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Abstract

This thesis presents the results of quantum-chemical investigations into the
photophysics and photochemistry of the DNA base adenine in water clusters and of
several DNA base pairs in vacuo. Using state-of-the-art ab initio electronic-structure
methods, photophysical and photochemical properties of adenine-water clusters and
the anionic 8-oxo-guanine-adenine and 8-oxo-guanine-cytosine base pairs have been
computed. The ab initio methods comprise Meller-Plesset perturbation theory of
second order (MP2), the second-order algebraic-diagrammatic-construction method
(ADC(2)) and complete-active-space second-order perturbation theory (CASPT2).
The photochemical reactivity of these systems was characterized by calculating the
potential-energy profiles of relevant photochemical reaction paths. The conical
intersections associated with the studied reaction paths were identified and analyzed.
The studied systems include hydrogen-bonded clusters of the nucleobase 9H-adenine
with water molecules, two representatives of anionic 8-oxo-guanine-adenine base
pairs and the anionic 8-oxo-guanine-cytosine base pair. The latter are the most
common products of oxidative damage of DNA structures. The purpose of these
investigations was the identification of novel photoreactivity mechanisms which are
responsible for the ultrafast radiationless excited-state deactivation of electronically
excited states of DNA bases in water and in base pairs. The results clarify the intrinsic
reactivity of water molecules in the radiationless decay dynamics of adenine in water
clusters and provide an explanation of the pronounced shortening of the excited-state
lifetime of adenine in aqueous solution. These findings suggest that adenine may have
been a photostabilizer as well as a photocatalyst for water splitting at the beginning of
life. For the anionic 8-oxo-guanine-adenine and 8-oxo-guanine-cytosine base pairs,
the results provide computational evidence that anionic 8-oxo-guanine may play a
role in repairing cyclobutane pyrimidine dimer lesions in DNA. The potential-energy
profiles presented in this thesis provide references for further investigations of the
photoreactivity of DNA bases and base pairs by nonadiabatic nuclear-dynamics

simulations.






Zusammenfassung

Diese  Dissertationsschrift  présentiert die  Ergebnisse  quantenchemischer
Untersuchungen der Photophysik und Photochemie der DNA-Base Adenin in
Wasserclustern sowie von einigen DNA-Basenpaaren im Vakuum. Die
photophysikalischen und photochemischen Eigenschaften von
Adenin-Wasser-Clustern sowie von anionischen 8-oxo-Guanin-Adenin und
8-0x0-Guanuin-Cytosin Basenpaaren wurden mit quantenchemischen ab initio
Methoden berechnet. Als ab initio Methoden wurden Mgller-Plesset-Storungstheorie
zweiter Ordnung (MP2), die algebraisch-diagrammatische Konstruktion zweiter
Ordnung (ACD(2)) sowie die complete-active-space-Storungstheorie zweiter
Ordnung (CASPT2) benutzt. Die photochemische Reaktivitdt der untersuchten
Systeme wurde durch Berechnung der Energieprofile der relevanten Reaktionswege
charakterisiert. Die konischen Durchschneidungen auf diesen Reaktionswegen
wurden identifiziert und analysiert. Die untersuchten Systeme sind
Wasserstoffbriicken-gebundene ~ Cluster ~ der ~ Nucleobase =~ Adenin  mit
Wasser-Molekiilen, zwei Repridsentanten von anionischen 8-o0xo-Guanin-Adenin
Basenpaaren sowie ein anionisches 8-0xo-Guanin-Cytosin Basenpaar. Die
letztgenannten stellen die hiufigsten Produkte oxidativer Schidigung von DNA dar.
Der Zweck der Untersuchungen war die Identifizierung neuartiger photochemischer
Reaktionsmechanismen, welche flir die ultraschnelle strahlungslose Deaktivierung
angeregter Zustinde von DNA-Basen in Wasser und von DNA-Basenpaaren
verantwortlich sind. Die Resultate zeigen die intrinsische Reaktivitit von
Wasser-Molekiilen in der strahlungslosen Deaktivierung von Adenin in
Wasser-Clustern und liefern eine Erkldrung fiir die ausgeprigte Reduktion der
Lebensdauer angeregter elektronischer Zustinde von Adenin in wiéssriger Losung.
Diese Ergebnisse legen nahe, dass Adenin ein Photostabilisator und ein
Photokatalysator fiir Wasser-Spaltung am Ursprung des Lebens gewesen sein konnte.
Fiir die anionischen 8-o0xo-Guanin-Adenin und 8-oxo-Guanin-Cytosin Basenpaare

liefern die Ergebnisse Hinweise, dass 8-oxo-Guanin eine Rolle in der Reparatur von



Cyclobutan-Dimer-Strahlenschdden in DNA spielen konnte. Die in dieser Arbeit
berechneten = Energieprofile  stellen  Referenz-Ergebnisse  fiir  zukiinftige
Untersuchungen der Photoreaktivitit von DNA-Basen und Basenpaaren mit

nichtadiabatischen Dynamik-Simulationen dar.



This doctoral thesis is a publication-based thesis. The work presented in this thesis has
been published in international scientific journals or has been submitted for
publication in an international scientific journal by the time of submission of this
thesis. This thesis provides computational insight into the photophysics and
photochemistry of the DNA base adenine in water clusters and of several DNA base
pairs in vacuo. A broad overview on the employed theoretical concepts and ab initio
methodologies is given. A short summary of one publication manuscript and two
published articles as well as a description of my individual contribution to each piece
of work is given. Discussion and Conclusions integrate my work into the existing
literature on each studied system and provides an outlook for future studies. One

publication manuscript and two published articles are attached to this thesis.

Xiuxiu Wu, Garching bei Miinchen, September 2018
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Chapter 1

Introduction

Nucleobase molecules absorb photons in the ultraviolet (UV) wavelength region of
the electromagnetic spectrum. After elevated to an electronically excited state, they
can decay back to the electronic ground state in two ways: either by photophysical
processes or by photochemical processes. Photophysical processes are deactivation
processes which do not involve any chemical change. They include radiative
deactivation by the emission of a photon and radiationless transitions such as internal
conversion and intersystem crossings. The radiative deactivation of singlet excited
states is known as fluorescence. The efficiency of the fluorescence process is
measured by the fluorescence quantum yield @, which is defined as the ratio of the
number of photons emitted to the number of photons absorbed [1]. Alternatively, the
chromophore can first undergo a transition from the singlet excited state to a triplet
excited state, which is known as intersystem crossing, followed by radiative
deactivation of the triplet excited state to the ground state. The latter process is called
phosphorescence. The triplet excited state can also relax to the ground state by a
radiationless transition, which is called intersystem degradation. These transitions are
usually summarized in the so-called Jablonski diagram [2], named after the Polish
physicist Aleksander Jabtonski.

In phtochemical process, on the other hand, a chemical reaction take place after a
photon absorption and new chemical species (photoproducts) maybe form during the
photoinduced deactivation. The first law of photochemistry, known as the
Grotthuss-Draper law, states that light must be absorbed by a chemical substance (the
photoreactant) for a photochemical reaction to take place. According to the second

law of photochemistry, known as the Stark-Einstein law, for each photon of light
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absorbed by a chemical system, no more than one molecule is activated for a
photochemical reaction. After excitation to a singlet excited state or the subsequent
radiationless transition to a triplet excited state, the photoreactant exhibits half empty
molecules orbitals and is consequently more oxidizing than in the ground state.
Consequently, the photoexcited reactant is susceptible to be active in chemical
reactions, especially for processes which are driven by electron transfer.

The electron-driven proton transfer (EDPT) process is widely acknowledged to be a
widespread photochemical reaction and is also known as proton-coupled electron
transfer (PCET) in the literature [3]. The EDPT concept was proposed by Domcke
and Sobolewski and proved to be an efficient mechanism of nonradiative decay via
conical intersections in hydrogen-bonded systems [4]. It has been extensively
investigated in the photochemistry of hydrogen-bonded molecular systems like indole
and pyridine with solvents in the past two decades [4]. More recently, it was discussed
in the photochemistry of nucleobases (adenine, cytosine, guanine and thymine) in
water/ammonia environments and in the photochemistry of DNA bases pairs [5-13].
After photon absorption, an electron from the highest occupied molecular orbital
(HOMO) of the H-atom donor is elevated to the vacant lowest unoccupied molecular
orbital (LUMO) of the H-atom acceptor, resulting in a charge separation. Due to the
Coulomb attraction, this electron transfer in turn triggers an ultrafast proton transfer
from the donor to the acceptor, thus accomplishing a complete H-atom transfer. When
the H-atom donor and acceptor are two groups from the same molecule, it is called
intramolecular EDPT. This can happen in some organic molecules [14-16] like
oxybenzone, where a hydroxyl group acts as the H-atom donor and a carbonyl group
acts as the acceptor. The photoinduced intramolecular EDPT mechanism has been
proposed to account, for example, for the ultrafast excited-state deactivation of
oxybenzone [16].

More commonly, EDPT processes are widely invoked to explain the ultrafast
deactivation of hydrogen-bonded systems via internal conversion, such as the DNA
base pairs A=T [6,7] and G=C [8-13] and in chromophore-water/ammonia clusters,

which are called intermolecular EDPT reactions. For instance, in the case of



adenine-water clusters, adenine forms hydrogen bonds with water molecules through
its acidic (NH) and basic (N) sites. In the latter case, adenine acts as the H-atom
acceptor, while, the water molecule acts as the donor. By photoexcitation to the lowest
bright 'nn* excited state, an electron from the lone pair p-orbital on the oxygen atom
of the water molecule is transferred to a n* orbital localized on adenine, forming an
intermolecular charge separation. Subsequently, the proton from the water molecule is
attracted by the nitrogen atom of adenine and a (adenine+H)*-OH* biradical is
formed. Many intermolecular EDPT processes have been identified to be efficient
barrierless or nearly barrierless deactivation pathways of biological systems via
low-lying conical intersections in aqueous solutions.

In addition, EDPT processes have been invoked in searching for photocatalyzers
for the photoinduced homolytic dissociation of water. Similar to the mechanism
described for the hydrogen-bonded adenine-water clusters, the photocatalyzers
(chromophores) can undergo intermolecular EDPT reactions to abstract a H-atom
from water, yielding a (chromophore+H)* radical and an OH* radical. With the
absorption of another photon, the surplus H from the intermediate (chromophore-H)®
radical can be detached and the chromophore is regenerated. Overall, the water
molecule has been split into H* and OH* radicals by the absorption of two photons.
Several organic molecules have been identified to qualify as photocatalyzers for
photocatalytic water splitting by first-principle computations [17-25], which is
relevant for the future generation of clean and renewable chemical energy carriers.

In the present context, intermolecular EDPT processes are explored to understand
the photoinduced ultrafast decay mechanisms of the DNA base 9H-adenine (as
representative of purine bases) in water environments. Adenine is one of the main
building blocks of DNA/RNA structures in biological systems. Along with the other
nucleobases thymine, guanine and cytosine, it is the most essential molecule for the
storage of the genetic information of life. The fluorescence quantum yield of adenine
is very low [26,27]. Adenine exhibits a remarkable photostability in the UV spectral
range. The photostability of adenine is explained by ultrafast deactivation from the

photo-excited states to the electronic ground state via internal conversion [28].
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Several ultrafast deactivation mechanisms for adenine in the gas phase have been
proposed and confirmed by experimental and computational methods. It is consensus
that the excited-state decay of adenine occurs mainly via conical intersections which
are better accessible by out-of-plane puckering of the six-memberd aromatic ring.
However, by hydrogen-bonding to surrounding solvent molecules, the photochemistry
of adenine can be significantly altered in aqueous solution. For example, the
excited-state lifetime in aqueous solution is observed to be much shorter than that in
the gas phase (1.2 ps vs 200 fs). On one hand, solvation effects may modify the
electronic exitation energies, which can change the energy barriers on reaction paths
to conical intersections. On the other hand, hydrogen-bonding interactions with
surrounding water molecules may lead to explicit participation of water molecules in
the excited-state relaxation dynamics, resulting in new photorelaxation channels not
available in the isolated adenine molecule.

The EDPT process was proposed to be a possible pathway for photoinduced
deactivation of adenine in aqueous solution. Excited-state dynamics simulations have
been performed to investigate the decay behevior of an adenine-water complex by
Dosli¢ et al with the ADC(2) method [29]. They identified a photoinduced EDPT
process from the water molecule to the N atom of adenine which could be responsible
for the observed shortened excited-state lifetime of adenine in aqueous environments.
To compliment and extend the exploration of the proposed EDPT mechanism,
calculations of the energy profiles of excited-state minium-energy reaction energy
paths are presented. In the first part of the present thesis content, for five clusters of
adenine with a single water molecule (see Fig. 1), the reaction paths for H-atom
transfer involving the three basic sites (N1, N3 and N7) and the two acidic sites (N9H
and N10H) have been investigated with the ADC(2) method. This comprehensive
“bottom up” investigation of the photoreactivity provides insight into the role of
EDPT reactions in microsolvated adenine, and provides instruction for further
investigations of the aqueous photochemistry of adenine with ab initio nonadiabatic

nuclear-dynamics simulations.



(a) (b) (c)

(d) (e)

Figure 1: Structures of the five adenine—H>O clusters that have been studied in this

thesis.

In a more realistic environment, e.g. in aqueous solution, adenine is microhydrated
by finite number of water molecules. Hydrogen bonding with more than one water
molecule results in nontrivial modifications of the photoproperties of adenine
chromophore. Experimental investigations on the photoinduced dynamics of
microhydrated adenine have made some progress. Ritze et al. applied femtosecond
time-resolved photoionization spectroscopy to study the photophysics of
adenine-water clusters [30]. They confirmed the substantially shortened excited-state
lifetime (= 100 fs) of adenine-water clusters compared to isolated adenine. The
ultrafast excited-state relaxation was explained by a lowering of the energy of the
photoreactive 'mo* state in microhydrated adenine [30]. Canuel et al. investigated the
excited-state dynamics of microhydrated 9-methyladenine with femtosecond
time-resolved photoelectron and photo-ion spectroscopy [31]. They reported a
strongly accelerated excited-state decay (lifetime of = 200 fs), which they explained
as a lowering of the energy and direct population of the short-lived L, state in the
clusters. Park and co-workers applied multiphoton ionization spectroscopy to
adenine-water clusters and observed a significant amount of protonated adenine after
cluster fragmentation, which is an indication of proton transfer processes operating in

excited or ionized clusters [32]. From theoretical studies aspect, exploration of the
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reaction mechanisms and the nonadiabatic dynamics has been done but far from
enough. Mitri¢ et al. explained the shortening of the 'mn* lifetime in microhydrated
9H-adenine within the framework of conventional mechanisms [33]. Ritze et al.
emphasized the redshift of reactive 'no* states in the hydrates [30]. Barbatti found
evidence for an electron-transfer pathway from water to adenine in the 7H-adenine—
(H20)s cluster by using excited-state dynamics simulations with the ADC(2) method
[34]. This is the first indication that not only the acidic sites of adenine (NH, NH2),
but also the basic sites (N) might be relevant for the excited-state relaxation dynamics
of adenine in water. We proposed a different charge-transfer mechanism via EDPT
reaction process in all three basic sites (N) of adenine in 9H-adenine—(H>0)s cluster
(see Fig. 2). We investigated in detail the excited-state EDPT reaction mechanism in
the 9H-adenine—(H>O)s cluster with the ADC(2) method, focused on the
characterization of wvertical excitation energies, minimum-energy excited-state
reaction paths and the identification of relevant conical intersections, which is

summarized in section 3.2 of this thesis.

Figure 2: Structure of the studied adenine—(H>O)s cluster.

Guanine is the second purine nucleobase of DNA and RNA. The oxidation of
guanine generates 8-oxo-guanine (8-0x0-G), one of the most common lesions found
in oxidatively damaged DNA [35]. Compared with guanine, 8-oxo-G has significant
lower reduction potential, which makes it a viable candidate for protecting DNA by

scavenging highly oxidizing species such as OH radicals. Besides, 8-0x0-G has been



shown to be capable of repair of cyclobutane pyrimidine dimers [36-38], which are
the most abundant form of lesions found in photodamaged DNA. The deprotonated
anionic form 8-oxo-G~ has been found to have a significantly longer excited-state
lifetime than the neutral form 8-0xo0-G. The anionic form is therefore more favorable
for DNA protection and repair of UV damage and the study of the excited-state
properties of anionic 8-oxo-G~ are thus of biological relevance. A recent study by
fluorescence spectroscopy and calculations revealed that neutral 8-oxo-G exhibits an
ultrafast radiationless decay via two conical intersections which are accessible by
certain out-of-plane deformations of guanine, whilst the longer lifetime of anionic
8-0x0-G~ was attributed to the existence of sizable barriers along the reaction paths
connecting the Franck-Condon region to the S1/So conical intersections [39].

In double-stranded DNA, nucleobases are organized in horizontally oriented
hydrogen-bonded base pairs and vertically oriented stacks stabilized by n-n
interactions. Both architectural motifs may modify the dynamics of the intrinsic decay
paths of the individual nucleobases by providing additional decay channels by which
the excited-state populations can evolve. Such modifications have been studied, for
example, by Crespo-Hernandez and co-workers who have shown that base stacking of
A-T DNA oligomers leads to the formation of intra-strand excimer states with
lifetimes of 50-150 ps [40] with additional decay features that are somewhat longer
lived [41,42]. Kohler and co-workers recently studied the excited-state dynamics of a
n-stacked dinucleotide containing the 8-oxo-G~ anion at the 5-end and neutral
adenine at the 3'-end, using time-resolved transient UV-pump IR-probe spectroscopy.
They found that UV excitation of the dinucleotide leads to prompt electron transfer
from 8-0x0-G™ to the m-stacked adenine, generating a neutral 8-0x0-G radical and an
adenine radical anion [43,44]. For stacked base pairs, the inter-base hydrogen bonds
provide additional paths along which coupled electron/proton transfer reactions can
occur [45,46].

8-0x0-G~ can form Hoogsteen (HG) base pairs with adenine in two low-energy
conformations 8-0x0-G-A, indicated as 8-0x0-G-A HG1 and 8-0xo0-G™-A HG2, as is

shown in Fig. 3 (a) & (b). The bases are connected by two types of hydrogen bonds: a
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O--*H-N bond and a N--*H-N bond. Meanwhile, 8-0xo-G~ can form a base pair
8-0x0-G-C with cytosine connected by two N--*H-N hydrogen bonds, as the
structure shown in Fig. 3 (c¢). The photochemistry of 8-oxo-G™ is significantly
changed by bonding to another chromophore; on the other hand, inter-base
hydrogen-bonds provide new possible excited-state decay channels involving
hydrogen transfer between bases. In 2013, with TD-DFT calculations, Kumara and
Sevilla explored the role of inter-base proton-coupled electron transfer (PCET)
processes in the deactivation of excited neutral 8-0x0-G-A and 8-oxo-G-C base pairs
[47]. They found the presence of a low-lying conical intersection between the lowest
charge-transfer 'nn* excited state and the ground state for 8-oxo-G-C base pair which
could be responsible for the ultrafast decay via a PCET process. However, for
8-0x0-G-A base pair, the charge-transfer 'mn* excited state lies at higher energy and
its crossing with ground state is inhibited because of a high energy gap between
charge-transfer 'mn* excited state and ground state. Since 8-oxo-G~ is more relevant
to DNA repair because of longer excited-state lifetime, a study of the pairing of
8-0x0-G~ with adenine and cytosine is undoubtedly essential. In section 3.3, we
present the potential-energy surfaces of 8-oxo-G-A HGI1 and 8-oxo-G-A HG2, as
well as of 8-0x0-G-C for comparison. With ab initio wavefunction-based electronic
structure method, the barrierless EDPT reaction paths are proved to be efficient

excited-state channels via conical intersections.

(b)

Figure 3: Structures of the anionic 8-0xo-G-A HG1 base pair (a), HG2 base pair (b)

and the anionic 8-0xo0-G-C base pair (c) studied in this thesis.

