2/PCM approach. The employed model
(see Supporting Information) is considered sufficient to incorporate
the main solvation effects on the ground and s excited states of
the adenine dimer.

At this level of theory, different sets of calculations were
performed with six different molecular arrangements of the adenine
homodimer: a face-to-face symmetric orientation using ground-state
optimized monomers, the dimer locally excited state '(LE) inspired
in the homologous cytosine homodimer;® the B-DNA A-dimer
arrangement, also using ground-state optimized monomers (B-
DNA); an excited-state optimized face-to-face excimer, '(A*A)ex;
two B-DNA orientations including individually optimized cationic
and anionic A monomers, (> AcAa’) and (CAnAc’), and finally
an adapted TD-DFT CT excited-state optimized minimum from
ref 21 (((ATA7)qy, see below). A different number of roots, seven
unless indicated, were used in the average procedure of the CASSCF
method to account for the change of order between the CASSCF
and the CASPT?2 solutions. Except when mentioned, no symmetry
restrictions have been used in the calculations. In same cases, as
indicated, at specific geometries of the S, state, 30 singlet roots
were computed at the CASPT2 level in order to explore the
measured transient excited-state absorption. As shown previously,®'#+3
inclusion of the basis set superposition error (BSSE) is crucial to
accurately describe the binding energies (E},) and relative position
of the excimer states. Here the effect was taken into account by
using the counterpoise correction (CP)** (see Supporting Informa-
tion), and the corresponding energies, the only ones used in the
discussion, will be named BSSE-corrected or CP-corrected (e.g.,
CP-corrected binding energy, CP-E},). Additional computational
details and the employed geometries can be found in the Supporting
Information.

Results and Discussion

Femtosecond excited-state absorption (fs-ESA) experiments”*'¢

carried out on a variety of synthetic DNA oligonucleotides in
aqueous solution, for instance (dA);s, obtained multiexponential
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decays including relaxation lifetimes between 10 and 100 ps
that were attributed to decay from singlet excimers. It was
suggested that, after pump absorption at 266 nm, a high yield
of the absorbed photons generates excimers whose transient
decays at the probe pulse 250 nm (used to reveal ground-state
reconstitution) in lock step with the signal at 570 nm (used for
probing the excited state) at times greater than 10 ps repopulat-
ing the ground state. An additional time-resolved study'' on
(dA),o provided evidence for temporal evolution from three
distinct states, the first of them characterized by ultrafast
relaxation with a ~0.39 ps of decay time, assigned to a
monomer-like relaxation, and the second and third ones display-
ing relatively long-lived states with ~4.3 ps and ~182 ps
lifetimes, respectively, suggested to be originated from excimers.
In order to determine the nature and relative position of the
different excimer states of the A homodimer in the gas phase
and solution, different molecular arrangements of the stacked
dimer have been studied at the CASPT2 and CASPT2/PCM
level of theory.

A. The Lowest Singlet State in the Parallel Excimer:
L(LE). As a first step toward the characterization of the low-
lying singlet excimers of adenine, the potential energy curves
(PECs) with respect to the intermolecular mass-center separation
(R) of two adenine molecules kept at the ground-state equilib-
rium geometry have been built at the CASPT2 level. The
selected orientation is a symmetric face-to-face parallel arrange-
ment of the A-dimer (see Figure 1), which leads to the maximum
overlap and interaction between the 7 systems of the monomers.
Although this homodimer displays spatial C; symmetry, we use
no symmetry restrictions (C, symmetry) in the computation of
the electronic state energies to avoid the problems related to
wave function symmetry breaking.*’

Hereafter, relative energies will be referred to two ground-
state isolated adenine molecules. In the asymptotic limit S; and
S, become degenerate. They are related to the equivalent
situations A + A* and A* + A, where A and A* represent the
ground-state adenine and its lowest singlet excited state,
respectively. Thus, the absorption S;—S; calculated with the
monomers separated 20 au corresponds to the monomer

(45) Merchéan, M.; Pou-AméRigo, R.; Roos, B. O. Chem. Phys. Lett. 1996,
252, 405-414.
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Figure 2. BSSE-corrected CASPT2 potential energy curves built with respect to the intermolecular distance (R) of two face-to-face ;-stacked adenine
molecules. The curves correspond (in increasing energy order) to the singlet Sy, S;, and Systates.

