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ABSTRACT: The formation of cyclobutane thymine dimers is one of the most
important DNA carcinogenic photolesions induced by ultraviolet irradiation. The
long debated question whether thymine dimerization after direct light excitation
involves singlet or triplet states is investigated here for the first time using
nonadiabatic molecular dynamics simulations. We find that the precursor of this [2 +
2] cycloaddition reaction is the singlet doubly 7°z** excited state, which is
spectroscopically rather dark. Excitation to the bright 'zz* or dark 'nz* excited states
does not lead to thymine dimer formation. In all cases, intersystem crossing to the
triplet states is not observed during the simulated time, indicating that ultrafast
dimerization occurs in the singlet manifold. The dynamics simulations also show that
dimerization takes place only when conformational control happens in the doubly

excited state.

\/

1. INTRODUCTION

Exposure to ultraviolet (UV) radiation can damage DNA." The
deleterious action of UV light originates from the photo-
chemical changes that lead to biological alterations. One
harmful reaction occurring in DNA after light absorption that
eventually causes skin cancer is the formation of intrastrand
cyclobutane thymine dimers.” Although the existence of T <>
T dimers was already reported in the 1960s,”~> the molecular
details of this photoreaction still remain controversial. Durin§
the past decade, intensive experimental®™'” and theoretical' ™

research has debated the involvement of singlet or triplet
electronic excited states in the formation of T <> T dimers.
According to femtosecond (fs) time-resolved infrared experi-
ments on thymine single strands, cyclobutane thymine dimers
are fully formed in less than 1 ps as a result of a barrierless
decay of the electronic singlet 'zz* state.”'" This view has been
challenged by another fs time-resolved experiment,’ which
identified a triplet state as a major precursor of cyclobutane
thymine dimer formation. Later time-resolved and steady-state
experiments found the contribution of the *zz* state to be
smaller than 10%,"" in agreement with the identification by
nanosecond (ns) spectroscopy of a long-lived nonreactive
triplet intermediate.

Quantum chemical calculations have also attributed the
ultrafast nature of this reaction to internal conversion from the
lowest singlet 'zz* excited state to the ground state.'>'*'>'
Interestingly, ref 12 characterizes this state as a doubly excited
state, while others, e.g. refs 15, 17, report the state to be singly
excited. Reaction pathways claiming the participation of the
Sur* state have also been calculated."®"” In addition to direct
excitation, T <> T dimers can also form under triplet
photosensitization. In the latter case, it is well established that
the reaction proceeds via triplet states: After excitation, a
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photosensitizer undergoes intersystem crossing and then
transfers its energy to a thymine molecule, thereby promoting
the latter to its triplet state. This triplet thymine then reacts
with another thymine in the ground state and gives the final
adduct.'”™** Despite the dimer yield being low for both
sensitized and direct UV excitation cases,”' the mechanism for
the reaction in the absence or presence of a photosensitizer
might be very different.

In this paper we investigate whether UV exposure triggers T
<> T dimer formation in the singlet or triplet manifold. To this
aim, we report the first ab initio nonadiabatic molecular
dynamics simulations of a stacked thymine dimer including all
relevant singlet and triplet states. The calculations are
performed in gas phase using the surface-hopping including
arbitrary couplings (SHARC) scheme™** coupled to multi-
configurational state-average complete active space self-
consistent field”® (SA-CASSCF) energies, gradients, and
spin—orbit couplings (see computational details in Section S1
of the Supporting Information (SI)).

2. RESULTS AND DISCUSSION

2.1. Dynamics Simulations. Formally, the formation of T
<> T dimers is a [2 + 2] cycloaddition in which two adjacent
stacked thymines are linked via the C;—Cg4 bonds forming a
cyclobutane ring (see Figure 1). Insight about this and other
concerted pericyclic reactions can be gained by means of the
Woodward—Hoffmann rules.”® These rules forbid a thermal
dimerization in the ground state; however, they do not
prescribe whether photochemical dimerization should proceed
in the singly excited ('SE) or doubly excited ('DE) state. For
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Figure 1. Cyclobutane thymine dimer with labeling of the forming
bonds.