The investigations of the present work have been done with quantum-chemical

calculations using state-of-the-art ab initio electronic structure methods. These include



several wavefunction-based post-Hartree-Fock methods: MP2, CASSCF, CASPT2
and ADC(2), which will be briefly introduced in the next chapter. The initial
light-absorption processes are characterized by the computation of the vertical
excitation energies and their corresponding oscillator strengths of singlet excited
states, together with the characterization of relevant molecular orbitals. The reactivity
of the hydrogen-bonded molecular clusters in the excited states has been clarified by
calculations of minimum-energy profiles along selected reactive paths, the
identification of relevant conical intersections and the determination of locations of
local minima and saddle points on their potential-energy surfaces. These results

provide direct evidence for the possible channels of photochemical reactivity.
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Chapter 2

Theoretical Concepts and
Computational Methods

In the first section of this chapter, the relevant theoretical concepts underlying the
work of this thesis are described. These include the Born-Oppenheimer approximation,
potential energy surfaces, conical intersections and photochemical reaction paths. In
the second section, the computational methodologies that have been used for the
investigation of the energy profiles of molecular systems considered in this thesis are
briefly introduced. Some calculational techniques used to describe photochemical

reaction paths are also presented.

2.1 Theoretical Concepts

2.1.1 Born—Oppenheimer Approximation

The Born-Oppenheimer (BO) approximation is based on the assumption that the
motion of atomic nuclei and electrons in a molecule can be separated. The
reasonability of the assumption lies in the fact that atomic nuclei is much heavier and
hence moves much more slowly than electrons. In mathematical terms, it allows the
wavefunction of a molecule to be broken into its electronic and nuclear (vibrational,
rotational) components:

Yiotal (T, R) = Whuclei (R) Welectrons (15 R)

where r and R refers to coordinates of electrons and nuclei, respectively. The BO
approximation was proposed in 1927 by German physicist Max Born and American
physicist Julius Robert Oppenheimer [48]. It is quite basic in quantum chemistry and
provides a prescription for the calculations potential energy surfaces using

computational quantum chemistry.
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For a given nuclear configuration, with the BO approximation, the electronic
time-independent Schrédinger equation (TISE) is solved, yielding the wavefunction
Welectrons and energies (Eeclectrons) depending on electrons only. In the second step, this
function serves as a potential energy in the TISE for nuclear wavefunction. The BO
approximation simplifies the computation of energy and wavefunction of an
average-size molecule. It is widely used in computations of molecular wavefunctions
for large molecules. Without it only the lightest molecule, H, can be handled. Even in
the cases where the BO approximation breaks down, it is used as a point of departure
for the computations. The BO approximation introduced little error for the ground
electronic states of diatomic molecules. Corrections for excited electronic states are
larger than for the ground states, but are still usually small as compared with the
errors introduced by the approximations used to solve the electronic TISE of a
many-electron molecule [49]. BO approximation becomes invalid in the situation
where the electronic energy level spacings are close to the vibrational level spacings.
This is because at these regions of nuclear coordinate space the electronic states are

strongly coupled by vibrational degree of freedom of molecules.

2.1.2 Potential Energy Surfaces

A potential energy surface (PES) describes the electronic energy of a molecular
system as a function of its internal nuclear degrees of freedom such as bond lengths
that specify the position of the nuclei. Since a PES only depend on the relative
positions (internal coordinates) other than the absolute positions of the atoms, in
3-dimensional space, the dimensionality of a PES becomes 3N-6, where N is the
number of atoms. The internal coordinates may be represented by simple stretch, bend,
torsion coordinates, or symmetry-adapted linear combinations, or redundant
coordinates, or normal modes coordinates, etc. PES can be used to theoretically
explore properties of molecular structures, for example, finding the minimum energy
geometry of a molecule or computing the rates of a chemical reaction. The most
interesting points on PESs are the stationary points, where the gradients with respect

to all internal coordinates are zero. Stationary points have physical meaning: energy
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minima correspond to physically stable or quasi-stable chemical species; saddle points
correspond to transition states, the highest energy point on the reaction coordinate
(which is the lowest energy pathway connecting a chemical reactant to a chemical
product). A minimum on the PES is defined by curvatures that are all positives. A
saddle point is characterized by a negative curvature in one direction and positive
curvatures in all other directions. In our investigations, one-dimensional PES
(potential energy curve) as a function of one coordinate of a bond distance and
two-dimensional PES as a function of two bond distances were calculated for locating
the conical intersections, characterizing the energy minima and saddle points of

specific reaction paths.

2.1.3 Conical Intersections

A conical intersection (CI) between two or more PESs where the PESs occurs if the
non-adiabatic couplings between these states are non-vanishing. A CI is not a single
point in N dimensionality but rather a beam of points in N-2 dimensionality. In the
vicinity of CI, the BO approximation breaks down and the coupling between
electronic and nuclear motion becomes important, allowing non-adiabatic processes to
take place. Teller first predicted this property of PESs in 1937 [50], one decade after
the BO approximation was proposed [48]. Until late 20™ century, the important role of
CIs in photochemical processes was discovered [51,52], followed by extensive
theoretical and computational supporting [53-60]. From experimental aspect, progress
in ultrafast femtosecond techniques has enabled detection of sub-picosecond lifetimes
for nonadiabatic events. For example, time-resolved spectroscopic experiments
provide means of measuring ultrafast relaxation rates by directly detecting
nonadiabatic dynamics around Cls [61]. Nowadays it is widely accepted that CIs have
become an established paradigm for understanding reaction mechanisms in a vast
number of photochemical processes. For instance, photochemistry of DNA/RNA
building blocks upon UV irradiation is mediated through Cls paving a way for their
crucial role in the mechanism. This is due to the central role the Cls play in

nonradiative relaxation from excited electronic states to the ground electronic state of



14 Theoretical Concepts and Computational Methods

molecules. The molecular wave packet promoted to an electronic excited state by the
UV photon is governed by the forcefield of PES and reaches the CI. At this point, the
very large vibronic coupling induces a nonradiative transition which leads the
molecule back to its electronic ground state. Conical intersections mediate the internal
conversion between states of like multiplicity.

The location and characterization of Cls are essential to the understanding of a lot
of important phenomena governed by non-adiabatic events. Therefore, for
closed-shell molecules, the determination of the energetic location and the
optimization of the geometry at Si/So Cls is a critical step in characterizing
photochemical processes [50,58,62,63]. Most well-established optimization
algorithms for minimum-energy CI optimization require access to the energy gradient
difference and derivative coupling vectors. Based on these algorithms, some schemes
for optimization of minimum-energy Cls have been developed and become widely
used [64-67]. In the past decade, a new scheme of minimum-energy CI optimization
was developed, where neither energy gradient nor derivative coupling vectors are
required [68]. This technique may be applied to any electronic structure method that
associates unique energies with a particular molecular geometry. For its convenience,

this new method has got extensively used.

2.1.4 Photochemical Reaction Paths

Photochemical reaction paths show the change of energy profiles from the initially
populated reactant in excited state (in the Franck-Condon region) to the relevant
configurations such as Cls, transition states and the product. If a photochemical
reaction path is barrierless, it means the associated photochemical reaction is
kinetically favorable and the path on the relevant excited state to the configurations
such as CI is theoretically possible. On the other hand, if a photochemical reaction
path is found with a sizable energy barrier, it means associated photochemical
reaction has kinetically not favorable on the associated excited state, and the specific
CI may not involve in the true reaction path. In fact, the molecular wavepacket often

encounters a lot of Cls which are usually associated with high energy or high barrier
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from the Franck-Condon region. Photochemical reaction paths can be determined in a
completely unbiased way by computing minimum energy paths [69] connecting the
reactant to the relevant Cls or the product on the 3N -6 dimensional PES of the system.
In this thesis, we explored the photochemical reaction paths by constructing minimum
energy paths to the relevant conical intersections on the 2- dimensional PES. On
minimum energy paths, every point is at an energy minimum in all directions
perpendicular to the path. A minimum energy path is the lowest energy path from
reactant to product. It is therefore the most likely (but not the only possible) reaction

path that occurs.

2.2 Ab Initio Electronic-Structure Methods

In the work of this thesis, all the ground-state equilibrium geometries were optimized
with the Moller-Plesset perturbation theory of second order (MP2) [70]. Vertical
excitation energies, oscillator strengths, molecular properties and photochemical
reaction paths were calculated using the algebraic diagrammatic construction to the
second order (ADC(2)) [71] method. In some cases, for benchmarking purpose,
vertical excitation energies were also computed using the complete-active-space
second-order perturbation theory (CASPT2) method [72]. These three methods are
briefly described in the following sections, mainly on the general idea for each
method, its strengths and limitations, as well as the reason why the method was

chosen for our molecules.

2.2.1 MP2

MP2 is a post-Hartree-Fock ab initio method which accounts for electron
correlation by treating it as a perturbation to the Hartree-Fock wave function by
means of Rayleigh-Schrodinger perturbation theory (RS-PT) to second order [70]. It
belongs to the Mgller-Plesset perturbation theory proposed by Meller and Plesset in
1934, which is one method of many-body perturbation theory dealing with systems of

many interacting particles. Until 1975, the Moller-Plesset perturbation theory was
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applied in actual molecules in the work of Bartlett [73]. MP2 is the most common
level in Moller-Plesset perturbation treatment (MPn) due to its appropriate accuracy
and computational efficiency. Besides, MP2 calculations is shown to be size
consistent. On the other hand, MP2 calculations are not variational and can give an
energy lower than the true energy. However, mostly the size consistency is regarded
as more important than being variational. For quantum-chemistry calculations of
ground-state and close-shell molecules, MP2 is one of the two most popular methods
including electron correlation effects. For species of open shell ground states, the
MP2 calculations can be based on the unrestricted SCF wave function, which is called
UMP2 method. Alternatively, the MP2 calculations can also be based on the restricted
open-shell Hartree-Fock wave function, which is called ROHF MP2 method.

In addition, there are two important limitations of MP2 calculations. One is that it
only works well near the equilibrium geometry and fails for geometries far from
equilibrium. Another limitation is MP2 calculations are not generally applicable to
excited states, which makes its use limited to electronic ground states. In this thesis,
all the ground-state equilibrium geometries were optimized at the MP2 level of theory

with cc-pVDZ/aug-cc-pVDZ basis set.

2.2.2ADC(2)

The  algebraic  diagrammatic  construction  method (ADC) 1s a
polarization-propagator scheme for calculation of excited states based on perturbation
theory. One can derive ADC-schemes of different order. In particularly, the
second-order ADC(2) [71] scheme, with a second-order perturbation expansion
applied to a Hermitian secular matrix, which contains singly and doubly excited
determinants of the Hartree-Fock reference wavefunction [71,74], has been
extensively used in the computation of excitation energies, oscillator strengths, and
molecular properties. It describes physically correct charge-transfer states, doubly
excited states, and Rydberg states in principle. Also, its advantages include size
extensive character, reliable accuracy and reasonable computational resources.

Another vital reason why ADC(2) method is employed is that it performs well in
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calculations in the vicinity of Cls, as the excitation energies are obtained as the
eigenvalues of a Hermitian secular matrix.

The ADC(2) method has disadvantages due to the single-reference character of the
underlying Mgller-Plesset electronic ground state. Therefore, for a successful ADC(2)
calculation, a reasonable description of the ground state by MP2 theory is a necessary
prerequisite [75]. However, for organic molecules like DNA nucleobases that were
studied in this thesis, the ADC(2) method is applicable, covering a broad range of

photochemical processes.

2.2.3 CASPT2

The complete-active-space second-order perturbation theory (CASPT2) method [72]
is a second-order perturbation theory based on the multiconfiguration self-consistent
field theory (CASSCF). In the ansatz of CASPT the zeroth-order wavefunction is a
CASSCF wavefunction. For the calculations in this thesis, the CASPT2 method was
used with respect to the state-averaged complete-active-space self-consistent field
(SA4-CASSCF) [76] reference wavefunction to avoid near-degeneracy correlation
effects. The average of the energy of several selected electronic states is minimized
[77,78] For calculations with CASSCF method, the choice of the active space is
made at first. The orbitals space of the system is partitioned into three subsets: the
inactive occupied orbitals, the active orbitals (which contain occupied and unoccupied
orbitals of the Hartree—Fock reference wavefunction), and the inactive unoccupied
orbitals. Within the active space of molecular orbitals, a full-CI (full configuration
interaction) calculation is performed. In contrast to the CI method, not only are the CI
coefficients being optimized in the CASSCF procedure, but also the molecular
orbitals. However, the choice of the active space is quite flexible and there are no hard
rules about it. It totally depends on the chemical problem that one deals with [79,80].
The CASSCF method has many advantages: it is well defined on the whole PES of a
chemical reaction if an appropriate active space is chosen; it provides size-consistent
results, etc. The combination of CASSCF method geometries optimization with

CASPT2 method energies calculation is quite commonly used in the field of
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computational photochemistry. For example, CASPT2 method is used for single-point
energy calculations like vertical excitation energies after geometries optimized at the
CASSCEF level.

However, there is always a limitation when using CASPT2/CASSCF method
because of appearance of intruder states. These could happen when the perturbational
energy correction leads to a substantial lowering of the energy of an electronic state
that has not been captured by the CASSCF reference wavefunction. As a solution to
aid convergence and avoid the effects of intruder states, an imaginary level shift was
commonly used by adding a constant to the zeroth-order Hamiltonian [72,81].

When the calculations come to molecules with significant multi-reference character,
CASPT2/CASSCEF is the right choice other than ADC(2) method above. In the first
paper of the thesis, CASPT2 method was used to compute the vertical excitation

energies for benchmarking purposes.

2.2.4 Technical Aspects

In this thesis, three main techniques are used when performing the exploration of
the photoreaction path from the relevant excited-states in the Franck-Condon region
to the relevant Cls. The first technique is the rigid PES scan, which consists of single
point energy evaluations over a rectangular grid involving selected internal
coordinates along the selected reaction path. The starting geometry is usually chosen
to be the ground-state equilibrium geometry or the optimized geometry of a conical
intersection. As rigid PES scan is not a minimum-energy PES scan, the energy barrier
of a photochemical reaction path calculated by rigid PES scan always represents an
upper limit level. Sometimes it is quite useful to predict the energy barrier of a true
minimum-energy path. Rigid PES scan is commonly used in evaluating
photochemical reactions of complex molecules or clusters. The second technique is
the relaxed PES scan. It samples points on the PES and performs a molecular
geometry optimization with one internal coordinate fixed of the remaining
non-scanned coordinates at the relevant electronic excited state at each point. The

fixed internal coordinate is usually chosen to approximate the desired reaction
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coordinate. In the work of this thesis, we performed relaxed PES scans for all the
studies systems, including adenine—(H2O) complexes, adenine—(H»O)s cluster,
8-0x0-G-A and 8-0x0-G -C base pairs. The third technique is the linear interpolation
in internal coordinates. It is a rough approximation to the reaction path [82]. In the
method, the internal coordinates of two molecular structures are used to interpolate
intermediate molecular structures between the two original structures. It is usually
used when the geometries of reactant and product are known. In photochemical
reaction processes, it is commonly to be used between the ground-state equilibrium
geometry and the optimized geometry of a specific CI. In the work of this thesis, the
two starting structures are the ground-state equilibrium geometry and an optimized
geometry at the selected charge-transfer excited state. The interpolation can be done
in cartesian coordinates, internal coordinates or distance matrix coordinates. The
approximate reaction path is then obtained via single-point energy calculations along
the interpolated path. In this thesis, the linear interpolation was performed with

adenine—(H20)s cluster and 8-0x0-G™-A and 8-0x0-G-C base pairs.
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Chapter 3

Summaries of Publications

This chapter summaries the content of two published papers and one submitted
manuscript, which represent the main work of the doctorate period. Sections 3.1 and
3.2 are brief summaries of the research obtained on the photodeactivation mechanisms
of adenine in water. Section 3.3 gives a brief summary of the work on the ultrafast
decay mechanisms of photoexcited base pairs of anionic 8-oxo-guanine with adenine
and cytosine. The individual contributions of the candidate to each piece of work are
described. The two published papers and the submitted manuscript are in the

Appendix.

3.1 Mechanisms of the Photoreactivity of Adenine in Water

Summary of “Mechanisms of the Photoreactivity of Adenine in Water” by Xiuxiu Wu,
Johannes Ehrmaier, Andreij. L. Sobolewski, Tolga. N. V. Karsili and Wolfgang

Domcke, submitted.

In this work, the mechanisms of ultrafast excited-state decay of adenine in clusters
with a single water molecule are systematically explored, considering all possible
sites of adenine for hydrogen bonding with water. To this end, we built five
low-energy conformers of adenine—H>O clusters as the systems to be investigated (see
Fig. 1). The five conformers are divided into two groups: in conformers (a)-(c),
adenine acts as an intermolecular hydrogen-bond acceptor; in conformers (d) and (e),
adenine is the hydrogen-bond donor. Potential-energy profiles were computed as
relaxed scans with the ADC(2) method. We identified two mechanisms in five

deactivation pathways of photoexcited adenine in water: H-atom abstraction from
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water by photoexcited adenine and H-atom photodetachment from adenine to water.
The former mechanism exists in the adenine—H>O conformers (a)-(c), where an
electron from one of p orbitals of the water molecule fills in the hole in the & orbital of
the nn* excited state of adenine, forming a charge-separated electronic state. This
charge-separation is neutralized by the following proton transfer from the water
molecule to adenine, resulting in the (adenine+H)*:-*OH* biradical in the ground
state. In the latter mechanism which exists in the conformers (d) and (e), the no*
states at the acidic sites of adenine provide the mechanisms for the transfer of an
electron from adenine to water, which is followed by the rapid transfer of a proton to
the hydrogen-bonded water molecule. As a result, an (adenine-H)---H3O biradical is
generated. By detecting the ejected hydrated electron, this mechanism has been
confirmed by an experimental study [83]. These two mechanisms are responsible for
the six photorelaxation pathways of adenine by EDPT reactions via conical
intersections involving direct participation of hydrogen-bonded water molecules,
which compete with the well-established intrinsic excited-state deactivation
mechanism of adenine by ring-puckering conical intersections. This work
exhaustively reveals the reactivity of adenine with water with every potential basic
and acidic site of adenine with state-of-the-art electronic structure methods. Especially,
in this work we provide for the first time two-dimensional potential-energy surfaces
of the H-atom transfer reactions which reveal the specific energy barriers. We also
located the conical intersections for the first time. By providing additional decay
pathways, the electron/proton transfer reactions with water can account for the

substantially shortened excited-state lifetime of adenine in aqueous solution.

Individual candidate contribution:

The candidate designed the adenine-H>O conformers and performed all the
calculations, including geometry optimizations, the computation of vertical excitation
energies, oscillator strengths and dipole moments. The candidate constructed the
relaxed scans of the excited-state minimum-energy reaction paths and computed the

two-dimensional potential-energy surfaces. Then with the help of the coauthors, the
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candidate analyzed and interpreted the data, and created the tables, graphs and figures.
The candidate wrote the manuscript and the supporting information. The

corresponding author submitted the manuscript.

3.2 Excited-State Deactivation of Adenine by Electron-Driven
Proton-Transfer Reactions in Adenine-Water Clusters: A

Computational Study

Summary of “Excited-State Deactivation of Adenine by Electron-Driven
Proton-Transfer Reactions in Adenine-Water Clusters: A Computational Study” by
Xiuxiu Wu, Tolga. N. V. Karsili and Wolfgang Domcke. ChemPhysChem. 2016, 17,
1298-1304.