absorption, and it is here computed at 5.25 eV in agreement
with previous findings, as can be seen in Table 1. When the
two molecules are constrained to be parallel, the PEC for the
ground state at the CASPT2 (12/12) level is weakly bound (see
Figure 2) having a binding energy of 0.13 eV with a minimum
at the intermolecular distance of 3.704 A. We have a well-
defined minimum for S at 3.059 A with a binding energy (CP-
Ey) of 0.83 eV. The S, electronic state is bound with a binding
energy of 0.27 eV at an intermonomer distance of 3.440 A. At
that local S; minimum, hereafter '(LE), the computed vertical
emission energy, 4.14 eV, is 0.3—0.4 eV lower than the
measured monomer fluorescence,”® " and it can be related
to the red-shifted fluorescence observed in adenine oligonucle-
otides, ! supporting the excimer origin of such emission, whose
energy and quantum yield will depend on the secondary structure
of the single-stranded polymer.” The pronounced S,—S; gap
points out an efficient coupling between the two states, as
previously noted for related systems.>* At this point, the
existence of adenine excimers is predicted, and it can be
regarded as an intrinsic property of the A-dimer, as determined
for other pyrimidine NABs dimers.®'819-1-22

Figure 2 contains the PECs for the face-to-face symmetric
display. The correction of the BSSE is essential for the accurate
calculation of the binding energies and to account for the relative
position of the different excimer states, even if the vertical
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energy values are barely affected. The BSSE-uncorrected
A-dimer PECs have been included in the Supporting Informa-
tion. The most important difference is that the electronic states
lose a high percentage of binding character when the BSSE is
taken into consideration. Actually, Sy and S, have well defined
minima in the uncorrected PECs, and S, has a binding energy
of 2.17 eV, 1.34 eV larger than for the CP corrected curve,
which also decreases the intermolecular distance for the S,
minimum in 0.144 A. In fact, the Sy state becomes unbound at
the '(LE) structure, lying at 0.25 eV from the reference isolated
systems.

B. The Relaxed Singlet Excimer State: '(A*A). Another
conformation for the homodimer has been obtained by perform-
ing a geometry optimization of the lowest singlet state of the
adenine dimer, initially performed within the constraints of the
C, symmetry, in which the lowest-energy state at the CASPT2
level corresponds to the first root of A" symmetry. The same
12/12 active space has been employed, distributed in six szz-active
MOs in each of the irreducible representations a’ and a. At the
optimized geometry, the electronic singlet states have been
computed without symmetry restrictions. The relaxed singlet
excimer '(A*A).,., whose CASSCF optimized geometry is
represented in Figures 1 and 3, has a binding energy (CP-E,)
of 1.23 eV, and it is stabilized 0.40 eV from the '(LE) excimer
structure. The interaction between the two moieties is the highest
because the system remains fully stacked and the intermonomer
distance decreases, in particular between the Cs—Cs atoms. The
interaction between the two moieties also produces the elonga-
tion of the C4;—Cs (C4—Cs) monomer bond, which loses the
double bound character. The S, state at the '(A*A).,. geometry
has a CP-E, of just 0.01 eV, whereas the S,—S; splitting is
1.74 eV, considerably larger than in the other situations studied.
That reflects a strong coupling between the states. The vertical
transitions toward the ground state are computed to be 2.65 and
4.37 eV for Sy and S,, respectively, and are strongly red-shifted
as compared to the lowest vertical singlet—singlet transition of
the adenine monomer in solution (4.5 eV).> As in the '(LE)
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B-form DNA

CP-E, (S)) = 0.42 eV
(Se—>S1)=5.14eV
ﬂ(s; = S|) =036eV

'(LE)

CP-Ey (S1)=0.83 eV
(So—>S1)=4.14eV
A(S:—8)=0.80 eV

"A*A)exe

CP—Eh (S]} =123eV
(So—>S1) =2.65 eV
AS:—S))=1.74eV

Figure 3. Structures for two adenine molecules: (a) at the ground-state
B-form DNA; (b) at the Slocally excited state '(LE)-type structure in a
symmetric face-to-face orientation; (c) at the optimized minimum of S,
(also face-to-face orientation; see text). The computed CASPT2 binding
energies (CP-Ey) for Sy, and the vertical transition energy (So—S;), together
with the splitting for the two lowest excited states, A(S, — S;), are also
included. Interatomic distances in angstroms. On the right is shown the
overlap between the two moieties in the different structures.

conformation, the ground state is clearly unbound, displaying
a relative energy of 1.37 eV above the reference isolated
molecules. The dissociative character of the ground states speaks
in favor of the arrangement as a source of unstructured red-
shifted emission.