the sake of later discussion of the states involved in the
dimerization of thymine, the orbital and singlet state correlation
diagrams of the [2 + 2] cycloaddition of ethylene are shown in
Figure 2. In agreement to the Woodward—Hoffmann rules,
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Figure 2. Woodward—Hoffmann orbital (a) and state (b) correlation
diagrams for the [2 + 2] cycloaddition of two ethylene molecules on
singlet surfaces. DE (doubly excited), SE (singly excited), and CS
(closed-shell) states are indicated by cyan, blue, and green,
respectively.
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ethylene dimerization is thermally forbidden, as the ground
state changes its character from one closed shell (CS)
configuration, with orbital occupation 7,7, to another closed
shell configuration, CS’(6,°6;%). Photochemically, the reaction
is allowed from the 'SE or 'DE state. During the course of the
reaction, the involved states can be classified in two ways: (1)
according to the orbital evolution and (2) according to the
number of excited electrons. Looking at the first criterion, the
'DE state evolves into the CS’ state (dashed curve in Figure 2b,
called diabatic representation in the following). Analogously,
the initial ground state CS evolves into the 'DE’ state and 'SE
into 'SE’. According to the second criterion, the number of
excited electrons, the 'DE corresponds to the 'DE’ (solid
curves in Figure 2b, called adiabatic representation in the
following) and similarly CS to CS’ as well as 'SE to 'SE'.
Dimerization of ethylene occurs from the singlet 'DE state
potential.””~*’ Interestingly, a direct comparison of the role of
'SE and 'DE states in the cyclobutane thymine dimer formation
is absent in the literature, mostly because the majority of papers
dealing with this reaction employ theoretical methods, such as
density functional theory, unable to describe DE
states,' 1970732 Here, in contrast, we employ multiconfigura-
tional methods which can describe DE states.

To answer the question about the precursor state, trajectories
in full dimensionality were run starting from all eligible states:
the 'DE(an*), 'SE(zn*), and 'nz* states. For each of these
trajectories, the respective gradients and couplings determine
which state will be subsequently populated; then, at every
geometry, the energies of the other states are calculated
vertically. The starting geometries of the trajectories are taken

from the static calculations reported in ref 13. In these
geometries, the initial separation of the Cy—C;' and C4—Cy’
bonds is slightly above 3 A, mimicking the shortest distances
found in ?rewous ground-state molecular dynamics simulations
of DNA.™

We first discuss the dynamics started in the 'DE state, for
which S out of the 10 trajectories showed dimerization. We
note that the purpose of these dynamics simulations is to find
possible dimerization pathways and not to provide statistical
information regarding reaction rates or time constants. In
Figure 3, the evolution in time of the relevant energy levels
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Figure 3. Time evolution of energy levels (a), the C;—Cs’ and C4—Cg’
distances (b), and the dihedral angle 7(Cs—C¢—C¢'—Cs’) between
them (c) for a reactive trajectory started from the doubly excited state
('DE). The black dots indicate which state is populated. The color
code in panel (a) is similar to that in Figure 2: green for closed-shell
(CS), blue for singly excited (SE) states (both nz* and 77*), cyan for
doubly excited (DE) states. The first SO fs are zoomed in the inset.
Diabatic states, including nz* states (pink and violet), #z* states (blue
(SE) and cyan (DE)), and triplet states (red), are displayed. Vertical
lines in panels (a—c) indicate the times corresponding to the
geometries displayed in Figure 4.

(panel a), the Cs—Cy' and C4—C,’ distances (b), and the
dihedral angle #(Cs—C4—C4'—Cs') (c) are shown for one
example reactive trajectory (see also Figure S4). Following the
diabatic states along the reaction is only possible at the
beginning of the trajectory (inset of Figure 3a), when the
separation between the two nucleobases is still large and the
identification of the orbitals is clear. Once the C—C bonds start
to form, the four frontier 7 orbitals evolve toward four o
orbitals (recall Figure 2) and other remaining orbitals become
energetically degenerated, undergoing strong mixing. As a
consequence, diabatic characterization of the electronic states is
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hardly possible and Figure 3a shows the adiabatic evolution of
the states. In this representation, the electronic states can have
closed-shell, singly excited, or doubly excited character (see
more details in Section S1.3 of the SI).