In this work the mechanisms of photorelaxation of electronically excited states of
9H-adenine clustered with five water molecules via EDPT reaction processes was
explored with the help of ab initio calculations. The cluster is shown in Fig. 2. The
adenine—(H>O)s cluster is the smallest cluster in which all potential sites for hydrogen
bonding are saturated with water molecules. This cluster thus represents the first
solvation shell of adenine in liquid water. Three potential photochemical decay
pathways of adenine via EDPT reactions with water were predicted. The vertical
excitation energies were calculated with the ADC(2) method and the relevant
molecular orbitals were characterized. The energy profiles were computed as relaxed
scans along reaction paths for electron/proton transfer from water to adenine. By
analyzing the topography of the potential-energy surfaces and by identification of the
relevant conical intersections, the EDPT reaction mechanism was characterized.
Specifically, for two of the three hydrogen-bonded sites, a barrierless or almost
barrierless decay path from the bright locally excited 'mn* state through a charge
transfer state via a low-lying (= 4.0 eV) S1/So conical intersection has been established.
It involves an electron transfer from the p orbital of water to the n* orbital of adenine,

followed by a proton transfer from water to the nitrogen atom of adenine to stabilize
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the electronic charge transfer. As a result, a hydrogen atom is transferred from water
to adenine, forming (adenine+H)* and *OH(H20)s radicals. These reaction channels
involve the direct participation of water molecules, complementing the intrinsic
ultrafast deactivation pathways of 9H-adenine in the gas phase via well-known
ring-puckering conical intersections of the six-membered ring. In particular, this
EDPT reaction mechanism can account for the significantly shortened lifetime of the
excited states of adenine in aqueous solution. In addition, the generated (adenine+H)*
radical may undergo hydrogen atom detachment by absorption of another photon .
This finding indicates that adenine might have served as a photocatalyst for energy

harvesting by water splitting in the prehistoric period of the evolution of life.

Individual candidate contribution:

The candidate performed the computations of vertical excitation energies and
reaction paths with the MP2 and ADC(2) methods using the Turbomole program
package. The candidate explored the appropriate configurations of the adenine—
(H20)n cluster, identified the charge transfer states and interpreted the
potential-energy curves. The candidate created the table, the abstract graph and all the
figures except figure 2 &4 in the paper. She wrote the manuscript and the supporting
information together with the coauthors. The corresponding author submitted the

manuscript.

3.3 Role of Electron-Driven Proton-Transfer Processes in the
Ultrafast Deactivation of Photoexcited Anionic

8-oxoGuanine-Adenine and 8-oxoGuanine-Cytosine Base Pairs

Summary of “Role of Electron-Driven Proton-Transfer Processes in the Ultrafast
Deactivation of  Photoexcited Anionic 8-oxoGuanine-Adenine and
8-oxoGuanine-Cytosine Base Pairs” by Xiuxiu Wu, Tolga. N. V. Karsili and Wolfgang
Domcke. Molecules. 2017, 22, 135.



25

In this project, the role of EDPT processes in the ultrafast deactivation of
photoexcited bases pairs: anionic 8-oxo-guanine-adenine (8-oxo-G-A) and
8-oxo-guanine-cytosine (8-0xo-G-C) was investigated. This investigation was
motivated by the fact 8-0xo0-G can repair cyclobutane pyrimidine dimer lesions, which
has led to the speculation that 8-oxo-G may have been a primordial precursor of
modern flavins in DNA/RNA repair. Since the repair involving an electron transfer
reaction occurs in the photoexcited state, a reasonably long excited-state lifetime of
8-0x0-G is essential. The neutral 8-oxo-G was found to have a very short
(sub-picosecond) excited-state lifetime, which is not favorable for the repair. On the
other hand, anionic 8-0x0-G~ exhibits a significant longer (43 ps) excited-state
lifetime and is therefore a more likely cofactor for DNA/RNA repair. Therefore, it has
been of interest to investigate the photoproperties of anionic 8-oxo-G~ other than
neutral 8-oxo-G. We explored the excited-state quenching mechanisms of anionic
8-0x0-G™ in pairing with adenine and cytosine by inter-base hydrogen bonds in the
Hoogsteen and Watson—Crick motifs, respectively, using ab initio wavefunction-based
electronic-structure calculations. The potential-energy profiles were calculated along
the inter-base hydrogen-atom transfer reaction paths. It is concluded that for the
anionic 8-0x0-G -A (HGI) and 8-oxo-G-C base pairs (see Fig.3(a) and (c)), there
exists a barrierless photodeactivation channel by an inter-base EDPT reaction via a
low-lying S1/So conical intersection. For the 8-oxo-G™-A (HG2) base pair (see Fig.3
(b)), a low barrier may exist on the S; PE surface which may kinetically hinder the
access of this conformer to the Si/So conical intersection. More importantly, these
EDPT reactions have a specific directionality: the hydrogen atoms transfer occurs
only from 8-0x0-G~ to adenine or cytosine, but not in the opposite direction. The
reason is that the electron transfer always occurs from 8-oxo-G~ to adenine or
cytosine. Due to Coulomb attraction, the proton follows the direction of electron
transfer. These findings provide new pathways for excited-state deactivation of
nucleobases when pairing with each other in DNA double strands in addition to their
widely-known intrinsic ring-puckering deformations. While the isolated anionic

8-0x0-G™ nucleoside may have been a primordial repair cofactor, 8-oxo-G~ paired
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with adenine or cytosine is unlikely to be able to play the same role in DNA/RNA

repair because of the much shorted excited-state lifetimes.

Individual candidate contribution:

The advisor designed the three low-energy conformers of base pairs. The candidate
performed all the calculations, including geometry optimizations, the vertical
excitation energies and oscillator strengths, relaxed scan of minimum-energy reaction
paths and linear interpolation reaction paths. With the help of the coauthors, the
candidate analyzed and interpreted the data, and created the tables, graphs and figures.
All authors contributed equally to writing the manuscript. The corresponding author

submitted the manuscript.
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Chapter 4

Discussion and Conclusions

In this thesis, I investigated photochemical reaction mechanisms of DNA bases in a
water environment and in base pairs. By ab initio wave-function electronic-structure
calculations for clusters of the representative base 9H-adenine with water molecules,
we have systematically explored the role of EDPT reactions in the photochemistry of
adenine in a water environment and when pairing with other bases. Five adenine—H>O
complexes, one adenine—(H>O)s cluster, two 8-oxo-guanine-adenine base pairs and
one 8-oxo-guanine-cytosine base pair were constructed and the energy profiles of
specific photochemical reaction routes were calculated. Several novel ultrafast
excited-state deactivation pathways via different photochemical reaction mechanisms
have been found which are not available in gas-phase adenine.

For clusters of adenine with a single water molecule, we have investigated the
potential photochemical reactions occurring at the three basic sites (N1, N3, N7) and
the two acidic sites (N9H, N10H») of adenine, where water molecules are connected
by intermolecular hydrogen bonds. At the three basic sites, the potential-energy
profiles along EDPT reaction paths from water to N-atoms of adenine were calculated,
while at acidic sites, they were calculated along EDPT reaction paths from NH or
NH> groups of adenine to hydrogen-bonded water molecules. By examining the
molecular properties of adenine-water clusters, significant effects of an aqueous
environment on the photoproperties of adenine were found out. Compared with gas
-phase adenine, the vertical excitation energy to the lowest 'nm* state is blueshifted in
the adenine-water cluster while the 'mn*(L,) and 'mn*(Ls) excitation energies are
redshifted. As a result, the vertical excitation energies of the lowest three excited

states exibit a change in ordering. In water, Si('nn*(L.))< So('nn*(Ls)) < S3('nm*),
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while in the gas phase, Si(‘nm*)<S2('nn*(L.))<Ss(‘nn*(Ls)). More importantly, the
intrinsic properties of water molecules allow them to participate directly in
photochemical reaction processes. By calculating minimum-energy excited-state
reaction paths of adenine-H>O complexes at the ADC(2)/aug-cc-pVDZ level, two
different excited-state electron/proton transfer reaction mechanisms have been
characterized: H-atom abstraction from water by photoexcited adenine as well as
H-atom transfer from photoexcited adenine or the (adenine+H)* radical to water. In
the water-to-adenine H-atom transfer reaction, an electron from one of the p orbitals
of the water molecule fills the hole in the n () orbital of the n* (nn*) excited state of
adenine, resulting in a charge-separated electronic state. The electronic charge
separation is neutralized by the transfer of a proton from the water molecule to
adenine, resulting in the (adenine+H)*--*OH* biradical in the electronic ground state.
In the adenine-to-water H-atom transfer reaction, on the other hand, mo* states
localized at the acidic sites (N9H, N10H) of adenine provide the mechanism for the
photoejection of an electron from adenine, which is followed by proton transfer to the
hydrogen-bonded water molecule, resulting in the (adenine-H)*+--H30O* biradical.
The former mechanism was also examined at the same basic sites of adenine by the
calculation of photoreaction energy profiles of the adenine—(H>O)s cluster as relaxed
scans at the ADC(2)/cc-pVDZ level. By identifying the position and energies of
conical intersections, it can be concluded that the relevant S1/So conical intersections
are better accessible in clusters of adenine with several water molecules. The reason is
that the (adenine+H)*---OH* biradical in the electronic ground state is stablized by
hydrogen bonding with more water molecules. On the other hand, water molecules
bonded at the reactive sites can form a small hydrogen-bond network, which may
significantly reduce the flexibility of water molecules for geometric relaxation. As a
result, the nuclear rearrangement is inhibited, the charge-transfer state is less
stabilized and the relevant Si/So conical intersection may disappear. Besides conical
intersections, we clarified the role of the energy barrier for the mechanism of H-atom
abstraction from water by photoexcited adenine. For the adenine—(H20)s cluster, the

energy barrier for the photoreactions at the three basic sites was constructed by linear
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interpolation in internal coordinates from the locally excited state to the
charge-transfer state. For two of the three sites, a specific reaction path to a low-lying
S1/So conical intersection was found to be barrierless or nearly barrierless. For the
reaction path at the third site the barrier could not be determined because of the steric
effect discussed above.

For adenine—H>O complexes with a single hydrogen-bonded water molecule, the
two-dimensional relaxed PES was computed for all reactive sites in the nn* (nm*)
excited states. The location and energy level of local minima and saddle point were
clearly shown in the two-dimensional PES. Similar to what was found in the adenine—
(H20)s cluster, the energy barriers of all reaction paths were observed to be lower or
more or less the same as the vertical excitation energy to the bright 'nn* state, whicn
means the reaction paths are likely to be barrierless.

For the second mechanism the adenine-to-water H-atom transfer reaction at the
N9H or N10H; groups of adenine, minimum-energy profiles of the !nc* states show
large driving forces and no energy barrier for the reaction. However, when an H-atom
is ejected to the surrounding water, an H3O* radical forms and the energy of the
electronic ground state is strongly stabilized. As a result, the Si/So conical intersection
disapears. This means in a water environment, the photoejected electron can form a
hydrated electron, which is a unique feature of this mechanism. As a matter of fact, it
is well known that homolytic photodetachment of H-atoms from acidic aromatic
chromophores via repulsive 'mc* states in aqueous solution can yield hydrated
electrons [84-87]. In finite-size clusters, the hydrated hydronium radical, H3O(H20)n,
is analogue of the hydrated electron in solution [88,89]. Recently Roberts et al.
reported the detection of hydrated electrons generated by irradiation of adenine in
aqueous solution at 220 nm and thus confirmed the possibility of the joint
photodetachment of an electron and a proton from adenine in aqueous solution [83].

These two photodeactivation mechanisms discussed above involve the intrisic
reactivity of hydrogen-bonded water molecules with adenine and are specific for the
ultrafast excited-state deactivation of adenine in a water environment. They account

for the significantly shorted excited-state lifetime of adenine in aqueous environments.
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They provide additional mechamisms which compete with the well-established
intrinsic excited-state deactivation mechanisms of adenine via ring-puckering or
ring-opening conical intersections and contribute to the photostability of adenine in
aqueous solution.

We also have characterized the PE functions for the photodetachment of the excess
H-atom from the (adenine+H) radical as well as the corresponding H-atom transfer
reaction from the radical to a hydrogen-bonded water molecule. The H-atom
photodetachment reaction can be stimulated by low-energy photons and the H-atom
transfer reaction to water may even be approximately thermoneutral. It should be
noted that the transfer of a H-atom from a water molecule to adenine represents the
oxidation of water and the reduction of adenine. When an H-atom of the (adenine+H)
radical (reduced adenine) is photoejected by the absorption of another photon via a
repulsive mo* state, adenine is regenerated (possibly as a different tautomer) and a
water molecule is thereby homolytically decomposed into H and OH radicals.
Adenine may thus have the functionality of a photocatalyst for water splitting by UV
light. The UV-induced decomposition of water catalyzed by adenine and possibly
other RNA/DNA bases may have been the beginning of solar energy harvesting of life.
The RNA/DNA bases likely were not only photostabilizers, [28,90-92] but also the
primordial catalysts for solar energy harvesting by the oxidation of water.

Pairing of adenine with other bases in the DNA double helix structure also affects
the photochemical properties of adenine. For two HG types of anionic 8-oxo-G™-A
base pairs, which are common in oxidatively damaged DNA structures, I have
explored the photochemical reaction paths for radiationless excited-state deactivation
by ab initio electronic structure calculations. For comparison, the anionic 8-oxo-G™-C
base pair was investigated as well. For the anionic 8-0xo-G-A HG1 base pair and the
anionic 8-0xo-G-C base pair, the calculated reaction paths and potential-energy
profiles reveal the existence of a barrierless electron-driven inter-base proton-transfer
reaction from 8-0x0-G™ to adenine or cytosine, which leads to low-lying Si/So conical
intersections. For the anionic 8-0x0-G™-A HG2 base pair, an electron-driven inter-base

proton-transfer reaction from 8-oxo-G~ to adenine was identified which leads to a
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low-lying S1/So conical intersection. However, a substantial energy barrier was found
in the 'nn* state for a linearly interpolated reaction path. It is noteworthy that all
electron-driven inter-base proton-transfer reactions exhibit specific directions, which
means that the H-atom transfers can occur only from 8-oxo0-G™ to adenine or cytosine.
The potential-energy profiles of reaction paths in the opposite direction (from adenine
or cytosine to 8-oxo-G) were also calculated. The minimum-energy profiles show
that the charge-transfer states are not stabilized, which confirms that the
electron-driven inter-base proton-transfer reactions mechanism does not apply for
these paths.

These results are significant in two aspects. For adenine, the pairing with other
bases provides new excited-state quenching pathways in photoexcited DNA, in
addition to the well-known intrinsic excited-state deactivation mechanisms of adenine
via ring-puckering or ring-opening conical intersections. Fom perspective of §-oxo-G,
on the other hand, the present results are relevant with respect to the potential role of
8-0x0-G as a photo-repair agent in DNA, probably having been a precursor of modern
flavine cofactors [93-95]. The photo-excited state of neutral 8-oxo-G has a
sub-picosecond lifetime in aqueous solution, while deprotonated 8-oxo-G~ exhibits a
much longer fluorescence lifetime of 43 ps [96]. The extreme shortening of the
excited-state lifetime of 8-oxo0-G relative to anionic 8-0x0-G has been explained by
either conical intersections intrinsic to guanine, which are more easily accessible in
the neutral than in the anionic form [97], or by an EDPT reaction along the H-bond
between guanine and ribose in 8-oxo-guanosine, which is available in the neutral form,
but not in the anionic form [98]. It has been speculated that the long lifetime of
anionic 8-0xo-G~ should be favorable for repair by electron transfer in the excited
state, while the very short excited-state lifetime of neutral 8-oxo-G should be
disadvantageous in this respect [96]. My results provide computational evidence for
presumably very efficient excited-state deactivation via barrierless EDPT reactions
leading to Si/So conical intersections in the 8-o0xo-G™-A and 8-oxo-G -G base pairs
which call the concept of repair of CPD lesions via electron transfer from

excited-state 8-oxo-G~ in DNA oligomers into question. Kumar and Sevilla
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investigated the corresponding EDPT paths in the neutral 8-oxo0-G-A and 8-ox0-G-C
base pairs and found a path with a barrierless PE profile en route to a low-lying S1/So
conical intersection in the 8-0x0-G-C base pair, while no such path was found for the
8-0x0-G-A base pair [47]. This finding led Kumar and Sevilla to the conclusion that
the 8-0x0-G-A base pair, due to its longer excited-state life time, should allow for
efficient repair of CPD lesions. However, the very short intrinsic lifetime of neutral
8-ox0-guanosine, not considered by Kumar and Sevilla, renders it unlikely that the
neutral 8-0xo0-G-A base pairs are efficient repair agents in DNA oligomers.
Notwithstanding, we do however stress that isolated nucleobasic or nucleosidic forms
of 8-0x0-G™ may be efficient at repairing CPD lesions—as advocated by Matsika et al
[96] and Tuna et al [98].

To summarize, I have shown the intrinsic photophysical properties and
photochemical reactivities of several adenine-water clusters, two 8-0xo-G-A and one
8-0x0-G-C base pairs by ab initio electronic structure calculations. The identified
electron-driven proton-transfer mechanisms in excited-state nucleobases in aqueous
environments and in base pairs deserve further investigation by ab initio nonadiabatic
nuclear-dynamics simulations. The potential-energy profiles presented in this thesis
provide references for further investigations of the photoreactivity of DNA bases and
DNA base pairs by ab initio nonadiabatic nuclear-dynamics simulations and

spectroscopic studies.
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Mechanisms of the photoreactivity of adenine in water

Xiuxiu Wu?, Johannes Ehrmaier?, Andrzej L. Sobolewski?, Tolga N.V. Karsili®, and Wolfgang
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! Department of Chemistry, Technical University of Munich, D-85747 Garching, Germany
ZInstitute of Physics, Polish Academy of Sciences, PL-02668 Warsaw, Poland

® Department of Chemistry, University of Lousiana at Lafayette, LA 70504, USA

Abstract

The mechanisms of photoinduced reactions of adenine with water molecules in hydrogen-bonded
adenine-water complexes were investigated with ab initio wave-function-based electronic-structure
calculations. Two excited-state electron/proton transfer reaction mechanisms have been characterized:
H-atom abstraction from water by photoexcited adenine as well as H-atom transfer from
photoexcited adenine or the (adenine+H) radical to water. In the water-to-adenine H-atom transfer
reaction, an electron from one of the p orbitals of the water molecule fills the hole in the n (w) orbital
of the n* (nn*) excited state of adenine, resulting in a charge-separated electronic state. The
electronic charge separation is neutralized by the transfer of a proton from the water molecule to
adenine, resulting in the (adenine+H)...OH biradical in the electronic ground state. In the
adenine-to-water H-atom transfer reaction, nc* states localized at the acidic sites of adenine provide
the mechanism for the photoejection of an electron from adenine, which is followed by proton
transfer to the hydrogen-bonded water molecule, resulting in the (adenine-H)...HsO biradical. The
energy profiles of the photoreactions have been computed as relaxed scans with the ADC(2)
electronic-structure method. These reaction mechanisms, which involve the reactivity of adenine
with hydrogen-bonded water molecules, compete with the well-established intrinsic excited-state
deactivation mechanisms of adenine via ring-puckering or ring-opening conical intersections. By
providing additional decay channels, the electron/proton exchange reactions with water can account
for the significantly shorted excited-state lifetime of adenine in aqueous environments. These
findings indicate that adenine was not only a photostabilizer at the beginning of life, but also a

primordial photocatalyst for water splitting.