C. The Lowest Singlet State in the B-Type DNA Conforma-
tion. The low-lying singlet states of the adenine dimer have been
also studied in a conformation in which the relative orientation
of the ground-state optimized monomers uses the standard
parameters of the B-form of DNA.>* This model is mainly
characterized by a twist angle of 36° between the two members
of the dimer. Figure 3 compiles the relative orientations and
the CASPT2 energy bindings, vertical excitations, and excited
state splitting for different arrangements of the adenine
homodimer.

(53) Lu, X.-I.; Olson, W. K. Nucleic Acids Res. 2003, 31, 5108-5121.
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As can be readily seen from the molecular drawing, the
ground-state stacking in the B-form is somewhat different from
the symmetric face-to-face (or “sandwich’-like) geometries
required for producing the '(LE) and optimized '(A*A).,. energy
minima, conceived to maximize the stacking interaction. In the
ground-state B-form DNA, the interatomic distances R(C4—Cy)
and R(Cs—Cy) are about 3.309 and 3.794 A, respectively, both
larger than those in '(LE), at 3.059 A, whereas the dihedral
angle [JC4;—Cs—Cs—Cy, varies from 36° in B-DNA to 0° in
'(LE) and '(A*A).,. The lowest singlet excited state in the
B-form has a binding energy (CP-Ej) of 0.42 eV, being therefore
0.41 and 0.81 eV less stable than the '(LE) and '(A*A), forms,
respectively. The S,—S; splitting is also smaller for the B-DNA
arrangement, reflecting a weaker coupling between the states.
The vertical transitions in the B-DNA dimer, 5.14 eV (S;) and
5.50 eV (S,), are slightly blue-shifted as compared to the lowest
vertical singlet—singlet transition of '(LE). At the same level
of theory, the ground state in the B-form is computed to be
slightly bound, displaying a corrected binding energy, CP-E,,
of 0.34 eV.

D. Charge Transfer Singlet States. Solvation Effects. The
final conformations of the adenine excimer that have been
explored concern the location of the intermonomer charge
transfer singlet states. In order to find the most favorable
structure for this type of state we have used several arrange-
ments. Ground-state geometries corresponding to the adenine
cation (A.,) and anion (A,,) obtained from previous CASSCF(12/
107t77%)/ANO-L C,N[4s3p1d]/H[2s1p] calculations**>* were first
employed. Using these moieties, two structures with the B-form
arrangement have been built: *AA,°, in which the Ay
monomer is situated in the position that corresponds to the 5'
extreme of a hypothetical strand of DNA whereas the A,,
monomer is in the 3" extreme, and >A,Ac’, in which the
position of the monomers is inverted. As described later, an
additional geometry was employed, hereafter (A*A ™)y, adapted
from that optimized for the lowest CT state of the 9-methylad-
enine dimer by Santoro et al.>' at the TD-DFT/PCM/PBE0/6-
31G(d) level of calculation. Figure 4 displays the three employed
arrangements, whereas Table 2 compiles the vertical excitation
energies, relative positions, and nature of the computed singlet
excited states for the isolated system and within an aqueous
environment.

The calculations performed on the isolated adenine dimers
at the CASPT2 level and including correction of the BSSE show
CT states that were the fourth (CA.A.°) and sixth root
(CAunmAc’) at the two employed conformations. In the latter
arrangement the CT state, with a 59% of CT character, is too
high in energy to be competitive with the low-lying neutral
singlet excited states. For the >A,A,,” arrangement, in which
we will focus from now on, the lowest CT state (with 80% of
CT character) is located at 4.95 eV from the reference system,
two isolated adenine molecules, and displays a binding energy
of 0.30 eV, even smaller than that found for the lowest excimer
state in the B-DNA arrangement. Also, the CT state is almost
1 eV higher than the lowest excimer state '(A*A).,, as will be
discussed later, and it is practically degenerated with other states
where the nature of the electronic transition is delocalized or
of intermonomer character. In order to analyze the role of a
solvated environment in the relative location of the excimer

(54) Roca-Sanjudn, D.; Rubio, M.; Merchdn, M.; Serrano-Andrés, L.
J. Chem. Phys. 2008, 129, 095104.