The underlying mechanism for the reactive trajectory
elegantly complies with the simple Woodward—Hoffmann
correlation diagrams discussed for the [2 + 2] cycloaddition of
ethylene: The system initially evolves on the 'DE state during
the first SO fs. Then, the character of the populated electronic
state becomes adiabatically singly excited. After ca. 120 fs, the
populated state is of closed-shell character, which corresponds
to the CS’ (ground state) in Figure 2. The inset of Figure 3a
shows the further complexity involved in the deactivation: At
the considered initial geometry (Figure 4i), the 'DE state
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Figure 4. Geometrical snapshots of the reactive trajectory depicted in
Figure 3. Cs—Cy’ and C4—C(’ distances in angstroms and dihedral
angles 7(Cs—C4—C4'—Cs’) in degrees.

corresponds to the S; state, which crosses after a few
femtoseconds with two electronic states (mainly of 'nz*
character) and thereby becomes adiabatically the S1 state
within less than 50 fs. The hopping geometries for the S3/S2
and S,/S, crossing points are very similar to the initial
geometry because this geometry is already quite close to the
crossing area. The deactivation to the ground state proceeds via
the S,/S, conical intersection (Figure 4ii), which is different
from the crossing point reported by Blancafort et al.'”
(probably due to a differing reactant geometry) but identical
to the crossing point proposed by Boggio-Pasqua et al."* At this
geometry, both C;—Cy’ and C4—C,’ distances are very similar,
but the C;—Cs’ bond is shorter indicating the preference for
the first bond to be formed. Indeed, the C;—C,’ bond is formed
earliest in all the reactive trajectories. The cyclobutane ring is
then only fully created in the electronic ground state. The
evolution of the C;—Cy’ and C4—C,’ distances (Figure 3b)
shows that the C;—Cs’ bond is established first (Figures 4iii
and 4iv) and, after ca. 30 fs, the C4—C,’ bond formation follows
(Figure 4v), illustrating the “concertedness” of this pericyclic
reaction, in the spirit of the Woodward—Hoftmann rules. The
snapshot at 200 fs (Figure 4vi) shows how the newly formed
bonds asynchronously alternate in time, due to excess
vibrational energy.

Dimerizable conformers at the chosen initial geometry have a
dihedral angle close to that of B-DNA (1 = 33°).% During the
reaction, # decreases concomitantly with the C;—Cg’ and C¢—
C¢ distances (Figure 3b—c). This is the case for all reactive
trajectories (see Figure S2), which hints at conformational
control, as suggested e.g. in refs 29, 33. Around the S,/S,
conical intersection, when the two stacked thymines are
separated by ca. 2.3 A, the dihedral angle starts increasing to

avoid sterical clashes. After deactivation to the ground state, the
dihedral angle continues increasing to 45°, until the Cs—Cy’
bond is formed (Figure 4iv). As the cyclobutane ring develops
the two thymines get perfectly aligned in space (see Figure 3c
and Figure 4vi).

In the nonreactive trajectories starting from the 'DE state,
the system quickly relaxes to the 'nz* states and stays in the
lowest one, which is then the S1 state (see one example in
Figure Sa and Figure SS). The characterization of electronic
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Figure 5. Time evolution of energy levels (a), the C;—Cs’ and C¢—Cg’
distances (b) and the dihedral angle 7(Cs—C4-C4'-Cs') between them
(c) for a nonreactive trajectory started from the double excited state
('DE). The black dots indicate which state is populated. The color
code is the same as that in the inset of Figure 3a.

states for nonreactive trajectories is easier than for the reactive
ones since due to the large separation between the two
thymines, there is no orbital mixing. Accordingly, the states of
Figure Sa can be plotted in the diabatic representation, where
the character of the wavefunction is maintained. In most
trajectories, during the first 50 fs the thymines move apart and
1] increases (Figure S3), preventing dimerization and suggesting
that indeed conformational control steers the reaction.
However, the nonreactive trajectory of Figure S serves as a
counterexample. The general trend of 7 is a continuous
decrease (Figure Sc), which nonetheless does not lead to
dimerization (Figure Sb) because the system is in the 'nz*
state. This behavior demonstrates not only that conformational
control is not the only factor determining T <> T dimerization
but also that electronic effects play a key role. Our simulations
predict that only when the trajectories occupy the state with
double excitation character and the dihedral angle decreases,
dimerization takes place.
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All the trajectories initiated in the bright 'SE state (S,) are
not reactive, at least during the first 200 fs in which we
propagated. In all cases (see one example in Figure S6), the
system stays in the S4 for the complete propagation time
without undergoing internal conversion to lower states, while
Cs—Cs’ and C4—C' distances increase. Although we did not
expect dimerization in the 'nz* states, trajectories were also run
from the lowest 'nz* state, which is the S; state (Figure S7),
but indeed T <> T is not formed and the system also does not
relax to the ground state in the time simulated.