Key words: adenine-water complex, electron-transfer, proton-transfer, water splitting

1. Introduction

The photochemistry of nucleobases in solution and in molecular beams has been intensively
investigated in the past two decades.!™ The most studied representative of DNA bases is 9H-adenine.
Its electronic spectroscopy and photophysics have been studied extensively with experimental®- %410

and computational® %

methods. Several generic ultrafast decay mechanisms of excited states of
9H-adenine have been identified. There is consensus that the ultrafast excited-state decay of adenine
occurs primarily via conical intersections which are accessible by out-of-plane puckering of the
six-membered aromatic ring!'?1%2%:21:23 [t is still controversial whether the Si(nm*) state is populated
as a transient intermediate after photoexcitation of the two bright 'nn* states of 9H-adenine or
whether the decay occurs from the main absorbing nn*(L,) state directly to the ground state.® In
addition, conical intersections accessible via NH-bond fission of the NH or NH> groups of adenine
have been identified as possible ultrafast excited-state relaxation pathways.!!> 13182631 Qyerall, it is
nowadays widely accepted that ultrafast excited-state deactivation of DNA/RNA bases via conical
intersections is an essential mechanism of their protection from UV-induced damage.!? 1% 17

There exists diverse evidence that the photochemistry of adenine can be significantly altered in
aqueous environments. For example, the excited-state lifetime of adenine, which has been
determined to be 1.2 picoseconds in a molecular beam* 2% becomes much shorter (about 200 fs) in
aqueous solution®?. Solvation effects in water may modify the electronic excitation energies which
may affect the barriers which control the accessibility of conical intersections. In addition,
hydrogen-bonding interactions with surrounding solvent molecules may lead to explicit participation
of solvent molecules in the excited-state relaxation dynamics, resulting in new photorelaxation
channels not available in the isolated adenine molecule. Although experimental data on the

photoinduced dynamics of microhydrated adenine are limited,*"°

theoretical explorations of the
excited-state potential-energy surfaces and nonadiabatic dynamics simulations have predicted that
electron-driven proton-transfer (EDPT) processes from hydrogen-bonded water molecules to the

basic sites of adenine may contribute to ultrafast excited-state relaxation.’® 37 Evidence for this



channel was first found by Barbatti in excited-state dynamics simulations for the 7H-adenine-(H>O)s
cluster, using second-order algebraic diagrammatic construction (ADC(2)) method.’® With the same
method, Dosli¢ and co-workers performed static reaction-path and nonadiabatic dynamics
investigations for the 9H-adenine-(H>O) complex, in which a single water is hydrogen-bonded to the
N3 atom.*® They identified a photoinduced EDPT process from the water molecule to the N3 atom of
adenine which could be responsible for the observed shortened excited-state lifetime of adenine in
aqueous environments.*? 3° In a previous study, we extended the work of Refs. 36, 38 by calculating
the energy profiles of excited-state minimum-energy reaction paths for 9H-adenine-(H2O)s clusters,
considering reactions at the three basic sites (N1, N3 and N7) with the ADC(2) electronic-structure
method. 37 For two of the basic sites (N1 and N7), a barrierless or nearly barrierless excited-state
reaction path towards a low-lying S1—So conical intersection was found. *’

Apart from the three basic sites, 9H-adenine possesses two acidic groups (N9H, N10H2) which
have been shown to be involved in the fast (nonstatistical) photodissociation of adenine in the gas

L. 18,29, 30 With femtosecond time-resolved fluorescence up-conversion measurements in

phase.!
aqueous solution an abrupt shortening of the excited-state lifetime of adenine at Aexc = 265 nm was
observed and interpreted as evidence for a radiationless electronic relaxation pathway involving the
lowest 'mo* state.’® It is well known that the photodetachment of H atoms from acidic chromophores
in aqueous solution via repulsive 'mo* states can yield hydrated electrons.*® By the detection of
hydrated electrons formed upon at 220 nm excitation of 9H-adenine in aqueous solution, Roberts et
al. found evidence for a photorelaxation pathway via a repulsive 'no* state.*! Very recently, Szabla
and co-workers explored features of the excited-state potential-energy (PE) surface of the
9H-adenine-(H20)s cluster with the ADC(2) method.** These authors showed that a mo*- mediated
EDPT along H,O wires may be one of the deexcitation channels channels of adenine in a water
environment.

Despite many experimental and computational studies of the excited-state deactivation
mechanisms of 9H-adenine (henceforth adenine) in aqueous solution, the role of 'nn*, 'nn* and 'no*
excited states and their conical intersections in the ultrafast radiationless excited-state decay
dynamics of adenine is not yet fully understood. In the present work, we carried out a systematic

computational exploration of the excited-state EDPT reaction mechanisms in hydrogen-bonded

complexes of adenine with a single water molecule with the ADC(2) electronic-structure method.
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The EDPT reactivities of the three basic sites (N1, N3, N7) and the two acidic groups of adenine
(N9H, N10H>) are considered. For this purpose, the geometries of five adenine-H>O complexes,
shown in Figs. 1 and 2, were optimized in the electronic ground state. Minimum-energy excited-state
reaction paths were computed as relaxed scans with the ADC(2) method and the energy profiles of
electron/proton transfer reactions between adenine and water were characterized. The
one-dimensional relaxed scans along the OH distance of the water molecule are complemented by
two-dimensional relaxed PE surfaces, including the O-N donor-acceptor distance. This way, the
barriers for the excited-state electron/proton transfer reaction from water to the three basic sites of
adenine could be determined for the first time. In addition, we have studied the mechanism of the
photodetachment of the excess hydrogen atom from the (adenine+H) radical for the example of the
N3 site. It is shown that the photodetachment of the H-atom as well as the transfer of the H-atom to a
hydrogen-bonded water molecule are nearly barrierless reactions which can be induced by
low-energy photons. This comprehensive “bottom up” investigation of the photoreactivity of
complexes of adenine with a single water molecule provides insight into the role of EDPT reactions
in microsolvated adenine. These data may serve as guidelines for future investigations of the aqueous

photochemistry of adenine with ab initio nonadiabatic nuclear-dynamics simulations.

2. Computational methods

The ground-state equilibrium geometries of the adenine molecule and of the five adenine-H,O
complexes were optimized using second-order Mgller—Plesset perturbation theory (MP2)*. C
symmetry was imposed in these calculations, that is, the amino group of adenine was constrained to
be planar and the water molecule was constrained to be oriented either in the plane of adenine (see
Fig. 1) or perpendicular to this plane (see Fig. 2). The Cy symmetry constraint is very helpful for the
calculation of excited-state minimum-energy reaction paths and two-dimensional relaxed
excited-state PE surfaces. Some of these calculations could not be performed without this constraint
due to the near degeneracy of 'nn*, 'nn* and 'mo* excited-states. Vertical excitation energies and
oscillator strengths were calculated with the ADC(2)* % method, which is a computationally
efficient single-reference propagator method. The correlation-consistent double-{ basis set
)

augmented with polarization functions and diffuse functions on all atoms (aug-cc-pVDZ)™ was used.



For the adenine-N1---H-OH, adenine-N3---H-OH and adenine-N7---H-OH complexes, the
reaction paths and their energy profiles for H transfer from the hydrogen-bonded water molecule to
adenine were constructed as so-called relaxed scans, using the bond length Rou of the
hydrogen-bonded OH group of water as the driving coordinate. For a fixed value of the driving
coordinate Ron, the remaining nuclear coordinates of the adenine-H,O complex were relaxed in the
respective electronic state with C; symmetry constraint. The vertical excitation energies of the 'nn*
and 'nn* states of adenine were computed with the ADC(2) method along the reaction path
optimized in the electronic ground state. The reaction paths for EDPT processes from water to
adenine in the lowest 'mn* and 'nn* excited states were constructed as relaxed scans by optimizing
the energy of the selected state for fixed Ron with the ADC(2) method. The energies of the other
excited states and the energy of the electronic ground state were computed at the optimized
geometries with the MP2 and ADC(2) methods, respectively. In addition, the PE surfaces in the
vicinity of the saddle point separating the Franck-Condon region from the H-atom-transfer region
were computed as two-dimensional relaxed scans. For fixed values of the driving coordinates Ron
(the distance of the oxygen atom of water from the nitrogen atom of adenine) and Rou, all other
nuclear coordinates were optimized in the respective excited state with Cy symmetry constraint. The
geometries of the saddle points were estimated from the two-dimensional relaxed PE surfaces and
subsequently fully optimized.

For the complexes adenine-N9-H:--OH; and adenine-N10-H:--OHa, involving hydrogen-bonding
of water with acidic groups of adenine, the reaction paths and their energy profiles for H-atom
transfer from adenine to the water molecule in the 'mo* excited state were calculated as relaxed scans,
using the bond length Rnu of the corresponding imino/amino group of adenine as the driving
coordinate. Cs symmetry is enforced, the water molecule being constrained to be perpendicular to the
molecular plane of adenine. This geometry is suitable for the attachment of the mobile H-atom to the
water molecule which generates a H3O radical. In these calculations, the energy of the electronic
ground state was calculated at the relaxed geometries of the 'mo* state using the MP2 method. For
comparison, analogous relaxed scans were also computed for the free N9-H and N10-H bonds of
isolated adenine. The PE profiles for the photodetachment of the excess H-atom from the (adenine+H)
radical were analogously computed as relaxed scans optimized in the *no* excited state of the radical

using the unrestricted ADC(2) method. The energies of the Dy ground state and of the *nn* and *nn*
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excited states were calculated along the relaxed scan with the unrestricted MP2 and ADC(2) methods,
respectively. The MP2 and ADC(2) calculations were carried out with the TURBOMOLE program

package*’ using the resolution-of-the-identity (RI) approximation.*® 4

3. Results and discussion

3.1 Molecular structures and vertical electronic excitation energies

As adenine has both basic sites (N1, N3, N7) and acidic sites (N9-H, N10-H>), surrounding water
molecules can act either as hydrogen-bond donors (e.g. adenine-N---H-O-H) or as hydrogen-bond
acceptors (e.g. adenine-NH---OHb»), There exist therefore three adenine-H,O structures in which
adenine is an H-atom acceptor and two structures, in which adenine is an H-atom donor. The former
three structures are displayed in Fig. 1. The latter two structures are shown in Fig. 2. The calculated
hydrogen-bond lengths are included in the figures.

The hydrogen bonds with the basic acceptor sites of adenine are notably shorter (and thus stronger)
than the hydrogen bonds with the acidic donor sites, see Fig. 1. Among the three conformers with
hydrogen-bond accepting sites, the conformer with H>O coordination at the N7 site exhibits the
shortest (and thus strongest) hydrogen bond. In the adenine-(H>O)s cluster of C; symmetry, the
hydrogen-bond lengths are shorter by about 0.1 A than the corresponding hydrogen-bond lengths in
clusters of adenine with a single water molecule.’” This implies that the hydrogen bonds are
strengthened by cooperative effects in larger clusters, which is favorable for H-atom-transfer
processes. Among the conformers with hydrogen bonding of water to the acidic sites of adenine, the
hydrogen-bond length of conformer N9-H is slightly shorter than that of conformer N10-H, which
indicates that the photoinduced H-atom transfer reaction may occur more readily in the N9-H
conformer.

The vertical excitation energies and corresponding oscillator strengths (in parentheses) of the
lowest four singlet excited states (‘mn*(L.), 'mn*(Ls), 'nm* and 'mo*) of the five adenine-H>O
complexes, computed at the ADC(2) level, are listed in Table 1. The corresponding vertical excitation
energies of isolated adenine are also given for comparison. The molecular orbitals involved in the
excitation of the lowest 'mn*, 'nm* and !mo* excited states are displayed in Fig. 3 for the

adenine-N3...H-OH and adenine-N9-H...OH> complexes (as representatives of the five conformers).
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For both adenine-H>O conformers in Fig. 3, excitation from the 7"(m) orbital to the 9a"(x*) orbital
gives rise to the lowest 'mn* state. The 'nn* excited state arises from the excitation from the 33a'(n)
orbital to the 9a"(rm*) orbital. It can be seen by inspection of Fig. 3 that part of the 33a’ orbital is
localized on the O atom of the water molecule, which reveals that the hydrogen bond of the water
molecule with the N3 atom of adenine has partially covalent character. For the conformer
adenine-N9-H...OHa, the diffuse 6* orbital (34a") localized mainly on the imino group of adenine is
displayed.

In isolated adenine, the !

nt* state is the lowest singlet excited state. Excitation of this state
involves the promotion of an electron from an in-plane nitrogen 2p orbital to a ring-centered m*
orbital. The strongly absorbing bright 'nn*(L,) state involves a m — n* orbital promotion, both of
which are delocalized over the entire molecule. The 'mo* state is the fourth excited state. It involves
the promotion of an electron from the highest m orbital to the lowest diffuse ¢* orbital which is
antibonding with respect to the NH bonds. As is well known from many previous computational
studies of adenine in aqueous environments, the excitation energy of the 'nn*(L,) state is redshifted,
while the excitation energy of the 'nm* state is blue-shifted relative to isolated adenine. As a result,

36,37 and in

the ordering of the excited states of adenine is 'nn*(L,), 'nn* and 'no* in water clusters
aqueous solution®*>2, The stabilization of the energy of the 'mn*(L,) state results from polarization
effects which stabilize the n* orbital more strongly than the n orbital, leading to a decrease of the
n-n* energy gap. The destabilization of the energy of the !'nm* state arises from a substantial
stabilization of the nitrogen-centered nonbonding orbital by the hydrogen bonding with water, as a
result of the partial delocalization of the n orbital onto the water molecule (see the 33a' orbital in Fig.
3). The lowering of the energy of the n orbital leads to an increase of the n-n* energy gap. Due to this
destabilization of the 'nz* state, the 'an* state becomes the lowest excited state of adenine in water
clusters. The 'nn*(Ly) and 'nm* states are found to be nearly degenerate in adenine-H,O clusters at
the ADC(2) level. The relative ordering depends on the specific cluster, see Table 1. The electronic
state orderings and the vertical excitation energies calculated here with Cs symmetry constraint are in

agreement with those obtained by Dosli¢ and co-workers*® for two adenine-H,O complexes without

symmetry constraints.



3.2 Photoinduced H-atom abstraction from water molecules
(a) N3 site

Each of the three basic sites of adenine, N1, N3, N7, is capable of abstracting an H-atom from the
hydrogen-bonded water molecule after photoexcitation. We select the conformer adenine-N3...H-OH
(middle panel of Fig. 1) for a detailed analysis of the photophysics of these adenine-H>O complexes.
The energy profiles of relaxed scans for the electron/proton-transfer process from water to adenine in
the ground state and in the lowest two excited states of this conformer are displayed in Fig. 4. The
energy profiles shown in Fig. 4 consist of two parts which are separated, for clarity, by the dashed
vertical line. The left part (Ron < 1.3 A) corresponds to the Franck-Condon region of the
adenine-H,O complex. In this region, the energies of the ground state (filled black circles), the
locally excited 'nn* state (red open circles) and the locally excited 'nm* state (blue open circles) were
calculated along the H-atom-transfer reaction path optimized in the Sy state. In the right part of Fig.
4(a) (Ron > 1.3 A), the energies of the ground state (black open circles), 'nn* (filled red circles) and
'nm* (blue open circles) were calculated along the H-atom-transfer reaction path optimized in the
Ip,m* charge-transfer (CT) state. The !p,m*(CT) state involves the transfer of an electron from the p;
orbital of H>O to the lowest n* orbital of adenine. This part of the figure corresponds to the
(adenine+H)...OH biradical, see the structure shown as inset in Fig. 4(a). The left part of Fig 4(b) is
the same as the left part of Fig 4. (a). In the right part of Fig. 4(b) (Ron > 1.3 A), the energies of the
ground state (black open circles), the 'nn* state (open red circles) and the 'nz* state (blue full circles)
were calculated along the H-atom-transfer reaction path optimized in the 'pxyn* CT state. The
Ipxyn*(CT) state involves the transfer of an electron from the pxy orbital of H,O to the lowest n*
orbital of adenine. The discontinuities of the energy profiles at Ron = 1.3 A reflect the different
geometries in two reaction paths.

Along the reaction path optimized in the Sy state (Ron < 1.3 A), the PE functions of the locally
excited 'mn* and 'nm* states are essentially parallel to the PE function of the electronic ground state,
which indicates that there exists no driving force for the H transfer from water to adenine in these
electronic states. Along the reaction paths optimized in either of the CT states (Ron > 1.3 A), on the
other hand, the 'p,n*(CT) and 'pxyn*(CT) states are strongly stabilized by the transfer of the proton
from water to adenine, which neutralizes the electronic charge separation. In Fig. 4(a), the 'p,n*(CT)

state is the lowest excited state, while in Fig. 4(b) the 'pxyn*(CT) state is the lowest excited state.
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The large gradients of the charge-transfer energies with respect to Ron indicate a strong driving force
for proton transfer which results from the charge-separated character of the 'p,n*(CT) and 'px yn*(CT)
states. The energy of the closed-shell ground state, in contrast, increases strongly with increasing Romn.
As a result, the energy curves of the 'p,n*(CT) and !pxyn*(CT) states cross the ground-state energy
profile near Ron = 2.4 A, see Fig. 4. Since both energy profiles were calculated at the same
geometries, these curve crossings are true crossings (conical intersections). In Fig. 4(a), the 'p,n*(CT)
state and the Sy state have the same spatial and spin symmetry ('A"). Therefore, the 'pm*(CT)/So
curve crossing represents a so-called same-symmetry conical intersection®. In Fig. 4(b), on the other
hand, the 'pxyn*(CT) state has 'A" symmetry and the 'pyyn*(CT)/So curve crossing represents a
so-called symmetry-allowed conical intersection®. Depending on the topography of the adiabatic PE
surfaces and the nonadiabatic coupling elements at these conical intersections, the reaction can lead
to internal conversion to the initial ground state of the complex (adiabatic path, aborted
H-atom-transfer reaction) or to an (adenine+H)...OH biradical (diabatic path, successful
H-atom-transfer reaction).

The energy profiles for Ron < 1.3 A and Ron > 1.3 A in Fig. 4 correspond to minimum-energy
reaction paths in different valleys of the multidimensional PE surface of the adenine-H>O complex.
To understand the connection of these energy profiles, the barrier separating the two valleys has to be
estimated. We therefore calculated two-dimensional PE surfaces as relaxed scans in the vicinity of
the energy barrier for H-atom transfer from water to adenine at the ADC(2) level. Considering the
proton-transfer coordinate Ron and the distance Ron between the O-atom of water and the N-atom of
adenine as reaction coordinates, the energies of the lowest excited states of 'A' symmetry (‘nn* and
pm*(CT) states) and 'A" symmetry ('nn* and 'pxyn*(CT) states) were optimized for fixed Ron and
Ron with respect to the remaining nuclear coordinates with Cs symmetry constraint. The resulting
relaxed PE surfaces for the adenine-N3...H-OH conformer are shown in Fig. 5.

Fig. 5(a) shows the relaxed PE surface of the lowest excited state of 'A' symmetry ('nn* and
p,n*(CT) states). The well on the left-hand side of Fig. 5(a) represents the minimum of the lowest
locally excited !nn* state (red triangle at Ron = 1.0 A, Ron = 2.8 A), while the deep valley on the
right-hand side (red triangle at Ron = 1.8 A, Ron = 2.8 A) represents the (adenine+H)...OH biradical.
The wells are separated by a saddle point (red star at Rou = 1.25 A, Ron = 2.4 A), which represents

the transition state for the H-atom transfer reaction. The energy of the saddle point is 5.30 eV above
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the energy minimum of the electronic ground state. It is about 0.60 eV higher than the energy
minimum of the lowest 'nn* excited state (4.70 eV) and 0.30 eV higher than the vertical excitation
energy of the lowest !'nn* state (5.03 eV). The barrier with respect to the 'mn* minimum is about 0.4
eV higher than the barrier determined by Dosli¢ and coworkers*® for the same adenine-H,O
conformer without symmetry constraints. The Cs symmetry constraint thus leads to an overestimation
of the barrier. The barrier of about 0.2 eV estimated without symmetry constraints is of the order of
the zero-point energy and is therefore insignificant. H-atom transfer from water to photoexcited
adenine should readily occur by tunneling.

The two-dimensional relaxed PE surface for the lowest excited state of A" symmetry (‘nn* and
Ipxym*(CT) states) is displayed in Fig. 5(b). The saddle point on the !A" surface is 5.07 eV above the
ground-state energy minimum, which is 0.54 eV higher than the energy minimum of the 'nn* excited
state (4.53 eV), but lower than the vertical excitation energy of the bright 'nn* state (5.14 eV). Since
interconversion of the locally excited 'mn* and !nm* states of adenine is efficient,® a barrierless
reaction path for H-atom abstraction is expected on the 'A" surface of the adenine-N3...H-OH

conformer.

(b) N1 and N7 sites

The mechanisms of the H-atom abstraction reactions at the N1 and N7 sites of adenine are similar
to those described in detail for the N3 site and are therefore discussed more briefly. Fig. 6 (a)
displays the PE profiles of the ground state, the locally excited 'mn* and 'nm* states, and the
'p*(CT) and 'pxyn*(CT) states along the H-atom-transfer coordinate Rou for the
adenine-N1...H-OH conformer. The energy of the 'p,n*(CT) state has been optimized for Ron > 1.3
A. The corresponding data for the adenine-N7...H-OH conformer are shown in Fig. 6(b). Overall,
the energy profiles are very similar to those discussed in detail for the adenine-N3...H-OH
conformer above. The location of the conical intersection of the 'p,m*(CT) state with the Sy state is
near Ron ~ 2.6 A for the adenine-N1...H-OH conformer, 0.3 A further out than for the other two
conformers. This is an indication that the H-atom abstraction reaction may be somewhat less efficient
for the adenine-N1...H-OH conformer than for the other two conformers.