(55) Gagliardi, L.; Lindh, R.; Karlstrom., G. J. Chem. Phys. 2004, 121,
4494,
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Figure 4. Structures of the studied anionic-cationic arrangement of the adenine dimer and overlap between the two stacked monomers. Whereas the geometry
(ATA7)o was adapted from ref 21 (see text), the ground-state optimized geometries for the corresponding anion and cation monomer have been used to
build a dimer oriented at a B-DNA conformation. The bottom views show the overlap between the two moieties in the different structures.

Table 2. CASPT2 BSSE-Corrected Vertical (VE) and Relative (to two ground-state isolated monomers, RE) Energies (AE/eV) for the
Low-Lying Singlet States in the (ATA )opt,> AcatAan®, and SAanAca® Structures?

(A+Ai)op|b S AcaPan®
AE AE stanAcaty
gas phase water gas phase water AE, gas phase

state VE® RE VE RE CT nature, % VE® RE VE RE CT nature, % VE® RE CT? nature, %
N 4.42 4.30 4.64 4.26 4.62 4.95 4.31 4.67 80 4.32 4.67

S, 4.60 4.34 4.67 4.29 4.58 491 4.61 4.96

S; 4.71 4.38 4.70 4.33 4.61 4.94 4.90 5.25

Sy 4.94 4.61 4.77 4.39 34 4.68 5.01 5.49 5.84

Ss 5.18 4.85 4.99 4.61 45 5.81 6.14 5.57 5.92 59

@ Also included are results in water at the CASPT2/PCM level and weights of the CT character for the corresponding states. ” Adapted from ref 21
optimized at the TDDFT level. © The ground state is located —0.33 (vapor) and —0.38 eV (water) (ATA7)yy, 0.33 (vapor) and 0.36 eV (water)
C'AwAy), and 035 eV (AuAn’) below or above the reference energy (two isolated monomers).  Based on LoProp population analysis.>> Neutral

states have negligible CT character in all cases.

states, we have also performed a number of calculations
modeling the solvation effect of an aqueous media by means
of the reaction field CASPT2/PCM approach. As observed in
Table 2, the CT excimer state stabilizes its energy both vertically
and relatively to the separated monomers, in this case down to
4.67 eV, becoming the lowest excited singlet state at such
conformation. If compared with the '(A*A).,., which is placed
at 4.02 eV in the gas phase, the CT state is still well above
the face-to-face optimized excimer in the adenine homodimer.
The '(A*A)ey S, state minimum is computed at 3.95 eV in the
aqueous environment, slightly stabilized from the gas-phase
value and, in any case, much more stable that the CT state.
Those A, Aq, structures were displayed in a B-DNA-type
arrangement, which is characterized by having a small overlap
of the stacked moieties (see Figures 3 and 4). As the binding
energy and relative position of the excimer states strongly
depend on the degree of stacking and overlap, we performed
additional calculations on a structure with a slightly larger
overlap and also optimal for getting CT-type states at low
energies (see Figure 4). The geometry we adopted, (A*A‘)opl,
was adapted from that optimized for the lowest CT state of the
9-methyladenine dimer by Santoro et al.>! at the TD-DFT/PCM/
PBE0/6-31G(d) level of calculation. The methyl groups were

replaced by hydrogen atoms with NH bond lengths of 1.00 A.
As described,?' the geometries of each one of the moieties
resemble those of the anion and cation of the monomer.
Independently of the relative position at which the TD-DFT
method places the CT states (typically it yields too low
excitation energies®> 2°), a reasonable account of the geo-
metrical parameters can be expected. In any case, we carried
out the calculations to analyze different arrangements which
might lead to stabilize CT states. Here (cf. Table 2) the lowest
CT state at the (A"A ™)., geometry was located in the gas phase
at higher energies (~0.3 eV) than the non-CT states, and only
when the solvent is included does it stabilize to become much
closer, at 4.39 eV. This relative position is nearly 0.3 eV lower
than the value obtained in other conformations. As compared
with the CT states found in the other arrangements, the transfer
of the charge from one to the other monomer was not so
pronounced (34%) in the CASSCF(12/12) wave function. We
can therefore conclude that certainly this structure has provided
more stable CT excimer states, but they still lie higher than the
strongly interacting '(A*A).. conformation, even in a polar
solvent like water, where the vertical excitation and relative
energy of the '(A*A).. S; minimum lie at 2.58 and 3.95 eV,
respectively. This conclusion can be expected to be generally

J. AM. CHEM. SOC. = VOL. 131, NO. 12, 2009 4373



ARTICLES

Olaso-Gonzalez et al.