A key question is whether triplet electronic states are
involved in the dimerization. In principle, it is conceivable that
a triplet state is populated by singlet fission,” where a
monomer in a singlet excited state transfers part of its
electronic energy to a neighboring ground state monomer,
resulting in the population of low lying triplet states of both
monomers. As a result, the whole system has double-excitation
character and singlet spin multiplicity. This process is
energetically favorable only if the triplet excitation energy of
the monomer is half of the singlet electronic state energy of the
dimer. According to literature calculations™ performed at the
complete active space second-order perturbation (CASPT2)
level of theory, the energies of the bright singlet state of the
thymine—thymine reactant and the lowest triplet state of a
single thymine at the Franck—Condon geometry are 4.89 and
3.59 eV, respectively. Since the energy requirements are not
tulfilled, singlet fission is not possible in this region. However,
the energies of the electronic excited states can strongly change
along the dynamics, and the energetic requirement for singlet
fission could be met at certain geometries. However, the
energetic criterion is not the only requirement for singlet
fission, but also a particular electronic configuration is needed.
To investigate the latter, we have analyzed the character of the
'DE state in the reactive trajectories. By looking at the wave
function, it is possible to identify whether after excitation the
electrons are located in both monomers (Figure 6a—b) or in
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Figure 6. Electronic configurations of the thymine monomers that can
compose the singlet doubly excited state 'DE in the dimer.

one (Figure 6¢). Only the electronic configuration of Figure 6a
complies with the definition of singlet fission. Unfortunately,
configurations 6a and 6b cannot be distinguished in our
analysis. Therefore, it will be assumed that both of them are
products of singlet fission, overestimating the contribution of
this process. During the time the 'DE state is populated (from
0 to SO fs), we obtain a maximum of 35% of singlet fission
probability. This means that the probability of the double
excitation being located in one monomer is, at least, 65% and
thus singlet fission only plays a minor role.

The second way to populate a triplet state is via intersystem
crossing, as proposed by Kwok et al.” The present simulations
show that even when the potentials of the populated singlet
state and a triplet state lie close in energy for a long period of
the trajectory, the system does not undergo intersystem

crossing due to the very small spin—orbit coupling. For
instance (see inset of Figure 3a), at 1S fs, the 'DE and the
triplet T} state are separated by 0.032 eV (258 cm™') and the
corresponding spin—orbit coupling is 0.03 cm™". Note that a
CASPT?2 calculation gives values of 0.33 eV (2662 cm™") and
0.19 cm™, respectively, so that the ratio between energy gap
and coupling is of the same order of magnitude in both cases,
and it does not change the conclusion that ISC does not occur.
The absence of intersystem crossing is observed in all the
trajectories (see SI), regardless of being reactive or nonreactive.
We therefore conclude that the triplet states do not play a role
in the ultrafast dimerization pathway induced by UV excitation,
in agreement with Kohler and co-workers."’

2.2. Effect of the Environment. Our nonadiabatic
molecular dynamics simulations have been performed in the
gas phase. However, the cyclobutane thymine dimerization
takes place in biological systems and the experimental
measurements are generally performed for solvated single
strands.”"" To investigate the effect of the biological
environment, we have selected three snapshots from the
reactive trajectory shown in Figure 3 at simulation times 10,
100, and 190 fs, i.e. in the reactant, S,/S, conical intersection,
and product regions, respectively. The three dimer structures
were embedded in a solvated single strand (dT);, and the
excitation energies were calculated by an electrostatic quantum
mechanics/molecular mechanics (QM/MM) scheme.’” The
reactive thymine dimer was treated at the SA-CASSCF level,®
and the environment was described by the Amber force field.”®
Further details can be found in Section S1.4 of the SL