Two-dimensional relaxed PE surfaces for H-atom transfer from water to adenine were also

calculated for the adenine-N1...H-OH and adenine-N7...H-OH conformers, considering the lowest
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adiabatic 'A' surface. These PE surfaces are shown in Fig. 7. In the adenine-N1...H-OH conformer,
the saddle point is located at Ron = 1.2 A, Ron = 2.5 A and the energy is 5.40 eV, 0.6 eV above the
energy minimum of the 'nn* state. In the adenine-N7...H-OH conformer (Fig. 7(b)), the estimated
energy of the saddle point is 4.90 eV, which is about 0.30 eV higher than the energy minimum of the
lowest 'nn* excited state (4.60 eV), but is almost the same as the vertical 'nn* excitation energy. The
H-atom transfer reaction from water to adenine is thus likely to be barrierless in the

adenine-N7...H-OH conformer.

3.3 H-atom transfer from adenine to water
(a) H-atom photodetachment from isolated adenine

As a reference for the investigation of H-atom transfer reactions from adenine to hydrogen-bonded
water molecules, we calculated the PE profiles for H-atom detachment reaction from the imino and
amino groups of isolated adenine as relaxed scans. The energies of the Sy state and the lowest 'mr*
and 'nm* excited states were calculated at geometries which were optimized in the 'nc* state for
fixed Rnu. Adenine was constrained to be planar. The Cy symmetry constraint is necessary for
successful geometry optimizations of the quasi-degenerate excited states of adenine.

The PE profiles for the detachment of the H-atom from the imino group of adenine are shown in
Fig. 8(a). While the energies of the 'mn* and 'nm* states are parallel to the PE function of the
electronic ground state, the PE profile of the 'no* state is dissociative with a tiny barrier near 1.2 A.
For Rnn < 1.3 A, the energy of the optimized 'mo* state is seen to be nearly degenerate with the
energies of the 'mn* and 'nm* states calculated at the same geometries, see Fig. 8(a). This is an
indication of the existence of extended seams of intersection among the PE surfaces of these states in
the Franck-Condon region. The 'no* PE surface exhibits a crossing with the So PE surface at an NH
distance of 1.75 A. It has been postulated that the nearly barrierless reaction path in the 'no* state
from the Franck-Condon region to this conical intersection provides an additional channel for
ultrafast excited-state deactivation of adenine!! 13 18:2731 Perun et al.!*> computed relaxed PE profiles
of adenine in the 'mo* state along the N9-H and N10-H bonds with the CASSCF/CASPT2 method.
Upon stretching of the N9-H bond to 1.78 A, a 'n6*/So energy crossing was found to occur at an
energy of 4.7 eV, which is close to the results at the ADC(2) level. According to the present

calculations, the energy barrier for dissociation is 0.50 eV for the N9-H group, which is lower than
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the CASSCF/CASPT2 result (1.0 eV) of Perun et al.!> and the experimental estimate (0.9 eV)> .
Szabla et al.*? calculated the PE profile of the 'no* state of adenine as a rigid scan along the N9-H
bond distance at the ADC(2) level without symmetry constraint. They found a 'mc*/So conical
intersection which is located at Ryu = 2.2 A with an energy of 5.50 eV. It is considerably further out
and higher in energy than the intersection revealed by the relaxed scan (Rnu = 1.75 eV) with an
energy of 4.90 eV. As expected, the energy barrier of the minimum-energy path is lower than the
barrier indicated by the rigid scan. Experimentally, Nix et al. obtained total kinetic energy release
(TKER) spectra in the excitation wavelength range 280 > A > 214 nm.?° They determined the onset
of the N-H fission reaction on the 'no* PE surface at 233 nm.

The energy profile of the relaxed scan for the H-atom detachment reaction from the amino
group (N10-H) in the 'mo* state of isolated adenine is shown in Fig. 8(b). The barrier is notably
higher (= 0.6 eV) than found for the stretching N9-H bond. The 'no*/So Cl is located at Rnu = 2.05 A,
0.3 A further out than for the stretching of the N9-H bond. These results are in good agreement with
results obtained earlier by Perun et al. with the CASSCF/CASPT2 method.!* The energy of the
maximum of the 'mo* PE profile can be considered as a rough estimate of the threshold for the
photodetachment of fast hydrogen atoms from adenine. By time-resolved mass spectroscopy, Stavros
and coworkers found strong evidence for H-atom detachment from the amino group of adenine after
excitation at 200 nm, while it was concluded that the role of mo* states is minimal at 266 nm.*
Zierhut and coworkers, using Doppler spectroscopy after excitation at 267 nm, also observed less
H-atom loss from the amino group than the imino group.> These experimental findings support our
computational result that the photoinduced H-atom detachment from the amino group involves a

higher barrier than the H-atom detachment reaction from the imino group.

(b) H-atom transfer from the N9-H and N10-H groups of adenine to water

We computed relaxed scans on the PE surface of the 'no* state along the N9-H bond length for the
adenine-N9-H:--OH> conformer and along the N10-H bond length for the adenine-N10-H:--OH:
conformer. The reaction-path PE profiles are shown in Fig. 9(a) for the adenine-N9-H---OH»
conformer and in Fig. 9(b) for the adenine-N10-H---OH; conformer. As in isolated adenine, the 'nr*
and 'nm* excited states are predissociated by the 'no* state. The PE profile of the 'no* state is flat

and barrierless for both conformers. At large Rxn (Rnu = 2.0 A), the structures are biradicals
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consisting of dehydrogenated adenine and the H3O (hydronium) radical, see the insets in Fig. 9. The
main difference between the energy profiles of Fig. 9 for adenine-H>O complexes and Fig. 8 for
isolated adenine is the disappearance of the conical intersection of the 'mo* state with the Sy state.
This arises from an increase of the energy of the 'mo* state at large Rnn and, more importantly, from
a marked stabilization of the energy of the Sy state at large Rnn, see Figs. 8, 9. The stabilization of the
So energy arises from a strong admixture of an ionic configuration (adenine-H30") in the Sp wave
function at large Rnn. It is the high stability of the hydronium cation which stabilizes the ground-state
energy and thereby removes the conical intersection with the biradicalic excited state. These findings
6

are quite similar to those reported earlier for phenol-water clusters.’

It is well known that the homolytic photodetachment of H-atoms from acidic aromatic

1 40, 56-58 In

chromophores via repulsive 'mc* states in aqueous solution yields hydrated electrons.
finite-size clusters, the hydrated hydronium radical, H3O(H2O)n,, is analogue of the hydrated electron
in solution.’!> % Roberts et al. recently reported the detection of hydrated electrons generated by
irradiation of adenine in aqueous solution at 220 nm and thus confirmed the possibility of the joint

photodetachment of an electron and a proton from adenine in aqueous solution.*!

3.4 H-atom transfer from the (adenine+H) radical to water

(a) H-atom photodetachment from the isolated N3 (adenine+H) radical

Fig. 10(a) shows the PE profiles along a rigid scan for the H-atom detachment reaction from the
N3-H group of the (adenine+H) radical with the excess hydrogen atom at the N3 position. The
reaction coordinate is the N-H distance between the N3 atom and the departing H-atom. Close to the
Franck-Condon region (R(N-H) = 1.0A), the PE profiles of the locally excited states (*mn* and *nm*)
are approximately parallel to the energy profile of the Dy state. The PE profile of the *nc* state, on
the other hand, is repulsive and crosses the energy curve of the Do state at R(N-H) = 1.43 A. It
becomes the lowest electronic state for large NH-distances, where the o* orbital contracts to the Is
orbital of the H-atom. The computed dissociation energy is 1.91 eV, which is more than 2 eV lower
than the lowest H-atom detachment energy from adenine. While the *mo* state of the (adenine+H)
radical is dark in absorption, it can be populated by radiationless relaxation from the higher-lying
Znn* state which absorbs near 2.0 eV (620 nm). At the 2no*/Dy conical intersection, the dynamics on

the no* surface bifurcates, yielding either the hot Dy state (aborted photodissociation) or adenine
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and a free H-atom in their electronic ground states as photodissociation products.

(b) H-atom transfer from the N3 (adenine+H) radical to water

Fig. 10(b) displays the PE profiles of a relaxed scan for the H-atom transfer reaction from N3
(adenine+H) radical to a hydrogen-bonded water molecule, computed in the *rno* state. The reaction
coordinate is the N-H distance between the transferred H-atom and the donating N-atom (N3) of the
radical. Compared to the case of the free (adenine+H) radical (cf. Fig. 10(a)), the excited states are
significantly lower in energy. The crossing point between the PE profiles of the Do state and the
reactive no* state is shifted towards smaller NH distances (from 1.40 A to 1.15 A). The threshold
for the H-atom transfer reaction is merely 0.56 eV, which is drastically lower than the threshold
energy for H-atom transfer from one of the acidic sites of adenine to water. It is expected that
additional water molecules will further stabilize the H3O radical, which might render the reaction

thermoneutral or possibly even slightly exothermic in a liquid water environment.

Conclusions

We performed a systematic and comprehensive exploration of  excited-state
electron/proton-transfer reactions in hydrogen-bonded complexes of 9H-adenine with a single water
molecule by the investigation of the energy profiles of excited-state minimum-energy reaction paths.
The PE profiles of the photoreactions have been computed as relaxed scans with the ADC(2)
electronic structure method. We characterized, in particular, the relevant reaction barriers and the
location of conical intersections. Two main excited-state reaction mechanisms have been identified in
adenine-H>0O complexes. The first is electron/proton abstraction from the hydrogen-bonded water
molecule by the photoexcited chromophore whereby adenine acts as a photobase. This reaction
mechanism has been characterized for the three basic sites of adenine (N1, N3, N7). The other
mechanism is photoinduced electron/proton transfer from the acidic sites of adenine (N9H, N10H>)
via repulsive 'mo* states to the hydrogen-bonded water molecule. This reaction in the adenine-H,O
complex represents a finite-size model of the photoejection of an electron and a proton into a liquid
aqueous environment.

For all reaction channels considered in this work, barrierless or nearly barrierless reaction paths for

14



electron/proton transfer to water or electron/proton abstraction from water were found.
Photoreactivity with hydrogen-bonded water molecules is thus a generic feature of the
photochemistry of adenine in aqueous solution. These reaction mechanisms exist in addition to the
well-established intrinsic excited-state decay mechanisms of adenine via ring-puckering or
ring-opening conical intersections and can explain the substantially shortened excited-state lifetimes
of adenine in water. The widely accepted concept of photostability of DNA/RNA bases provided by
ultrafast excited-state deactivation through intramolecular conical intersections'™ %17 has thus to be
extended to include ultrafast excited-state decay channels which arise from photoinduced
electron/proton exchange reactions with water. We also have characterized the PE functions for the
photodetachment of the excess H-atom from the N3 (adenine+H) radical as well as the corresponding
H-atom transfer reaction from the radical to a hydrogen-bonded water molecule. The H-atom
photodetachment reaction can be stimulated by low-energy photons and the H-atom transfer reaction
to water may even be approximately thermoneutral. The photochemical reaction mechanisms
discussed herein illustrate the generic role of EDPT processes in excited states of nucleobases in
aqueous environments and deserve further investigation by ab initio nonadiabatic nuclear-dynamics
simulations.

It should be noted that the transfer of an H-atom from a water molecule to adenine represents the
oxidation of water and the reduction of adenine. When an H-atom of the (adenine+H) radical
(reduced adenine) is photoejected by the absorption of another photon via a repulsive nc* state,
adenine is regenerated (possibly as a different tautomer) and a water molecule is thereby
homolytically decomposed into H and OH radicals. Adenine may thus have the functionality of a
photocatalyst for water splitting by UV light. The UV-induced decomposition of water catalyzed by
adenine and possibly other RNA/DNA bases may have been the beginning of solar energy harvesting
of life. The RNA/DNA bases likely were not only photostabilizers' % %17 but also the primordial

catalysts for solar energy harvesting by the oxidation of water.
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Table 1. Vertical excitation energies (in eV) and oscillator strengths (in parentheses) for five

conformers of the adenine-H>O complex, calculated at the ADC(2)/aug-cc-pVDZ level. The data for

isolated adenine are included for comparison. The conformers are shown in Figs. 1 and 2.

Conformer

State

'n*(La) (f)

in*(Ly) (f)

'nm* (f)

Ine* (f)

Ade-N1...H-OH
Ade-N3...H-OH
Ade-N7...H-OH
Ade-N9-H...OH»
Ade-N10-H...OH»

1solated adenine

5.09 (0.1876)
5.03 (0.2834)
4.90 (0.2437)
5.04 (0.2791)
5.00 (0.2597)
5.06 (0.2287)

5.12 (0.1200)
5.11 (0.0317)
5.08 (0.0600)
5.10 (0.0353)
5.06 (0.0623)
5.09 (0.1876)

5.15 (0.0008)
5.14 (0.0004)
5.03 (0.0009)
5.08 (0.0007)
5.10 (0.0008)
5.03 (0.0008)

5.41 (0.0094)
5.42 (0.0104)
5.24 (0.0038)
5.36 (0.0100)
5.32 (0.0061)
5.32 (0.0086)
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Ade-N1...H-OH

Ade-N7...H-OH

S’

Fig. 1. Ground-state equilibrium geometries of the three H-atom accepting conformers of the
hydrogen-bonded adenine-H>O complex, obtained with C; symmetry constraint at the

MP2/aug-cc-pVDZ level. The hydrogen-bond lengths are given in Angstrom.
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Ade-N9-H...OH,

o’

Ade-N10-H...OH,

Fig. 2. Ground-state equilibrium geometries of the three H-atom donating conformers of the
hydrogen-bonded adenine-H>O complex, obtained with C; symmetry constraint at the

MP2/aug-cc-pVDZ level. The hydrogen-bond lengths are given in Angstrom.
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Ade-N3:--H-OH Ade-N9-H--OH,
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NP
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J“i" ‘:‘.}‘
JJ. ‘
7a” () 9a” (n*)
Jad ')
, °
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b My
33a’ (n) 7a” (m)

Fig. 3. Hartree-Fock molecular orbitals involved in the lowest excited states of the adenine-H>O
conformers adenine-N3...H-OH (left) and adenine-N9-H...OH, (right) at the ground-state
equilibrium geometry. The outer part of the 34a'(c*) orbital is actually more diffuse than is visible in

this graphical representation.
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Fig. 4. Energy profiles of minimum-energy paths for hydrogen transfer from water to adenine for the
electronic ground state (black), the 'nn* (red) and 'nm* (blue) locally excited states and the 'p,n* (red)
and 'pxyn* (blue) charge-transfer states, for the adenine-N3...H-OH conformer. (a) relaxed scan
calculated by optimizing the energy of the !p,m* state; (b) relaxed scan calculated by optimizing the

energy of the 'pxym* state. The educt and product structures are shown as insets.
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Fig. 5. Relaxed PE surface of the lowest excited state of 'A' symmetry (‘nn* and 'p,n* states) (a) and
PE surface of the lowest excited state of 'A" symmetry ('nn* and 'pxyn*states) (b) in the vicinity of
the barrier for H-atom transfer from water to adenine for the adenine-N3...H-OH conformer,
calculated with the ADC(2) method. The nuclear coordinates are the OH bond length Ron of the
water molecule and the distance Ron of the oxygen atom of water from the N3-atom of adenine. The
numbers give the energy of local minima (triangles) and the saddle point (star) relative to the

ground-state minimum energy in electron volts.
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Fig. 6. Energy profiles of minimum-energy paths for hydrogen transfer from water to adenine for the
electronic ground state (black), the 'nn* (red) and 'nn* (blue) locally excited states and the 'p,m* (red)
Ipxyn* (blue) charge-transfer states, for the adenine-N1...H-OH conformer (a) and the

adenine-N7...H-OH conformer (b). The educt and product structures are shown as insets.
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Fig. 7. Relaxed PE surface of the lowest excited state of 'A' symmetry (‘nn* and 'p,n* states) in the
vicinity of the barrier for H-atom transfer from water to adenine for the adenine-N1...H-OH
conformer (a) and the adenine-N7...H-OH conformer (b), calculated with the ADC(2) method. The
nuclear coordinates are the OH bond length Ron of the water molecule and the distance Ron of the
oxygen atom of water from the corresponding N-atom of adenine. The numbers give the energy of
local minima (triangles) and the saddle point (star) relative to the ground-state minimum energy in

electron volts.
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Fig. 8. PE profiles of minimum-energy reaction paths for hydrogen detachment from adenine in the
electronic ground state (black) and the lowest 'nm* (blue), 'nn* (red) and 'mo* (pink) excited states
as a function of the N9-H stretching coordinate (a) and the N10-H stretching coordinate (b),
calculated with the ADC(2) method. The relaxed scan is optimized in the 'mo* state. The educt and

product structures are shown as insets.
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Fig. 9. PE profiles of minimum-energy reaction paths for hydrogen transfer from adenine to the
hydrogen-bonded water molecule in the electronic ground state (black) and the lowest 'nm* (blue),
Inn* (red) and 'no* (pink) excited states, calculated with the ADC(2) method. The relaxed scan is

optimized in the 'nc* state. The educt and product structures are shown as insets.
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Fig. 10. (a) PE profiles for the H-atom detachment from the N3 (adenine+H) radical. The PE curve
of the Dy state is shown in black, the energy curves of the *an* and *nn* states are shown in blue and
red, respectively, and the reactive “no* state is depicted in pink. (b) PE profiles for H-atom transfer
from N3 (adenine+H) radical to a hydrogen-bonded water molecule, resulting in the formation of the

H30 radical. Educt and product structures are shown as insets.
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Excited-State Deactivation of Adenine by Electron-Driven
Proton-Transfer Reactions in Adenine-Water Clusters:

A Computational Study

Xiuxiu Wu, Tolga N. V. Karsili,* and Wolfgang Domcke®™

The reactivity of photoexcited 9H-adenine with hydrogen-
bonded water molecules in the 9H-adenine—(H,O); cluster is in-
vestigated by using ab initio electronic structure methods, fo-
cusing on the photoreactivity of the three basic sites of 9H-ad-
enine. The energy profiles of excited-state reaction paths for
electron/proton transfer from water to adenine are computed.
For two of the three sites, a barrierless or nearly barrierless re-
action path towards a low-lying S,-S, conical intersection is
found. This reaction mechanism, which is specific for adenine
in an aqueous environment, can explain the substantially

1. Introduction

DNA and RNA nucleobases exhibit a remarkable degree of
photostability, which is believed to be essential for the protec-
tion of the genetic information of life. Although DNA and RNA
nucleobases absorb strongly in the wavelength range 200-
300 nm via their 'n* excited states, their fluorescence quan-
tum yields are very low, which has been attributed to ultrafast
deactivation of the excited states to the electronic ground
state."” A typical representative of the purine nucleobases is
9H-adenine, which was the tautomer of focus in this investiga-
tion.

Time-resolved spectroscopy in supersonic jets has revealed
an excited-state lifetime of isolated 9H-adenine of 1.2 ps fol-
lowing excitation at 267 nm.”> Extensive computational stud-
ies in the mid-2000s led to a consensus view of the photophy-
sics of adenine that explains the ultrafast radiationless decay
by nonadiabatic dynamics through several conical intersections
(Cls) that occur at out-of-plane distorted geometries,”' al-
though it has remained controversial whether the S,(nmt*) ex-
cited state is populated as a transient intermediate or whether
the decay occurs from the mainly absorbing L,(mtwt*) state di-
rectly to the ground state. At shorter excitation wavelengths
(<250 nm), additional relaxation pathways via dissociative
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shortened excited-state lifetime of 9H-adenine in water. De-
pending on the branching ratio of the nonadiabatic dynamics
at the S,-S, conical intersection, the electron/proton transfer
process can enhance the photostability of 9H-adenine in water
or can lead to the generation of adenine-H and OH' free radi-
cals. Although the branching ratio is yet unknown, these find-
ings indicate that adenine might have served as a catalyst for
energy harvesting by water splitting in the early stages of the
evolution of life.