Table 3. CASPT2 Energy Differences (AE/eV) and Oscillator Strengths (f) of the Most Relevant Transitions from the Ground and Singlet

Excited States of the Adenine Dimer at Different Conformations?

B-form (A A ) () (Ao
AE f AE f AE f AE f
Ground-State Absorption/Emission
So—S1 5.15 0.037 So—S1 4.42 0.254 So—S1 4.14 0.0001 So—S1 2.65 0.011
S¢—S, 5.50 0.072 S¢S, 4.60 0.009 S¢—S, 4.94 <10™* S¢S, 4.37 0.028
Excited-State Absorption”
Si—S4 0.43 0.0015 Si—Ss 0.93 0.0157 Si—Ss 0.92 0.026 Si—Ss 2.18 0.029
Si—Se 1.03 0.0007 S,—Ss 0.39 0.0221 Si—Si2 2.33 0.182 Si—Se 2.24 0.224
S,—Ss 0.75 0.0187 Ss—S5<T 1.72 0.0369 Si—Si3 2.34 0.061 Si—S, 2.52 0.021
S,—S, 1.13 0.0131 S10°™S7 1.02 0.0217 Si—Sis 2.88 0.046 Si—Ss 2.60 0.114
S,—Ss 1.32 0.0003 S8 T 1.06 0.0278 S;—Sp 2.09 0.136 Si—Sn 2.85 0.133
Sz_’sl3 2.10 0.0198 514—’S21CT 0.97 0.0637 S4_’SIS 1.75 0.122 Sz—’Sn 2.43 0.134
S;—=Su 2.12 0.0126 S16—S20 0.40 0.0270 Ss—Sis 1.81 0.131 S5—Sio 1.02 0.060
S4—Si9 1.95 0.0107 Si6—S2T 0.57 0.0392 S¢—S17 1.70 0.146 S5—Sis 2.11 0.027

“Relative energies of the respective ground states from that of the two separated monomers: —0.34 eV (B-form), —0.33 eV (ATA7)y, 0.25 eV
((LE)), 1.37 eV ("(A*A)>.). * Geometry adapted from ref 21 (see text). “ Only nine transitions with the highest oscillator strengths are shown.

valid for nucleobase homodimers, whereas for heterodimers the
strongly stacked neutral states and the CT states could be more
competitive.

E. Adenine Dimer Transient Absorption. Crespo-Herndndez
et al.” recorded the femtosecond transient absorption signal for
the DNA oligonucleotide (dA)s in aqueous solution. According
to their findings an excited state is rapidly formed after initial
excitation that can be assigned to a singlet excimer. Absorption
is measured for this state at 570 nm (2.18 eV), which decays in
times larger than 10 ps, repopulating the ground state that, in
turn, is detected by monitoring its typical strong absorption at
250 nm (4.96 eV). We have computed the transient absorption
spectrum for the lowest singlet states in four different conforma-
tions. The energies for those transitions with the largest oscillator
strengths as well as the energy of the transitions SyAS; and
SoAS, are collected in Table 3. Because of the limitations in
the size of the active space, high-lying states may not be
accurately represented. The goal of these calculations is,
however, to identify species for intense transient absorption near
the observed 2.18 eV at the different arrangements. Only singlet
excited valence mzr* states are of interest in that context.

After initial absorption at 266 nm (4.66 eV), probably to
produce a delocalized exciton-type situation,’® the oligomer
strand, which can be assumed in average in a B-form conforma-
tion, will evolve toward different excimer-like structures, whose
formation yield will strongly depend on the dynamics and
flexibility of the strand. Most of the observed excited-state
transient absorption will take place at favorable S; minima
conformations. From the four structures studied here, B-DNA,
(ATA )opes (LE), and '(A*A)ey., the two latter seem to better
support the fs-ESA experiment and are good candidates to be
assigned as responsible for the red-shifted fluorescence. Both
conformations, that highly increase the stability of the lowest
singlet excited state, have strong absorptions from the state S;
to higher states with energies between 2.09—2.33 eV. On the
contrary, at the B-form and (AJ’A_)Opl structures no strong
transient absorption is found near the 2.18 eV experimental
signal (strong transient absorption are also reported at higher
energies), even when the (A*A™),, conformation displays a
reasonable large overlap of the stacked 7 structures (see Figure
4) which could be expected to enhance the intensity of the
absorption bands.”'" According to these findings, the signal