The QM/MM excitation energies (Table S1) show that the
environment has a minor effect in the regions of reactants and
S,/S, conical intersection. The electrostatic interactions with
the strand and solvent induce a small shift of ca. 0.1 eV in the
Y3z states, which according to the dynamics simulations are
the relevant states. The effect of the environment is more
important for the products, changing the order of some highly
excited states. However, this is irrelevant because when the
reaction is close to the product region, the system is already in
the electronic ground state, which is well separated from the
excited states. The negligible effect of the electrostatic
interactions on the dimerization process agrees with previous
density functional theory calculations'' performed in gas-phase
and water solution using a polarizable continuum model.
However, this does not mean that the environment has a
passive role. For example, QM/MM calculations including four
nucleobases in the QM region predicted that thymine
dimerization can be quenched by electron transfer from a
flanking guanine nucleobase.">"’

Our QM/MM calculations also demonstrate that the triplet
states do not participate in the dimerization process,
corroborating the gas phase dynamical simulations. The
singlet/triplet energy gaps and spin—orbit couplings in the
presence of the biological environment are very similar to the
gas phase values. For example, at 10 fs, the energy gap and
spin—orbit coupling between the relevant 'DE state and the
closest triplet state T are 0.12 eV (968 cm™) and 0.54 cm™, in
the solvated strand versus 0.10 eV (807 cm™) and 0.59 cm™,
respectively, in the gas phase. Note that the spin—orbit
coupling between the same states within the Franck—Condon
region, as calculated from 20 different conformations from the
QM/MM dynamics, is only of the order of 107 cm™ for all the
geometries.
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2.3. Populating the Doubly Excited State. We have
shown that thymine dimerization requires the population of a
singlet doubly excited state 'DE. However, due to its double
excitation character, this state lies high in energy, and the
pathway to populate it is still an open question. Two
possibilities can be conceived: (i) direct excitation under UV
radiation or (ii) nonradiative relaxation from the bright singly
excited state 'SE. In order to investigate the first route, we have
calculated the absorption spectrum of the thymine dimer
embedded in a solvated single strand (dT);, using a QM/MM
scheme and 250 geometries sampled from ground state
molecular dynamics. The two nucleobases in the middle of
the strand were described by the multistate CASPT2 (MS-
CASPT2) method® and the rest of the system by the Amber
force field® All the states were characterized as singly or
doubly excited states by analyzing their one-electron transition
density matrix.*”*' More details can be found in Section S1.5 of
the SI. The resulting absorption spectrum decomposed into
'SE and 'DE states is shown in Figure 7. The 'DE state lies at
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Figure 7. Absorption spectrum of the 'SE and 'DE states of the
thymine dimer embedded in a (dT),, single strand calculated at MS-
CASPT2/Amber level of theory.

energies larger than 6 eV, which is well above the usual
experimental excitation energy””'’ of 4.5 eV. We conclude,
therefore, that the population of the 'DE state by direct
excitation is not possible. Accordingly, the 'DE state should be
populated nonradiatively from the bright 'SE state through a
'SE/'DE conical intersection or through crossings with other
electronic states. Since the 'SE and 'DE states are almost
degenerate at the beginning of the dynamics (see inset of
Figure 3a), we believe that there should be a conical
intersection close to the Franck—Condon region although we
were not able to locate it because of the large configurational
space involved. Moreover, since the yield of the reaction is less
than 5%,””"" this conical intersection should be slightly above
the energy of the bright 'SE state, as sketched in Figure 8. Note
that this mechanism is different from the proposed barrierless
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Figure 8. Suggested mechanism to populate the 'DE state from 'SE,
and subsequent evolution of the dimerization.

pathways from refs 11—13, 15—17, where the low yield of the
reaction is then attributed to conformational control in the
ground state originally suggested in refs 29, 33. After populating
the 'DE state, our dynamics simulations have shown that the
system evolves along the reaction coordinate toward the S,/S,
conical intersection, from where the cyclobutane dimer is
formed.

3. CONCLUSIONS

In conclusion, our ab initio molecular dynamics simulations
show that ultrafast cyclobutane thymine dimerization requires
populating the singlet doubly excited state, 'DE. The reaction
occurs without the participation of triplet states, neither by
intersystem crossing nor by singlet fission. We also show that,
besides conformational control, electronic effects are essential
to promote cyclobutane formation. The doubly excited state
cannot be populated by direct excitation because it lies at a
higher energy than the commonly employed laser wavelengths
or the UV spectrum of the sun at the earth’s surface. We
propose that the population of the reactive state should happen
by internal conversion from the bright singly excited state,
possibly by overcoming a small energy barrier, thus explaining
the low yield of the reaction. However, further calculations are
necessary to clarify this point.
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