'o* states associated with the NH and NH, groups of adenine
might become accessible.®*6716-18

The excited-state lifetime of 9H-adenine (measured by fem-
tosecond time-resolved transient absorption) becomes even
shorter in aqueous solution (=200 fs)."”" An abrupt shortening
of the lifetime for 1 <265 nm (measured by femtosecond time-
resolved fluorescence upconversion) has been interpreted as
evidence for radiationless relaxation via the lowest 'mo*
state.””’ Recently, Roberts et al. searched for the spectroscopic
signatures of the adeninyl [adenine—H] radical upon excitation
of 9H-adenine in liquid water with excitation at 266 and
220 nm.”"" Adeninyl radicals are expected to be formed by the
photodissociation of H atoms from the NH and/or NH, groups
of adenine through repulsive 'mo* states. Although dehydro-
genated adenine radicals could not unequivocally be detected
due to spectral overlap with adenine radical cations, hydrated
electrons were detected upon 220 nm excitation.”" It is known
that photodetachment of H atoms from acidic chromophores
via repulsive 'mo* states in aqueous environments can yield
hydrated electrons.”? The latter can thus be considered as fin-
gerprints of H-atom photodissociation from adenine in liquid
water.

These findings indicate that the acidic groups of adenine
(NH, NH,) might actively participate in the excited-state relaxa-
tion dynamics of adenine in water. Theoretical solvent effects
on the known conical intersections in 9H-adenine were investi-
gated with polarized continuum models,”*?¥ free-energy cal-
culations,”™ and with quantum mechanics/molecular mechan-
ics (QM/MM) simulations.”®* The shortening of the excited-
state lifetime of adenine in polar solvents has been explained
by a redshift of the L, state, a blue-shift of the 'nit* state and
a lowering of the barriers along the reaction paths to the out-

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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of-plane distorted Cls.”® Overall, the relaxation dynamics of ad-

enine in water are similar to those demonstrated previously for
isolated adenine.>*%”

An alternative approach to investigating the effects of sol-
vent on the photophysical properties of nucleobases is the
spectroscopic study of size-selected nucleobase-water clusters
in supersonic jets. In a pioneering study, S. K. Kim and co-work-
ers found extensive and ultrafast fragmentation of adenine-
water clusters upon excitation at 262 nm.”**) The hydrated
clusters lost all of the solvent molecules within approximately
200 fs, regardless of cluster size. Kim and co-workers interpret-
ed this observation as dissociation of the adenine-water hy-
drogen bonds in the 'nit* excited state.”®*) Ritze et al. applied
femtosecond time-resolved photoionization spectroscopy to
study the photophysics of adenine-water clusters.*” They con-
firmed the substantially shortened excited-state lifetime
(=100 fs) of adenine-water clusters compared to isolated ade-
nine. The ultrafast excited-state relaxation was explained by
a lowering of the energy of the photoreactive 'mo* state in mi-
crohydrated adenine.®™ Canuel et al. investigated the excited-
state dynamics of microhydrated 9-methyladenine with femto-
second time-resolved photoelectron and photo-ion spectrosco-
py." They reported a strongly accelerated excited-state decay
(lifetime of ~200 fs), which they explained as a lowering of
the energy and direct population of the short-lived L, state in
the clusters. Park and co-workers applied multiphoton ioniza-
tion spectroscopy to adenine-water clusters and observed
a significant amount of protonated adenine after cluster frag-
mentation, which is an indication of proton transfer (PT) pro-
cesses operating in excited or ionized clusters.®? Brutschy and
co-workers reported the first evidence of isomer-specific pho-
tophysics in adenine-water clusters.”® Two isomers (N9—H-,
see assigned atomic numbering in Figure 1, and amino-bound
hydrates, respectively) were shown to exhibit very different
fragmentation patterns in the ion depletion spectra. These au-
thors suggested that excited-state cluster dissociation domi-
nates in the N9—H-bound hydrate, whereas intra-adenine inter-
nal conversion (IC) prevails in the amino-bound hydrate.®?

Although the available experimental data on the photoin-
duced dynamics of microhydrated adenine are limited, the di-

(a) 9H-adenine + 5 waters (b) 9H-adenine + 6 waters
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Figure 1. Ground-state equilibrium geometry of a) a representative 9H-ade-
nine-(H,0); cluster and b) a representative 9H-adenine-(H,0), cluster, deter-
mined at the MP2/cc-pVDZ level. Bond lengths are expressed in Angstroms.
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versity of the observed effects and of their interpretation indi-
cates that hydrogen bonding with water results in nontrivial
modifications of the photophysics of the adenine chromo-
phore. Systematic theoretical studies of the reaction mecha-
nisms and the nonadiabatic dynamics are needed. Mitri¢ et al.
explained the shortening of the 'mxt* lifetime in microhydrated
9H-adenine within the framework of conventional mecha-
nisms,*? and Ritze et al. emphasized the redshift of reactive
'no* states in the hydrates.’” Recently, Barbatti found evi-
dence for an unexpected electron-transfer pathway from water
to adenine in the 7H-adenine—(H,0)s cluster by using excited-
state dynamics simulations with the second-order algebraic di-
agrammatic construction [ADC(2)] method.B” This is the first
indication that not only the acidic sites of adenine (NH, NH,),
but also the basic sites (N) might be relevant for the excited-
state relaxation dynamics of adenine in water. Using the same
methods, Dosli¢ and co-workers performed nonadiabatic dy-
namics simulations for two 9H-adenine monohydrates with the
aim of explaining the measured 100 fs excited-state lifetime.?
These simulations predicted that an electron-driven proton-
transfer (EDPT)®” process from water to the N3 nitrogen atom
(see assigned atom numbering in Figure 1) could be responsi-
ble for the ultrafast excited-state deactivation. Taken together,
these results provide preliminary evidence that novel reaction
mechanisms, involving explicitly the electronic structure and
chemical reactivity of hydrogen-bonded water molecules, need
to be taken into account. These reaction mechanisms are ig-
nored, by construction, in all simulations in which only the
chromophore is described at the QM level, whereas the solvent
is described by continuum polarization or MM models.

In this work, we have investigated in detail the excited-state
EDPT reaction mechanism in the 9H-adenine—(H,O); cluster
with the ADC(2) electronic structure method. We focused on
the characterization of vertical excitation energies, minimum-
energy excited-state reaction paths and the identification of
relevant conical intersections. This study complements and ex-
tends the prior work of Barbatti®® and Dosli¢ and co-work-
ers.B9

Computational Methods

The ground-state equilibrium geometries were optimized using
second-order Mgller-Plesset perturbation theory (MP2)®®¥ using
Dunning’s correlation-consistent split-valence double-{ basis set
with polarization functions (cc-pVDZ).?¥ The cc-pVDZ basis set was
found to provide an appropriate balance between qualitatively cor-
rect potential energy (PE) profiles and reducing the computational
expense (which is clearly desirable for supramolecular systems of
this size). Vertical excitation energies and oscillator strengths were
calculated using the ADC(2) method.”” In both methods, the reso-
lution of the identity (RI) approximation for the electron repulsion
integrals was used.""” The reaction path for H-atom transfer from
one of the hydrogen-bonded water molecules to adenine in the
electronic ground state was calculated at the MP2 level using the
bond length Ry_y of the hydrogen-bonded OH group of water as
the driving coordinate. The energies of the 'mm* excited states
along the relaxed ground-state path were computed using the
ADC(2) method. Relaxed scans along R,_,, were also computed for
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the lowest excited state of charge-transfer (CT) character (vide in-
fra) using the ADC(2) method. This involves scanning of the appro-
priate Ry_y, driving coordinate, while allowing the rest of the nucle-
ar framework to relax. In these calculations, the energies of the
electronic ground state and the 'mm* states were computed at the
relaxed geometries of the CT state using the MP2 and ADC(2)
methods, respectively. If calculations of relaxed scans were not
possible due to a failure of excited-state geometry optimization, an
approximate reaction path was constructed by linear interpolation
in internal coordinates (LIIC). All calculations were carried out with
Turbomole.®?

For benchmarking purposes, vertical excitation energies were also
computed using complete active space with second-order pertur-
bation theory (CASPT2). These calculations were based on a state-
averaged complete active space self-consistent field (SA4-CASSCF)
reference wavefunction using an active space of 10 electrons dis-
tributed in eight orbitals (10,8). The active orbitals comprised three
7, three * and two occupied nonbonding orbitals (i.e. two N-cen-
tered 2p, lone pairs). An imaginary level shift of 0.5 £, was used in
order to aid convergence and avoid the effects of intruder states.

2. Results
2.1. Ground-State Equilibrium Structures

The MP2/cc-pVDZ-optimized ground-state geometries of 9H-
adenine, hydrated by five [adenine-(H,0)s] and six [adenine-
(H,0)s] water molecules, respectively, are shown in Figure 1a
and Figure 1b. The associated Cartesian coordinates of opti-
mized clusters with five and six water molecules are included
in the Supporting Information. These represent the lowest
energy structures and were inspired in part by previous work
by Barbatti.** Adenine retains a planar geometry, with the ex-
ception of the wagging angle of the amino group, just as in
the isolated structure (i.e., the local geometry around N10).”’
The wagging angle of the amino group in 9H-adenine-(H,0)
is reduced (cf. isolated 9H-adenine).

As 9H-adenine has both basic N-atom acceptor sites (N1, N3,
N7) as well as acidic N-H donor sites (N9—H19, N10—H22,
N10—H23), the surrounding water molecules act as either as
hydrogen-bond acceptors (e.g., H,0-+-HN-adenine) or as hydro-
gen-bond donors (e.g. H-O—H--N-adenine). The resulting net-
work consists of a mixture of H,0O--HN-adenine, H—O—H---N-ad-
enine and H—O—H--OH, (i.e., water-water) hydrogen bonds
(Figure 1). The hydrogen-bonded H atoms remain within the
molecular plane defined by the fused rings of the adenine
molecule. This can be understood by considering that the loca-
tion of the ring-centered nitrogen 2p, acceptor lone pair is
within the molecular frame of adenine. In contrast, the free
(non-hydrogen bonded) OH groups of the water molecules are
oriented out-of-plane with respect to the adenine chromo-
phore such that the 2p lone-pair orbitals of water accommo-
date further hydrogen bonding.

The calculated hydrogen-bond lengths are also shown in
Figure 1 and are consistent with previous theoretical find-
ings.”*! In the ground electronic configuration, all N acceptor
sites have similar basicities; this is reflected in the almost
equivalent H—O—H--N-adenine hydrogen-bond lengths. In con-
trast, the proton of the N1—H group is more acidic than those
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of the NH, group and, as such, the former exhibits a shorter
H,O--HN-adenine hydrogen-bond length.

As the geometric parameters of adenine-(H,O); and ade-
nine-(H,0), clusters are similar, the forthcoming description of
the photophysics of microhydrated 9H-adenine is focused ex-
clusively on the former, which reduced the computational ex-
pense. In view of the minor difference in the H-bond lengths
between the cluster containing six water molecules and that
with five, we would not expect qualitatively different photo-
physics after the addition of a sixth H,O molecule to the ade-
nine-(H,0)s cluster. We are confident that our choice of five
water molecules is sufficient, as all the important hydrogen-
bond donor and acceptor interactions of the acidic and basic
sites of the adenine chromophore are included. Each acidic
and basic site has the possibility of partaking in excited-state
proton transfer. The chosen locations of the proximal water
molecules also provide stability through a water wire-type net-
work.

2.2. Vertical Excitation Energies

Table 1 lists the calculated vertical excitation energies and cor-
responding oscillator strengths of the lowest three singlet ex-
cited states of the adenine-(H,0); cluster. For comparison, the
analogous vertical excitation energies of isolated 9H-adenine
are also given. In addition to this table, the reader is referred
to Figure 2, which depicts the orbitals and orbital promotions
associated with the formation of the lowest three excited elec-
tronic states of isolated adenine and adenine-(H,0)s.

Table 1. Vertical excitation energies and oscillator strengths of the three
lowest excited states of 9H-adenine-(H,0); and isolated 9H-adenine cal-
culated at the ADC(2)/cc-pVDZ level of theory. The numbers in parenthe-
ses correspond to the analogous vertical excitation energies computed at
the CASPT2(10,8)/cc-pVDZ level of theory.

9H-Adenine-(H,0)s 9H-Adenine

State E [eV] f State E [eV] f

S, 'm* 5.03 (4.90) 0.2048 S, 'nm* 5.13 0.0051
S, ' 5.26 (5.12) 0.1698 S, ' 527 0.0152
S, 'nmt* 567 (5.99) 0.0001 S, ' 5.40 0.2856

As is well known, the lowest three singlet excited states of
adenine—S,, S, and S;—are of 'nt*, 'n*(L,) and 'mw¥*(L,) char-
acter, respectively. As shown in Figure 2, the S, state involves
promotion of an electron from an in-plane nitrogen 2p, orbital
to a ring-centered wt* orbital. The second and third excited sin-
glet states involve m*«m orbital promotions, both of which
are delocalized over the entire adenine structure.

In the adenine-(H,0)s cluster, the orbital promotions are the
same as for isolated adenine, highlighting that vertical excita-
tion of the complex involves orbital transitions only within the
chromophore, with no contributions from the orbitals of the
water molecules. As is well known from many previous compu-
tational studies of aromatic chromophores in aqueous environ-
ments, 'm* transitions are generally redshifted, whereas 'nm*
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Figure 2. Orbitals and orbital promotions involved in forming the lowest
four excited singlet states of a) 9H-adenine and b) the corresponding locally
excited singlet states of 9H-adenine—(H,0)s.

transitions are generally blue-shifted relative to the gas phase.
Correspondingly, the lowest three vertically excited states of
adenine-(H,0)s are 'niw* (S,), 'm* (S,) and 'nm* (S;) in nature.
This has also been found in other photochemical studies of ad-
enine in aqueous solution.”>?*?” The stabilization of the mm*
states arises due to polarization effects that stabilize m* orbitals
more strongly than st orbitals, leading to a net decrease in the
mt*-m energy gap. In contrast, the destabilization of the nx*
state can be understood by recognizing that a substantial sta-
bilization of the nitrogen-centered 2p, orbital results from hy-
drogen bonding to water. The lowering of the energy of the
2p, orbital leads to an increase in the n-m* energy gap. For
comparative purposes, we also computed the vertical excita-
tion energies of 9H-adenine—(H,0); at the CASPT2(10,8)/cc-
pVDZ level of theory. The electronic state orderings and the
vertical excitation energies so derived are in good agreement
with those from ADC(2). These derived vertical excitation ener-
gies are broadly in agreement with those obtained by Dosli¢
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and co-workers for 9H-adenine-H,0.5% In both cases, the nm*

state is destabilized upon complexation with H,O and the 'mx*
state is the S, state.

The calculated vertical excitation energies associated with
clusters of 9H-adenine—(H,0), are very similar to those of 9H-
adenine—(H,0); (see Table ST in the Supporting Information),
further supporting the thesis that the latter cluster is appropri-
ate for describing the photodynamics of hydrated adenine.

2.3. Electron-Driven Proton-Transfer Reaction Path

As discussed in the Introduction, the effect of hydration on the
photophysics of adenine has been investigated previously
using computational methods; these studies considered the
reaction mechanisms of internal conversion through out-of-
plane distorted Cls®*?"3"3% and of H-atom transfer from ade-
nine to water via a repulsive 'mo* state.*” Herein, we focus on
the oxidative photochemistry of 9H-adenine in water, that is,
the photoinduced abstraction of H-atoms from the aqueous
environment.

In order to study how proximal water molecules contribute
to the photophysical properties of the adenine chromophore,
we scanned PE profiles along the possible solvent (water) —
solute (adenine) electron transfer and PT paths. As noted
above, adenine contains three basic nitrogen acceptor sites
(N1, N3 and N7), which are expected to become more basic in
the excited state, rendering adenine a photobase. Each of
these sites is capable, in principle, of accepting a proton from
water. In order to study the energetics associated with a partic-
ular excited-state electron transfer/PT reaction, we computed
the PE profiles of adenine-(H,0)s along the Rois e Ros_nan
and Roy_nig bond stretching coordinates, which are depicted
in Figures 3a, 5a and 6a. These PT coordinates are henceforth
referred to as PT1, PT2 and PT3, respectively. In all these fig-
ures, the filled black circles represent the S, energy profile cal-
culated along the reaction path optimized in the S, state
for the specific Ry_y driving coordinate (see Computational
Methods). The energy of the locally excited (LE) ' state of
adenine, calculated at the Sy-relaxed geometries, is designated
by the profile plotted with red open circles. The filled red
circles represent the energy of the lowest water-to-adenine
CT state along the PT relaxed scan optimized for this state.
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Figure 3. a) PE profiles of the ground state (S,) and the lowest singlet excit-
ed states ['*(LE),'nmt*(CT)], of the adenine-(H,0); complex along the
Ro1s_nis PT coordinate. b) Energy profile of the linearly interpolated reaction
path leading from the energy minimum of the 'm*(LE) state at
Ros_ins=1.0 A to the 'nz*(CT) state at Roys_is=1.2 A.
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The curve plotted with open black circles gives the energy of
the S, state calculated along the minimum-energy reaction
path determined in the CT state. The CT state is designated
as 'nit*(CT), but it should be noted that “n” refers here to one
of the in-plane 2p orbitals of an H-bonded water molecule
rather than the lone-pair orbital on the relevant N atom of
adenine.

Focusing first on the PE profiles associated with the PT1
path (Figure 3a), the S, and 'mm*(LE) energies calculated along
the reaction path relaxed in the S, state rise steadily upon
Rors_n16 bond extension, thus showing that PT is unfavorable in
these electronic states. If the energy of the 'st*(LE) state is op-
timized for fixed R,_;=1.2 A, the electronic character of this
state changes from LE character (Figure 4a) to charge-transfer
(CT) character (Figure 4b), the formation of which involves pro-

® ' | d
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Figure 4. The molecular orbitals and orbital promotions involved in forming
the a) 'mzt*(LE) and b) 'na*(CT) states, calculated at Ry;s 6= 1.0 A and
Ro_n=1.2 A, respectively.

motion of an electron from an in-plane O2p orbital localized
on water to the wt* orbital localized on adenine, which corre-
sponds to an electronic charge separation. The path connect-
ing the 'mm*(LE) state at Ry_y=1.0 A to the 'nm*(CT) state at
its optimized geometry for R, ,=1.2 A was constructed as
a linearly interpolated reaction path. The corresponding
energy profile is shown in Figure 3b. This energy profile exhib-
its an apparent barrier of approximately 0.2 eV, which however,
represents an upper limit to the activation barrier as the path
is not a minimum-energy path. The true minimum-energy path
connecting the 'm*(LE) and 'nat*(CT) states is most likely bar-
rierless. The relaxed 'nm*(CT) profile (Figure 3b, red curve)
shows a net decrease in energy as a function of R,_, stretch-
ing; this represents a driving force towards PT that results
from the charge-separated character of the 'nm*(CT) state,
which is characteristic of EDPT”” The S, energy computed at
the "'nmt*(CT)-relaxed geometries (Figure 3a, black open circles)
increases as a function of the Ry, stretch coordinate. As
a result, the energies of the 'nm*(CT) state and the S, state
cross at Ry_y~1.5 A. This S,/S, crossing, which is allowed by
symmetry in the planar system, becomes a Cl if out-of-plane vi-
brational coordinates are taken into account. Depending on
the nonadiabatic coupling at this Cl, the reaction can lead to
IC to the S, state of the complex (adiabatic path) or to a hydrat-
ed adenine-H-OH' biradical, as is discussed in more detail
below.
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The mechanistic details of the PT2 reaction path are similar
to those described for the PT1 path. Figure 5a shows the PE
profiles for the relevant electronic states along the Rgis_1x
driving coordinate. The relaxed 'nm*(CT) state exhibits a distinct
driving force of PT and its energy crosses the S, energy along
this path, giving rise to a Cl, representing another route by
which ultrafast IC to the ground state or biradical formation
could occur. The linearly interpolated reaction path connecting
the 'ma*(LE) and 'nm*(CT) states is shown in Figure 5b. This
path shows a somewhat larger apparent barrier of approxi-
mately 0.9 eV compared with that along PT1. We emphasize
again that this barrier represents an upper limit to the true
value.
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Figure 5. a) PE profiles of the ground state and the lowest singlet excited
states of the adenine-(H,0); complex along the Ry,5_,; PT coordinate.

b) Energy profile of the linearly interpolated reaction path leading from the
minimum of the 'mm*(LE) state at Ry;3_pp = 1.0 A to the 'nmt*(CT) state at
Rots-rn=1.2 A

The final possible pathway by which intermolecular PT could
occur in the adenine-(H,0)s complex is the path PT3. Figure 6a
shows the PE profiles of the S, 'mm*(LE) and 'nm*(CT) states
along the Ry;;_us driving coordinate. The LIIC path (Figure 6b)
connecting the 'mt*(LE) and 'nat*(CT) states exhibits an appar-
ent barrier of approximately 0.4 eV. As in PT1, the energy pro-
file is likely to be barrierless along the minimum-energy path
from the 'mm*(LE) state to the 'nm*(CT) state. However, the
'n*(LE) and 'nm*(CT) energies do not cross along PT3 (Fig-
ure 6a), in contrast to the energies along PT1 and PT2. This
finding is contrary to the recent work by Dosli¢ and co-workers
who reported an S,/S, crossing along the Ry;,_;5 coordinate in
the adenine monohydrate. The difference between the penta-
hydrate and the monohydrate can be understood by recogniz-
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Figure 6. a) PE profiles of the ground state and the lowest singlet excited

states of the adenine-(H,0); complex along the Ry;,_y,5 PT coordinate.

b) Energy profile of the linearly interpolated reaction path leading from the

energy minimum of the 'ma*(LE) state to the 'nm*(CT) state at R,_,,=1.0 A.
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ing that in the latter, a single water molecule was complexed
between N9—H19 and N3, whereas in the present case we con-
sider a dihydrate at this site. A plausible explanation for the
difference between the monohydrated and dihydrated site
could be that in the former the flexibility of the proximal water
molecule allows for a more effective geometric relaxation that
lowers the energy of the charge-separated state. Conversely,
for the dihydrated site, steric effects could limit the torsional
degrees of freedom of the water molecules, thus inhibiting nu-
clear rearrangements in order to neutralize the excess charge-
separation.