(56) Marguet, S.; Markovitsi, D. J. Am. Chem. Soc. 2005, 127, 5780-5781.
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monitored at 570 nm in the transient absorption experiment
could be caused by the electronic transition from the S; state
of the adenine dimer in the favored '(LE) or (A*A ). structures,
far from the other conformations, indicating that a relaxation,
ultrafast, as suggested,'® of the dimer structure takes place after
the excitation of the DNA with the pump laser and before the
excitation with the probe laser. If the two structures are taken
as limits for the relaxation process, the fluorescence energy range
could be expected between 4.14—2.65 eV, perfectly covering
the observed domain, 310—550 nm (4.0—2.3 eV).!! On the other
hand, the repopulation of the ground state is monitored thanks
to its absorption at 250 nm (4.96 eV), which is close to the
So—S; transition to the dimer B-form or to the monomer, and
it may take place in a much slower regime, as discussed in the
next section. In summary, even if other conformations of the
dimer cannot be ruled out as contributors to the transient
absorption, those related to the face-to-face arrangement seem
to better qualify as preferential structures for the homodimer
excimer.

F. Adenine Excimer Deactivation Process. The described
CASPT2 calculations on the adenine homodimer enable us
to propose the model displayed in Figure 5 for the decay
dynamics of oligomers of stacked adenine molecules. It can
be assumed that at the moment of the absorption the system
acquires an exciton-type excited form which rapidly will
evolve toward the formation of favorable excimer states in
the lowest singlet excited state. Long-lived signals in
dinucleotides are indistinguishable from ones in longer
homoadenine sequences, indicating that a common excimer
state spanning two stacked bases is formed in all systems.'®
The initial excitation (250 nm, 4.96 eV in the fs-ESA
experiments’'") is then expected to take place between the
computed 5.25 eV of the S; monomer absorption and that
corresponding to the major B-DNA structure (5.14 eV,
vertically, and 4.80 eV, adiabatically). As previously
proposed,'>'® from this moment two main decay pathways
can be envisaged, and the predominance of one or the other
will depend on the balance between the forces that lead to a
strong interaction of the stacked nucleobases and the me-
chanical forces involved in the inherent flexibility of the
oligomer (DNA) strands. The system might then either adopt
two basic types of conformation differing in the structure of
the stacking. More stacked arrangements of the excimer (in
which the overlap of the 7 structures and the corresponding
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Figure 5. Scheme proposed, based on actual CASPT?2 results, for the decay path of the lowest singlet excited state (S;) of the adenine dimer involving
several conformations of the excimer and the adenine monomer conical intersection (gs/mr*)c;. The values of the relative energies are in eV. This is a
scheme of energy levels. Evolution on the S; hypersurface from the initially photoinduced structures toward the different excimer arrangements will not
require passing sequentially through each one of the represented conformations. The O coordinate is mainly related to the average intermolecular distance
of the two moieties, whereas Qy is associated to the remaining degrees of freedom in the monomer and the dimer.

binding interaction increase) might decay in an ultrafast
manner toward more favorable interacting excimer structures.
On the other hand, in cases with minor stacking (minor
overlap and binding) or basically unstacked bases, the dimer
can localize its population in one of the moieties and undergo
an ultrafast decay to the ground state through the well-known
conical intersection of the monomer, (gs/zz*)c;, located at
the CASPT2 level near 4.0 eV (see Figure 5).*° This
relaxation path for the unstacked nucleobases has been found
dominant in the decay dynamics of dinucleotides after
excitation at 267 nm (4.96 eV); therefore, it reflects the
behavior of the dynamics in the blue transient region'' and
can be assigned with a lifetime ~2 ps as the rate-limiting
step of vibrational energy transfer to the environment.'®
Notice that Figure 5 has to be understood as a scheme of
energy levels. Evolution on the S; hypersurface from the
initially photoinduced structures toward the different excimer
arrangements will not require passing sequentially through
each one of the represented conformations.

Thanks to the inherent flexibility of DNA that allows large-
scale nuclear motions and the favorable interactions that lower
the excited-state energy, the degree of overlap and stacking of
the excimers can increase and the dimer can evolve toward more
stable situations. It has been hypothesized'® that the dimer
reaches a charge separated excimer conformation (ATA™)* from
which most part of the excimer emission is produced. A
correlation has been found for distinct heterodinucleotides
between the measured lifetimes case of the adenine homodimer.

We have found that the CT states are not the most stable excimer
conformations, even in aqueous solutions, as discussed in
previous sections. This fact does not imply that they cannot be
reached in important amounts, because the evolution of the
system and the yield of formation of the different arrangements
in the excimer state depend also of the capability of the strand
to adopt a favorable position for proper stacking. Moreover,
the situation may be quite different in NAB heterodimers, not
only because of the degree of overlap and stacking can be
expected to be much lower but also because the charge
recombination force will be more favorable than in homodimers,
in particular for pairs of purine and pyridine bases, which easily
compensate for their better donor and acceptor characters,
respectively. In the homodimers, however, we have found that
the face-to-face conformations (twisted 36° from the B-DNA
form>?), which maximize the overlap of the 7 clouds, give rise
to much more stable excimer situations, and it can be expected
that they can be reached in noticeable quantities. The good
correspondence of the computed and the experimental transient
absorption spectrum described in subsection E also support such
conclusion. Those conformations, in particular '(A*A)e., are
analogous to those acquired by the cytosine®® and thymine®'
homodimers and that are precursors of the formation of the
cyclobutane pyrimidine dimers, whose yields of formation have
been found in significant amounts.”>” As found in a recent
CASPT?2 study,”’ these structures play a different role in the

(57) Douki, T.; Cadet, J. Biochemistry 2001, 40, 2495-2501.
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thymine and the cytosine homodimers. Even when the same
type of excimer interaction is what favors the formation of the
CI in the excited state, the thymine excimers are probably just
intermediate short-lived conformations leading to a lower-lying
CI structure and a corresponding ultrafast (1 ps®) and high
quantum yield TT cyclodimer formation.>” On the other hand,
for the cytosine dimer they represent structures more stable than
the CI, decreasing the yield and enlarging the state lifetime in
the formation of CC, as found in experiment.”’ In the A
homodimer, the absence of cyclodimer formation should be
made to consider '(A*A). as long-lived conformations, such
as for the cytosine homodimer. In the case of adenine, the
excimer emission energies can be expected to be within the
range 4.14 eV, vertical from '(LE) down to 2.65 eV, vertical
from '(A*A).. within the domain of the suggested excimer
emission (4.0—2.3 eV),'" and considerably red-shifted with
respect to the monomer fluorescence (4.5—4.8 eV).>#¢~°

Once the excimer structure has been reached, the decay
toward the ground-state should be much slower. The main
channel for internal conversion in the adenine homodimer is
the conical intersection of the monomer, (gs/7tt*)c;, placed near
4.0 eV, that is almost isoenergetic with the most stable excimer
structure '(A*A)x.. As the excimer is a minimum in the potential
energy surface cut on Sy, a barrier can be predicted in the decay
path toward the CI, which can be attributed to the process of
releasing the stacking interaction (by increasing the intermono-
mer distance as the main coordinate modulating the extent of
binding character in the excimer) and localization of the
excitation in one of the monomers. Such types of barriers, with
different heights, can be expected in all paths connecting the
excimer surface with the CI funnel. It is therefore plausible to
attribute the lifetime measured from 103 to 182 ps in different
adenine oligomers”'"*'° to the deactivation of the singlet excimer
to the ground state, and also to support the idea of several decay
channels for different excimer minima controlling the dynamics
of the visible ESA region,'" among them the decay by charge
recombination. The results obtained for the system in water do
not change the overall scheme, even when the relative stabiliza-
tion of the CT states is larger (~0.2—0.3 eV) than that
undergone by the non-CT states (<0.1 eV) (cf. Table 2 and text).
In the polar environment and within the oligonucleotide strand
it is however possible that the participation of the CT states
increases.