3. Discussion and Conclusions

We investigated the photochemical reaction mechanisms asso-
ciated with the three basic sites of 9H-adenine in the adenine-
(H,0)s cluster. For two sites, it was shown that a barrierless or
nearly barrierless reaction path exists from the minimum of the
light-absorbing locally excited 'mm* state via a CT state to
a low-lying (~4.0 eV) Cl with the electronic ground state. This
Cl represents an additional channel for the ultrafast excited-
state deactivation of adenine, which is specific for an aqueous
environment. In addition to solvent-induced modifications of
the energies of the Cls, which are responsible for the intrinsic
radiationless decay dynamics of 9H-adenine, this mechanism
might contribute to the pronounced shortening of the excited-
state lifetime of 9H-adenine in aqueous solution.

Insight into the mechanisms that govern the ultrafast excit-
ed-state deactivation of the nucleobase adenine in the gas
phase, in solution as well as in the natural DNA environment is
of fundamental importance for the understanding of the pho-
toreactivity of DNA. Whereas computer-aided simulations of
the photophysics of nucleobases in solution and in DNA oligo-
mers are only possible with drastic approximations, such as
QM/MM models, the photochemistry of microhydrated nucleo-
bases can be investigated with comparatively rigorous elec-
tronic structure and dynamics methods. Microsolvated 9H-ade-
nine is an important model system in this context.

Like other DNA and RNA bases, adenine has acidic sites (NH,
NH,) as well as basic sites (N), which serve as H-atom donors
and acceptors, respectively, for hydrogen bonding with the
first solvent shell. The acidic sites behave much like the OH,
NH and NH, groups of phenol, indole and aniline, respectively.
The photochemistry of the latter is now well understood both
for isolated systems as well as for chromophore-solvent clus-
ters. The photochemistry of the acidic sites is dominated by
'mo* states, which drive H-atom photodetachment in the iso-
lated species™™” and hydrogen transfer to the solvent in sol-
vated species.”' For 9H-adenine, the H-atom photodetach-
ment reaction has been investigated with Rydberg-tagging
spectroscopy!” as well as with velocity-map ion imaging spec-
troscopy.®” For 9H-adenine in aqueous solution, the genera-
tion of hydrated electrons has been observed upon excitation
with 220 nm light.?" This excitation energy (5.64 eV) is signifi-
cantly lower than the ionization potential of 9H-adenine in
water (7.5 eV)."” The ejection of the electron into the solvent
is nevertheless possible via a coupled electron-proton transfer
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process which is driven by repulsive 'mo* states which are as-
sociated with the acidic groups of adenine. Thus, there exists
convincing experimental evidence, which is supported by elec-
tronic structure calculations,®® that UV-excited adenine be-
haves as a reducing (electron donating) species in aqueous en-
vironments.

By contrast, much less seems to be known about the photo-
chemistry of the basic sites of adenine and the other nucleo-
bases. Recent computational studies indicate that pyridine, the
simplest six-membered heterocycle, can oxidize water upon
UV excitation in the hydrogen-bonded pyridine-water com-
plex.”=¥ Similar to the H-atom ejection reaction, the underly-
ing mechanism is an EDPT process:®” electron transfer from
the 2p orbital of water to the 7t* orbital of pyridine is followed
by the transfer of a proton from water to the chromophore,
which results in a hydrogen-bonded neutral biradical. The re-
sults of the present work confirm recent preliminary results of
Barbatti, who found evidence for electron transfer from water
to 7H-adenine in a 7H-adenine-(H,0)s cluster,” as well as
recent results of Dosli¢ and co-workers, who found evidence
for an EDPT reaction of the 9H-adenine monohydrate.®® So far,
there exists no unequivocal experimental evidence that EDPT
from water to adenine (or to any other DNA/RNA base) con-
tributes to the shortening of the excited-state lifetime of these
chromophores in aqueous environments. The observation of
substantial amounts of adenine-H™" fragments in the multipho-
ton ionization of adenine-H,O clusters by Park and co-work-
ers® might be a signature of PT from water to adenine, al-
though it cannot be excluded that the PT occurs in cationic
species after multiple photon absorption.

The theoretical studies performed so far on the photochem-
istry of isolated and (micro)solvated nucleobases have focused
on the explanation of the ultrafast exited-state deactivation by
IC to the electronic ground state, which, after cooling on a pi-
cosecond timescale, restores the original chromophore. In this
paradigm, it is assumed that the conical intersections provide
funnels to the electronic ground state. In Figures 3a and 5a,
this mechanism corresponds to the adiabatic (rather than dia-
batic) path at the Cl of the CT state with the S, state. If, on the
other hand, the Cl is crossed diabatically, that is, if the nuclear
dynamics follows the CT state rather than switching to the S,
state at the Cl, a neutral radical pair is formed, as the transfer
of the proton neutralizes the electronic charge separation. The
simulations performed in Refs. [35] and [35] are inconclusive in
this respect, as the trajectories were terminated if a near-de-
generacy of the CT state and the S, state were encountered.
The excess energy of the reaction is sufficient to dissociate the
radical pair, which yields the hypervalent adenine-H radical
and the OH' radical. These results show that thermodynamical-
ly at least, photoexcited adenine is able to oxidize water. If the
adenine-H' radical absorbs a second photon and ejects an H-
atom via one of its acidic groups, a metastable tautomer of ad-
enine is formed in its electronic ground state. This tautomer
can relax to the lowest energy tautomer under ambient condi-
tions, which closes the catalytic cycle. In this scenario, a water
molecule is split into H and OH' radicals by the sequential ab-
sorption of two UV photons. Adenine could thus be a potent

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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photocatalyst for water splitting by UV light. As hard UV pho-
tons were plentiful during the age of the origin of life, adenine
and possibly other nucleobases might have served as the ini-
tial photosynthetic energy harvesting systems at the very be-
ginning.
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Abstract: It has been reported that 8-oxo-7,8-dihydro-guanosine (8-oxo-G), which is the main
product of oxidative damage of DNA, can repair cyclobutane pyrimidine dimer (CPD) lesions when
incorporated into DNA or RNA strands in proximity to such lesions. It has therefore been suggested
that the 8-ox0-G nucleoside may have been a primordial precursor of present-day flavins in DNA or
RNA repair. Because the electron transfer leading to the splitting of a thymine-thymine pair in a CPD
lesion occurs in the photoexcited state, a reasonably long excited-state lifetime of 8-oxo-G is required.
The neutral (protonated) form of 8-ox0-G exhibits a very short (sub-picosecond) intrinsic excited-state
lifetime which is unfavorable for repair. It has therefore been argued that the anionic (deprotonated)
form of 8-oxo-G, which exhibits a much longer excited-state lifetime, is more likely to be a suitable
cofactor for DNA repair. Herein, we have investigated the exited-state quenching mechanisms in
the hydrogen-bonded complexes of deprotonated 8-oxo-G~ with adenine (A) and cytosine (C) using
ab initio wave-function-based electronic-structure calculations. The calculated reaction paths and
potential-energy profiles reveal the existence of barrierless electron-driven inter-base proton-transfer
reactions which lead to low-lying S; /Sy conical intersections. The latter can promote ultrafast
excited-state deactivation of the anionic base pairs. While the isolated deprotonated 8-oxo-G~
nucleoside may have been an efficient primordial repair cofactor, the excited states of the 8-oxo-G™-A
and 8-oxo-G~-C base pairs are likely too short-lived to be efficient electron-transfer repair agents.

Keywords: oxidative photochemistry; conical intersections; excited state proton-transfer

1. Introduction

The photoinduced dynamics of biological chromophores have been extensively studied in the
past two decades. Within this class of organic chromophore systems, the most notable include
DNA and RNA nucleobases [1-15], nucleosides [1,16-26], and base pairs [27-36]. Despite strongly
absorbing in the near-UV, DNA and RNA nucleobases exhibit a remarkable degree of photostability,
although the generation of photoinduced lesions in DNA strands is not fully suppressed [37-39].
It is generally believed that the mechanism of the observed photostability of the building blocks
of DNA is ultrafast internal conversion of excited state populations to the electronic ground state
with the excess energy being dissipated to the surrounding environment as heat. For the isolated
nucleobases, there is consensus that internal conversion is mediated by low-lying conical intersections
(CIs) which involve excited singlet states of 77t* and/or nt* character as well as the Sy state and
become accessible by out-of-plane deformations of six-membered aromatic rings. These CIs dominate
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the nonradiative decay of the lowest excited states of cytosine (C) [5,7], uracil (U) [8,12], adenine
(A) [9-11,13,14], guanine (G) [40—43], and thymine (T) [15,44,45]. At somewhat elevated excitation
energies, Cls arising from so-called 7to* states associated with acidic groups are also known to play
a role in the photodynamics of the nucleobases. Apart from direct UV excitation, lesions in DNA are
also formed by radical-induced oxidation of DNA—Ieading to oxidized bases such as 8-oxo-guanine
(8-0x0-G). Additional paths for UV-induced DNA damage are the formation of radical species either
via dissociation or ionization [46,47].

8-0x0-G is one of the most common lesions found in oxidatively damaged DNA [48-50].
The oxidation of G to 8-oxo-G substantially reduces the redox potential and enables it to form base pairs
with adenine. This may lead to the replacement of G-C pairs by A-T pairs during replication, which is
a mutagenic feature common in many forms of cancer [51,52]. Despite these adverse effects, the lower
redox potential of 8-oxo-dG (cf. G) makes it a viable candidate for protecting DNA by scavenging
highly oxidizing species such as OH radicals [53]. It has also been demonstrated that 8-oxo-G is capable
of repairing lesions of cyclobutane pyrimidine dimers (CPD) [54,55]. In the proposed mechanism,
the photoexcited state of 8-oxo-G transfers an electron to the CPD, initiating thereby bond cleavage
between the pyrimidine bases. This finding suggests that 8-oxo-G may have played an analogous
role to modern flavins in prebiotic redox processes [54], rendering its excited state dynamics of
particular interest.

Recently, Kohler, Matsika, and coworkers investigated the ultrafast excited-state dynamics of
neutral and anionic 8-oxo-deoxyguanosine (8-oxo-dG) in D,O solution with femtosecond transient
absorption spectroscopy and ab initio calculations [26]. 8-oxo-dG exists in its anionic (deprotonated)
form at pH > 7 [56]. The neutral form was found to deactivate to the electronic ground state in
<1 ps, whereas the anionic form exhibits a significantly longer excited-state lifetime of ~43 ps [26].
Correspondingly, the latter shows a significant quantum yield for fluorescence [26]. More recent
fluorescence up-conversion and theoretical studies led to the conclusion that neutral 8-oxo-G exhibits
an ultrafast radiationless decay via two Cls which are accessible by certain out-of-plane deformations of
guanine, whilst the longer lifetime of anionic 8-oxo-G~ was attributed to the existence of sizable barriers
along the reaction paths connecting the Franck-Condon region to the S; /Sy ClIs [57]. This mechanism
was also explored by Changenet-Barret et al. for the neutral form [58]. An alternative interpretation
is provided by recent studies by Tuna et al. who performed ab initio calculations of excited-state
reaction paths for electron/proton transfer between sugar and base for the neutral and anionic forms
of the 8-ox0-dG nucleoside, highlighting a barrierless and therefore efficient electron/proton-transfer
radiationless deactivation mechanism in the neutral form, while a barrier was found to exist along
this reaction path in the anionic form [23]. This finding provides an alternative explanation for
the substantially longer excited-state lifetime of the deprotonated form of the 8-oxo-dG nucleoside
compared to the neutral form.

In double-stranded DNA, nucleobases are organized in horizontally oriented hydrogen-bonded
base pairs and vertically oriented stacks stabilized by 7-7r interactions. Both architectural motifs may
modify the dynamics of the intrinsic decay paths of the individual nucleobases by providing additional
decay channels by which the excited-state populations can evolve. Such modifications have been
studied, for example, by Crespo-Hernandez and co-workers who have shown that base stacking of A-T
DNA oligomers leads to the formation of intra-strand excimer states with lifetimes of 50-150 ps [59]
with additional decay features that are somewhat longer lived [60,61]. Kohler and co-workers recently
studied the excited-state dynamics of a 7-stacked dinucleotide containing the 8-oxo-G™ anion at the
5-end and neutral A at the 3’-end, using time-resolved transient UV-pump IR-probe spectroscopy.
They found that UV excitation of the dinucleotide leads to prompt electron transfer from 8-oxo-G~ to
the r-stacked A, generating a neutral 8-oxo-G radical and an A radical anion [62,63]. For stacked base
pairs, the inter-base hydrogen bonds provide additioinal paths along which coupled electron/proton
transfer reactions can occur [64,65].
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Sobolewski and Domcke and de Vries and coworkers proposed a photoprotective role of
excited-state proton transfer in the G-C Watson-Crick (WC) base pair [27,34,35,66]. In these theoretical
and experimental studies, the authors suggested that ultrafast excited-state deactivation occurs by
inter-base electron-driven proton transfer (EDPT) from G to C. The ab initio electronic-structure
calculations identified a low-lying !7trt* charge-transfer (CT) state (arising via an electron promotion
from a G-centered 7t orbital to a C-centered 7* orbital). The CT state drives the transfer of a proton
from guanine to cytosine. While the CT state is stabilized by the proton transfer, the ground state is
destabilized, which results in a barrierless reaction path leading to a low-energy CI of the S; state
with the Sy state. These findings are supported by pump-probe experiments in solution [21] as well as
by recent transient UV pump and IR probe experiments in the gas phase [22]. The inter-base EDPT
reaction was shown to be the main path by which internal conversion to the ground state proceeds in
the G-C WC base pair in the gas phase and in the bulk DNA environment [27,29-32,34-36,66]. For the
A-T WC base pair, EDPT has also been identified as an efficient deactivation path after photoexcitation
by ab initio calculations [28,30,33], although an experimental verification of the predicted ultrashort
lifetime of the A-T WC base pair is still lacking.

(e) Cytosine (f) 8-0x0-G~-C
Figure 1. Ground-state equilibrium geometry of (a) isolated 9H-adenine; (b) isolated 8-oxo-G~; (¢) HG1
form of 8-oxo-G—A; (d) HG2 form of 8-oxo-G—A; (e) isolated cytosine; and (f) 8-oxo-G~-C.

8-0x0-G~ can pair with A via Hoogsteen (HG) base pairing in two low-energy conformations [67]:
HGI1 and HG2 (see Figure 1). 8-oxo-G™ can also form a stable pair with cytosine in a structure involving
two hydrogen bonds, see Figure 1f. EDPT processes in the neutral 8-oxo-G-A and 8-oxo0-G-C base
pairs were investigated by Kumar and Sevilla with time-dependent density functional (TD-DFT)
calculations [67]. In the present work, we focus on EDPT reactions in the anionic 8-oxo-G™-A
and 8-oxo-G™-C base pairs. Since anionic 8-oxo-G™ has been shown to have a substantially longer
excited-state lifetime than neutral 8-oxo-G, the former appears better suited for light-driven DNA repair
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reactions than the short-lived neutral 8-oxo-G. It is therefore of interest to explore how base-pairing
with A or C affects the excited-state lifetime of anionic 8-oxo-G™. As well as base pairing with cytosine
(i.e., the complementary base to G), 8-oxoG™ is also well-known to form mismatched base pairing
with A via a Hoogsteen configuration [68-70]. This propensity for forming Hoogsteen base pairs with
adenine is due to the enhanced redox potential of 8-oxoG™ compared with that of natural guanine.

Using ab initio wave-function based electronic-structure calculations, we identify the EDPT
reaction paths leading to CIs through which the excited-state population can internally convert to
Sp. Our findings provide evidence for barrierless EDPT reaction paths and therefore likely highly
efficient excited-state deactivation of the 8-oxo-G™-A and 8-0xo-G™-C base pairs. The efficient
excited-state deactivation of the base pairs enhances their photostability, but inevitably also lowers
their repair efficiency.

2. Results

2.1. Ground State Geometries

Figure 1 presents the MP2/cc-pVDZ-optimized ground-state structures of 9H-adenine (a);
8-ox0-G~ (b); HG1 (c) and HG2 (d) 8-oxo-G™-A conformers; cytosine (e); and the 8-oxo-G~-C base
pair (f). In both 8-oxo-G™-A HG base pairs, all atoms are in a common plane with the exception of the
wagging angle of the amino group of 8-oxo-G~. Adenine retains a planar geometry since the amino
group of adenine is involved in the inter-base hydrogen bonding, while in the structure of isolated
adenine there is some pyramidization of the amino group.

In the HG1 and HG2 8-oxo-G™-A base pairs, 8-oxo-G~ and A act both as hydrogen-bond
donors and as hydrogen-bond acceptors. There are two hydrogen bonds in the HG1 base pair:
N10—H11(A)e ¢ ¢O11(8-0x0-G~) and N7—H13(8-0x0-G~)®*eN1(A). The HG2 base pair also has
also two hydrogen bonds, N10—H12(A)e® ¢ ¢O11(8-0x0-G™) and N7—H13(8-oxo-G™)®®*N7(A). The
calculated hydrogen-bond lengths are included in Figure 1. In the HG1 base pair, the length
of N10—H11eee011(1.596 A) is shorter than that of N7—H13eeeN1(1.842 A). In contrast, in the
HG?2 base pair, N10—-H12ee*011(1.817 A)is longer than N7—H13e ¢ ¢N7(1.694 A). The optimized
ground-state energy of the HG2 base pair is found to be lower than that of the HG1 base pair by 0.05
eV, which indicates a Boltzmann population of 13:87 for HG1:HG2. For the 8-oxo-G™-C base pair,
three low-energy H-bonded configurations have been optimized. Among these, the structure shown
in Figure 1f is the lowest-energy conformer.