For other NABs heterodimers the decay lifetimes have been
reported ranging from 10 to 100 ps.'® Recent fs-ESA
experiments performed in strands of alternating (d(GC)y) and
partially nonalternating (d(C4G4), d(C5T4G5), d(C5A4G5))
oligomers'> show how the latter decay much more slowly,
what can be clearly attributed to the predominance of
homodimer stacking, a promoter of stronger interaction, and
lower-lying excimer states with larger lifetimes. The impor-
tance of the CT excimers can be expected to decrease in these
cases. Finally, it is worth remembering that especially in
pyrimidine dimers, new channels for deactivation will be open
toward the formation of dipyrimidine adducts like those
described recently for the production of cyclobutane cytosine
and thymine homodimers.>>" In the case of the cytosine dimer
the corresponding conical intersection was computed at 3.5
eV, competitive with the monomer CI, at 3.6 eV, and slightly
higher than the '(C*C)... excimer state at 3.3 eV. For
thymine, on the contrary, the CI leading to the formation of
the adduct was found near 3.3 eV, much lower than the
I(T*#T)exe €xcimer state at 3.6 eV and the monomer CI at 3.9
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eV, rationalizing in this way the higher formation yield found
in thymine than in cytosine adducts.®>' At least for those
systems involving pyrimidine nucleobases additional paths
for deactivation will take place via the triplet manifold, and
their importance will rely on the degree of spin—orbit
coupling.®

Summary and Conclusions

The major goal of the present research is understanding the
role that adenine excimers play in the photophysics and
photochemistry of adenine oligonucleotides. Our calculations
on the adenine homodimer, together with our previous studies
on the nucleobases pyrimidine homodimers,®>' support the idea
that the long-lived excited states seen in DNA model systems
are of excimer (exciplex) type, that is, formed by stacks of two
nucleobases, and that they are the origin of the red-shifted
fluorescence observed in different oligonucleotides.>'' ~'* The
flexibility of DNA is crucial for the formation of the excimer
because the degree of coupling between the two moieties, and
therefore the stability of the excimer conformation, will rely
on the accessible orientation in the DNA strand. We have
presented here two extreme cases, the B-form DNA structure
where the overlap for the two adenine monomers is limited,
and the '(A*A)q excimer where the interaction is maximum.
Intermediate to those two structures we have located charge
transfer excimer states whose importance and yield of formation
is expected to vary in the sequence of nucleotides depending
on the driving force controlling the charge separation between
the pair of bases. Such driving force is not expected to largely
increase from that of the nucleobase in the biological environ-
ment where the nucleotide is surrounded with counterions.>®
The evolution of the system can be understood from an initial
bifurcation between stacked and unstacked nucleobase pairs,
which may decay in an ultrafast manner (in a sub-picosecond
regime) toward the formation of excimer states or the ground
state, respectively, the latter channel being open through the
presence of the conical intersection between the S; and S, states
of the monomer, (gs/*)c;. The formed excimer states will,
on the other hand, display weak fluorescence and much slower
decay times (from tenths to hundred of ps) to the ground state
once the barrier to reach the CI of the monomer has been
surmounted, a barrier that will be basically related to the energy
required to separate the interacting moieties. Additional channels
for deactivation will be accessible for pyrimidine dimers with
the formation of nucleobase adducts like the cyclobutane
pyrimidine dimers through a corresponding conical intersection
or singlet—triplet crossing.®!

It is clear therefore that DNA dynamics (see ref 59 for a
recent review), its photophysics and photochemistry, will be
controlled to a large extent by the formation of excimers/
exciplexes, that is, nucleobase excited dimers, and also that
the yield in which these excited dimers will be reached will
strongly depend on the conformational properties of the DNA
strand and the possibility of generating reactive orientations.
Intrastrand stacking interactions seem in this way more
relevant than interstrand proton/hydrogen interactions to
explain the relaxation dynamics of DNA, which in this way
presents slow decay pathways not existent in the monomer

(58) Rubio, M.; Roca-Sanjudn, D.; Merchdn, M.; Serrano-Andrés, L. J.
Phys. Chem. B 2006, 110, 10234-10235.

(59) Middleton, C. T.; De La Harpe, K.; Su, C.; Law, Y. K.; Crespo-
Herndndez, C.; Kohler, B. Annu. Rev. Phys. Chem. 2009, 60, 217—
239.
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nucleobases. The relevance of the different excimer/exciplex
conformations (face-to-face, charge transfer) in the photo-
chemistry of the different sequence of nucleobases will have
to be studied in the future from a theoretical viewpoint, in
particular in the formation of exciplexes.
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