2.2. Vertical Excitation Energies

Table 1 lists the calculated vertical excitation energies and corresponding oscillator strengths
(in parentheses) of the lowest four singlet excited states of the 8-oxoG™ containing base pairs presently
studied. For comparison, the analogous vertical excitation energies of isolated cytosine, 9H-adenine
and 8-oxo-G™ are presented in Table 2. In addition to Table 1, the reader is directed to Figure 2, which
depicts the orbitals and orbital promotions associated with the formation of the lowest four excited
electronic states of isolated 9H-adenine, cytosine, 8-oxo-G~, as well as the 8-oxo-G™-A and 8-oxo-G~-C
base pairs.

Table 1. Vertical excitation energies (AE) and oscillator strengths (f) of the lowest four excited states of
the two 8-0x0-G~-A HG base pairs and the 8-oxo-G™-C base pair, calculated at the ADC(2)/cc-pVDZ
level of theory. Here O~ stands for 8-oxo-G™.

State AE/eV (f) State AE/eV (f) State AE/eV (f)
8-0x0-G~-A HG1 8-0x0-G™-A HG2 8-0x0-G~-C
Sp (0O~ —A) 4.44 (0.0139) S; L (O~ —A) 4.39 (0.0091) S; Ll (0O~ —C) 4.48 (0.0023)
S, L (0~ —0") 4.85 (0.2321) S, Ll (0O~ —07) 4.89 (0.1025) S, L (C—C) 4.76 (0.0176)
S; It (A—A) 4.91 (0.1050) S; Lt (A—A) 4.95 (0.0922) S; ltr* (O~ —07) 4.88 (0.0695)

Sy Lt (O~ —A) 5.09 (0.0109) Sy Lt (O~ —A) 5.18 (0.0281) Sy (0~ —C) 4.94 (0.0782)
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Table 2. Vertical excitation energies (AE) and oscillator strengths (f) of the lowest four excited states of
isolated 9H-adenine, anionic 8-oxo-guanine, and cytosine, calculated at the ADC(2)/cc-pVDZ level

of theory.
State AEleV (f) State AE/eV (f) State AE/eV (f)
9H-adenine 8-0x0-G™~ Cytosine
S; Inm* 5.13 (0.0051) Sy Lrmt 4.92 (0.0629) S; Lrmt 4.65 (0.0545)
S, Lo 5.27 (0.0152) S, Inm* 5.16 (0.0000) S, Inm* 4.81 (0.0019)
S5 Lromt 5.40 (0.2856) Sy Lrmt 5.47 (0.2964) S5 Inm 5.29 (0.0016)
Sy ot 5.82 (0.0018) S, Inm* 5.54 (0.0003) Sy Lot 5.76 (0.1261)

As is well known, the lowest four excited states of 9H-adenine are of Inm*, lmtr*(Ly,), Trit(La),
and 'nm* character. The S; and S, states involve promotion of an electron from an in-plane nitrogen
2py orbital to a ring-centered 7t* orbital, while the S, and S; states involve 7*<—7t orbital promotions
which are delocalized over the aromatic rings. For 8-oxo-G~, the lowest four excited states are Lm(Sy),
Inm*(S,), 1tr*(S3), and Inm*(S,) in nature. As shown in Figure 2, the S; and S states involve the
promotion of an electron from the nitrogen 2py orbital to a ring-centered anti-bonding 7* orbital. The
S; and S states involve excitation from a ring-centered 7 orbital to the lowest * orbital.

In the two 8-oxo-G™-A HG base pairs, the orbital promotions are almost the same and the lowest
four excited states are of !7t7r* character. The S; state involves electron promotion from the ring-centered
7 HOMO localized on 8-0xo-G~ to the ring-centered 7* LUMO localized on adenine, leading to a
charge-separated state of CT character. The S state involves a 7*<—m promotion, whereby both orbitals
are localized on 8-0xo-G™. The S; state involves a 7*<—7 promotion localized on adenine. The S,
and S; states are therefore locally-excited (LE) states on 8-oxo-G™ and A, respectively. The vertical
excitation energies of the Sy and Sj states are comparable to that of isolated 8-oxo-G~ and adenine,
respectively. As can be seen in Table 1, the vertical excitation energy of the S, (7t7*) state of the
HG1/HG2 base pair (4.85 eV /4.89 eV) is nearly equal to that of the analogous LE state (i.e., the first
Ln* state) of isolated 8-oxo-G ™~ (4.92 eV), suggesting that pairing of 8-oxo-G~ with adenine has little
effect on the lowest LE !7t7t* state energy. In contrast, the vertical excitation energies of all electronic
states show a significant red-shift upon complexation relative to that of isolated adenine. Similar to the
S, state, the Sy state also is of CT character, involving the transition from a 7t orbital of 8-oxo-G™ to
an 7t* orbital of adenine, with a much higher excitation energy. The vertical excitation energies of the
two HG base pairs are very similar and lower than those of isolated adenine and 8-oxo-G~. Compared
with the TD-DFT results for neutral 8-oxo-G-A HG base pair [67], the lowest Lyt transition localized
on 8-0x0-G~ is blue-shifted, while the lowest l7trt* transition localized on adenine is red-shifted.

Figure 2f depicts the orbital promotions associated with the 8-oxoG~-C base pair. As shown, the
electronic excitation to Sy involves a 7 to 7* electron promotion in which the former is localized on
the 8-oxoG™ moiety, whereas the latter is localized on the C moiety. As with the 8-oxo-G™-A base
pairs, electronic excitation to S; involves a significant charge separation and is thus of CT character.
In contrast, electronic excitation to the S;, S3, and Sy states involves electron promotions between 7t/n
to 7* orbitals that are localized on the same nucleobase within the base pair. The observed orbital
ordering is very similar to that of the WC-type G-C base pair which also has an S; state of CT character,
whilst the higher-lying states are of LE character [34,35].
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Figure 2. Orbitals and orbital promotions involved in forming the lowest four excited states of
9H-adenine (a), 8-oxo-G™ (b), cytosine (c), and the three base pairs (d—f).

2.3. Electron-Driven Proton-Transfer Decay Paths

2.3.1. 8-oxoG~-A

In order to study the intrinsic photophysical properties of the two HG base pairs, we explored the
details of the potential-energy (PE) profiles along possible inter-base electron and proton transfer paths.
The HG1 and HG2 base pairs have two potential reaction paths for proton transfer, one involving
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the transfer of a proton from adenine to 8-oxo-G~ along the N10—H11eeeO11 or N10—-H12ee (11
hydrogen bonds, the other involving the transfer of a proton from 8-oxo-G~ to adenine along the
N7—-H13eeeN1 or N7—H13eeeN7 hydrogen bonds (as indicated by the arrows in Figure 1c,d).
In order to study the energetics associated with a particular excited-state electron/proton transfer
reaction, we computed the PE profiles along the Rn1o—H11, Rn7—H13 bond-stretching coordinates for
the HG1 base pair and along the Rn19—H12, Rn7—H13 bond-stretching coordinates for the HG2 base pair.
The results are depicted in Figures 3 and 4, respectively. In these figures, the filled black circles represent
the Sy energy profile calculated along the reaction path optimized in the Sy state for the specific RN_p
driving coordinate. The energy of the unrelaxed Lt CT state (henceforth 177t (uCT)) of the base pairs,
calculated at the Sp-relaxed geometries, is designated by the profile plotted with the open red circles.
The filled red circles represent the energy of the lowest inter-base CT state along the proton-transfer
relaxed scan optimized for this state. The curve plotted with open black circles gives the energy of the
Sy state calculated along the minimum-energy reaction path determined in the CT state.
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Figure 3. PE profiles of the ground state and the lowest singlet excited states of the HG1 8-oxo-G™-A

base pair along Rny—13 (@) and RN10—11 (€) proton-transfer coordinates; (b) shows the energy profiles
of the LIIC path connecting S;(uCT) with S;(CT) in (a).

Figure 3a shows the PE profiles associated with proton transfer along N7—H13e e N1 (Path 1, see
inset in Figure 3a) in the HG1 base pair. The Sy energies calculated along the reaction path relaxed in
the Sy state rise steadily upon Rn7_p13 bond extension, showing that proton transfer is unfavorable in
this electronic state. When the energy of the Lot (uCT) state is optimized for fixed RNy_p13 =1.2 A, the
electronic character of this state changes from LE character to CT character, which implies the transfer
of an electron localized on 8-oxo-G™ to the 7t* orbital localized on 9H-adenine, resulting in an electronic
charge separation. The path connecting the Lt (uCT) state at Ryy_p13 = 1.0 A to the Lt (CT) state at
its optimized geometry for Rny_p13 = 1.2 A was constructed as a linearly interpolated reaction path.
The corresponding energy profile is shown in Figure 3b. This energy profile exhibits no barrier, which
ensures that the minimum-energy path connecting the Lt (uCT) and ' (CT) states is barrierless.
The relaxed !m7e*(CT) profile (Figure 3a, full red circles) shows a strong decrease of the energy as a
function of Ry _p13 stretching; this represents the driving force towards proton transfer that results
from the charge-separated character of the Lri7e*(CT) state, which is characteristic of EDPT [71]. The Sy
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energy computed at the !7t7t*(CT)-relaxed geometries (Figure 3a, black open circles) increases as a
function of the Rny_pi3 stretching coordinate. As a result, the energies of the Lt (CT) state and the
Sy state cross at Rn7_p13 = 1.45 A. This S1 /Sy crossing becomes a CI when the appropriate coupling
modes are taken into account. Depending on the topography of the PE surfaces and the nonadiabatic
coupling at the CI, the reaction can lead to internal conversion to the Sy state of the complex (adiabatic
path) or to a biradical.

The other possible pathway by which inter-base proton transfer can occur in the HG1 base pair is
along the N10—H11e e ¢O11 hydrogen bond (Path 2, see inset in Figure 3c). Figure 3c shows the PE
profiles of the Sy, Lt (uCT) and 17t7e*(CT) states along the Rnj10—p11 driving coordinate. The LIIC path
connecting the Lt (uCT) and 17t7e#(CT) states (not shown) exhibits no barrier. As for Path 1, the energy
profile along the minimum-energy path from the !7t7e*(uCT) state to the '7t*(CT) state is barrierless.
However, the 7t7t*(uCT) and 7t7e*(CT) energies do not cross along Rni1o—p11 (Figure 3c), in contrast to
the energies along Rny_p13. This result can easily be rationalized. While the electron transfer occurs
from 8-ox0-G~ to A, the proton has to move in the opposite direction, from A to 8-oxo-G~, which is
not energetically favorable. The S;(CT) state is therefore not stabilized by the transfer of the proton
and the EDPT mechanism does not apply for Path 2 in the HG1 base pair.
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Figure 4. PE profiles of the ground state and the lowest singlet excited states of the HG2 8-oxo-G™-A
base pair along the Rny_p13 (a) and the Rnp—p12 (€) proton-transfer coordinates; (b) shows the energy
profiles of the LIIC path connecting S;(uCT) with S;(CT) in (a).

The PE profiles of the lowest excited states of Lt (uCT) and 7ot (CT) character of the HG2 base
pair as a function of the Rny_p13 are shown in Figure 4a. In the HG2 base pair, there likewise exists
a proton-transfer path (N7—H13e ¢ ¢N7), which leads to a low-lying S /Sy CI, and a proton-transfer
path (N10—H12e e ¢(O11) which does not lead to a CI. The mechanistic details of the N7—H13e e ¢N7
reaction path (Path 1, see inset in Figure 4a) are similar to those described for the Path 1 in the HG1
base pair. The relaxed '7rt* (CT) state exhibits a distinct driving force for proton transfer and its energy
crosses the Sy energy along this path at Ryy_py13 ~ 1.30 A, giving rise to a CI, representing a route by
which either ultrafast IC to the ground state or biradical formation can occur. The linearly interpolated
reaction path connecting the !77* (uCT) and 7t (CT) states is shown in Figure 4b. The energy profile



Molecules 2017, 22, 135 9of 14

exhibits a substantial barrier of approximately 0.5 eV, which represents an upper limit to the reaction
barrier along the minimum-energy path. The access of the photoexcited HG2 8-oxo-G™-A base pair to
the S; /Sy CI may thus be kinetically hindered.

The proton-transfer path along the Rn10-111 driving coordinate in the HG2 base pair is similar to
Path 2 in the HG1 base pair. Figure 4c shows the PE profiles of the Sy, Lt (uCT) and 17t (CT) states
along the Rni19_p11 driving coordinate. While the LIIC path connecting the Lt (uCT) and 17oe*(CT)
states (not shown) exhibits no barrier, the !7t7*(uCT) and !77*(CT) energies do not exhibit a crossing
along Rn1o—H11, as is shown in Figure 3c. As in the HG1 base pair, the Coulomb attraction after electron
transfer from 8-oxo-G™ to adenine renders the proton transfer from 8-oxo-G to the adenine anion (Path 1)
favorable, while it renders the proton transfer from the adenine anion to 8-oxo-G~ (Path 2) unfavorable.

2.3.2. 8-oxo-G~-C

We now turn our attention to the 8-oxoG™-C base pair.The PE profiles along the Rn.y driving
coordinate are depicted in Figure 5. As with 8-oxoG™-A, the base pair under consideration exhibits
two possible inter-molecular proton-transfer paths along hydrogen bonds as depicted in the insets in
Figure 5a,c. Path 1, which involves PT from the N-H donor group of 8-oxo-G~ to the N acceptor group
of C, shows a barrierless profile with respect to EDPT on S; (Figure 5a). Along this coordinate, the
decreasing energy of the S; state is accompanied by an increasing energy of the Sy state, which leads to
an S; /Sy curve crossing at Ro.g ~ 1.2 A. At this crossing, the excited-state population can return to
the Sy state—providing enhanced photostability of the 8-oxoG™-C base pair—or a radical pair can be
formed. The energy profiles along the LIIC path connecting the !7te*(uCT) state to the '7te*(CT) state
are shown in Figure 5b. This energy profile exhibits no barrier and leads in fact to an S;/Sg energy
crossing. This result ensures that the minimum-energy path connecting the !77e*(uCT) and '7r*(CT)
states is barrierless and that the S; /Sy crossing seam is easily accessible from the Franck-Condon
region of the S1(uCT) state.
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Figure 5. PE profiles of the ground state and the lowest excited states of the 8-oxo-G~-C base pair
along the Rnj10—H13 (a) and Rny—po (¢) proton-transfer coordinates; (b) shows the energy profiles of
the LIIC path connecting S;(uCT) with 5;(CT) in (a).
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An S1 /S crossing is not observed for the second possible proton-transfer path (energy profiles
depicted in Figure 5c), although the overall gradients of the Sy and S; energy profiles mimick
those observed in Figure 5a. The respective decrease and increase of the energies of S;(CT) and
Sp are too weak to lead to a degeneracy of the S; and Sy energies. As in the HG1 and HG2
base pairs of 8-ox0-G™-A, there exists no substantial driving force for EDPT from cytosine to the
8-0x0-guanine anion.

3. General Discussions and Conclusions

We explored the excited-state reaction paths and PE profiles associated with coupled
electron/proton transfer reactions in the two most stable hydrogen-bonded conformers of the
8-0x0-G ™ -A base pair as well as in the lowest-energy conformer of the 8-oxo-G™~-C base pair. In both
cases, the 8-oxo-G moiety was assumed to be in its deprotonated (anionic) form which is found in
aqueous solution at pH > 7. In the 8-oxo-G™-A HG1 base pair as well as in the 8-oxo-G™-C base pair,
the calculated PE profiles reveal the existence of a barrierless path for EDPT from 8-oxo-G™~ to A or C,
leading to a low-lying S; /Sg conical intersection which can promote ultrafast excited-state deactivation.
In the 8-oxo-G™-A HG2 base pair, on the other hand, a low barrier may exist on the S; PE surface
which may possibly kinetically hinder the access of this conformer to the S; /Sy CI. We did not find
evidence for the existence of S; /Sy conical intersections along reaction paths for proton transfer from
adenine or cytosine to the 8-oxo-G™ anion in any of the three base pairs. The EDPT reactions revealed
in the present work for the 8-oxo-G™-A HG1 and 8-oxo-G™-C base pairs are rather similar to those
identified earlier in the G-C and A-T WC base pairs [33,34].

These results are of relevance for the current discussion on the potential role of 8-oxo-G as a
photo-repair agent in DNA, possibly being a precursor of modern flavine cofactors [54,55,72]. It is
firmly established that the photo-excited state of neutral 8-0xo-G has a sub-picosecond lifetime in
aqueous solution, while deprotonated 8-oxo-G~ exhibits a much longer fluorescence lifetime of
43 ps [26]. The drastic shortening of the excited-state lifetime of 8-oxo-G™ relative to neutral 8-oxo-G
has been explained by either CIs intrinsic to guanine, which are more easily accessible in the neutral
than in the anionic form [57], or by an EDPT reaction along the H-bond between guanine and ribose
in 8-oxo-guanosine, which is available in the neutral form, but not in the anionic form [23]. It has
been speculated that the long lifetime of anionic 8-oxo-G™~ should be favorable for repair by electron
transfer in the excited state, while the very short excited-state lifetime of neutral 8-oxo-G should be
detrimental in this respect [26]. Herein, we have found computational evidence for presumably very
efficient excited-state deactivation via barrierless EDPT reactions leading to S1 /Sy conical intersections
in the 8-oxo-G™-A and 8-oxo-G~G base pairs which call the concept of repair of CPD lesions via
electron transfer from excited-state 8-oxo-G™~ in DNA oligomers into question. Kumar and Sevilla
investigated the corresponding EDPT paths in the neutral 8-oxo0-G-A and 8-ox0-G-C base pairs and
found a path with a barrierless PE profile en route to a low-lying S; /Sy conical intersection in the
8-0x0-G-C base pair, while no such path was found for the 8-oxo-G-A base pair [67]. This finding led
Kumar and Sevilla to the conclusion that the 8-oxo-G-A base-pair, due to its longer excited-state life
time, should allow for efficient repair of CPD lesions. However, the very short intrinsic lifetime of
neutral 8-oxo-guanosine, not considered by Kumar and Sevilla, renders it unlikely that the neutral
8-0x0-G-A base pairs are efficient repair agents in DNA oligomers. Notwithstanding, we do however
stress that isolated nucleobasic or nucleosidic forms of 8-oxoG- may be efficient at repairing CPD
lesions—as advocated by Matsika and co-workers [26] and Tuna et al. [23].

There exist additional complexities in a bulk DNA environment which are not taken into account
in the present calculations. Electrostatic and dispersive interactions between stacked DNA bases
may modify the topographies of the PE profiles and the locations and energies of CIs. Nonetheless,
the present calculations for isolated base pairs are useful as they can serve as a starting point for
forthcoming studies which include the effect of complex environments, albeit at a more approximate
level of theory.
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4. Computational Methods

The ground-state minimum-energy geometries of the 8-oxo-G™-A base pairs, in the two HG
conformations, and of the 8-oxo-G™-C base pair were optimized at the MP2/cc-pVDZ level of
theory [73,74]. At these ground-state minimum-energy geometries, the vertical excitation energies
and oscillator strengths of the lowest four singlet excited states were calculated using the ADC(2)
method. [75]. In the MP2 and ADC(2) calculations, the resolution of the identity (RI) approximation
was employed in the evaluation of the electron repulsion integrals [76].

The reaction path for inter-base hydrogen-atom transfer from 8-oxo-G™~ to adenine in the electronic
ground state was calculated as a relaxed scan at the MP2 level using Rn.y of the hydrogen-bonded
NH group of 8-oxo-G™ as the driving coordinate. This involves scanning of the appropriate Rn.y
driving coordinate, while allowing the rest of the nuclear framework to relax. The energies of the
lnr* excited states along the relaxed ground-state path were computed using the ADC(2) method.
Relaxed scans along Rn.y were also computed for the lowest excited state of charge-transfer (CT)
character using the ADC(2) method. In these calculations, the energies of the electronic ground state
and the uCT !7trt* states were computed at the relaxed geometries of the CT state using the MP2
and ADC(2) methods, respectively. When calculations of relaxed scans were not possible due to
failure of excited-state geometry optimization, an approximate reaction path was constructed by linear
interpolation in internal coordinates (LIIC). All calculations were carried out with Turbomole [77].
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