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Abstract

Photoinduced damage of DNA is a well-known but still far from fully understood phenomenon.
Electronic structure methods are here employed to investigate potential roles of mo* states in
initiating photodamage, and ways in which nc*-state driven photochemistry might evolve with
increasing molecular complexity. The study starts with the bare 9H-adenine molecule and
progresses through to a model double-helix DNA duplex in aqueous solution. Relative to the gas
phase, aqueous solvation is predicted to stabilize the !nc* states of these systems when exciting at
the respective ground state equilibrium geometries, but to have relatively little effect on the
asymptotic N—H bond strengths. But the study also re-emphasises the potential importance of rival
o*<—m excitations, wherein a solute 7 electron is promoted to a 6* orbital localized on an O-H
bond of a complexing H>O molecule, as a route to forming parent radical cations — as have recently
been observed following near UV photoexcitation of double-helix adenine-thymine duplexes in
water (Banyasz et al., Farad. Disc. 207, 181 (2018)). The subsequent deprotonation of such radical

cations offers a rival low energy route to N—H bond fission and radical formation in such duplexes.



1. Introduction

The role of mo* excited states in molecular photochemistry has attracted much attention over the
past two decades.[ 1-4] Such states are ubiquitous in heteroaromatic and heteroatom (X) containing
cyclic molecules such as (thio)phenols,[5—11] indoles [12,13] and pyrroles,[ 14—16] as well as their
biological analogues — e.g. adenine,[17—19] thymine/uracil,[20,21] and guanine.[22] In all such
molecules, near-ultraviolet (UV) electronic excitation can result in direct or indirect (via non-
adiabatic coupling) population of mo* states, i.e. states formed by electron promotion from a
valence m or non-bonding n orbital to an unoccupied c* orbital that is localized around the acidic
X—H bond. Population of the 6* orbital inevitably lowers the X—H bond order, thus manifesting

in the characteristically dissociative nature of such nc* states with respect to X—H bond extension.

The dominant process following near-UV excitation of pyrrole or imidazole is N—H bond fission,
yielding pyrrolyl (imidazolyl) + H products.[14,15,23,24] N—-H bond fission occurs directly after
photoexcitation to the 'mo* state, which is the lowest singlet excited electronic state (i.e. the S
state) in both molecules. The excited-state dynamics of (thio)phenols are similarly dominated by
no* state mediated (S)O—H bond fission but, in these cases, the to* continuum may be populated
by internal conversion (IC) from the pre-excited (bright) 'nr* (S1) state, which is the dominant

contributor to the respective near- UV absorption spectra.[7,12]

Excitations to ring-centered 'nr* states similarly dominate the UV absorption spectrum of indole
(a bicyclic heteroaromatic molecule with a higher density of m and n* orbitals than pyrrole or
(thio)phenol).[25,26] The first two excited singlet states of indole are both of nr* character. In
contrast to pyrrole and (thio)phenol, excitation to the lower of these two !nn* states (the S; state,
traditionally known as the Ly state) populates a long-lived (t > 5 ns) excited state that displays no
evidence of X—H (in this case N-H) bond fission. The second 'nr* state (the L, state) shows a ~4-
fold stronger absorption cross section than the Ly state and is populated at excitation wavelengths,
A <273 nm. Population of the L, state is followed by non-adiabatic coupling with, and subsequent
internal conversion to, the 'nc* continuum and some formation of indolyl + H products at shorter

excitation wavelengths (A <263 nm).[12,13]

Adenine is another bicyclic heteroaromatic molecule with a near-UV absorption spectrum that is

dominated by excitations to the first two !mn* states.[27] As with indole, N-H bond fission is



observed at short excitation wavelengths (A <233 nm in this case) and attributed to dissociation
following non-adiabatic coupling to the mc* state.[18] In contrast to indole, however, adenine
molecules excited to either of these 'nr* states decay on an ultrafast (~300 fs) timescale, by IC to
the So state.[28 , 29] This decay is driven by out-of-plane ring-bending motions centered on the

six-membered component of this bicyclic molecule.[30-32]

Such out-of-plane ring-bending distortions are now recognized as nuclear motions that can access
regions of degeneracy between excited state potential energy surfaces (PESs), or between the
ground and excited state PESs in conjugated cyclic molecules. When motions orthogonal to the
ring-bending distortions are considered, these degeneracies develop into conical intersections
(Cls) that are now understood to mediate many of the ultrafast processes observed in molecular
photochemistry.[33,34] Cls play a pivotal role in facilitating the dissipation of electronic excitation
in the DNA/RNA nucleobases, nucleosides and nucleotides, and the associated oligonucleotides
and base pairs, enabling efficient reformation of the ground-state molecule. Such photostability is
exhibited by many biologically relevant molecules.[35,36] Many recent experimental and
theoretical studies have explored the mechanisms that confer photostability in biologically relevant
molecules — such as those found in the mammalian epidermis.[37] Such molecules contain specific
functions that are intended to absorb and to dissipate UV-radiation incident upon the human body

— thereby offering greater protection to cellular DNA.

Notwithstanding, cellular DNA damage may occur upon prolonged UV exposure. Such damage
can occur when cellular imbalances encourage rival photochemical processes to become
competitive with the non-radiative IC processes that promote photostability. These alternative
photochemical paths may lead to the irreversible formation of photoproducts.[38—41] Near UV-
induced cycloaddition reactions are responsible for one common family of DNA photoproducts —
the cyclobutane pyrimidine dimer (CPD) adducts formed when neighboring nucleobases on a
common strand undergo cycloaddition reactions. Oxidative DNA damage is another common
photoreaction. Recent experimental studies have succeeded in detecting radical-cation precursors
to such oxidation products in single stranded naked DNA,[42] in DNA duplexes [43] and in
Guanine-rich G-quadruplexes.[44] Photoexcitation studies of a model adenine-thymine DNA
duplex and a G-quadruplex at A <266 nm return (low) quantum yields for forming the respective

radical cations (i.e. the species formed by electron loss from the parent) and solvated electrons,



and detect the radical species formed by subsequent deprotonation of the radical cation.[43,44]
Complementary electronic structure calculations suggest that the deprotonation step involves
cleavage of a (non-hydrogen bonded) N—H bond in the terminal amino-group on a single adenine
or guanine molecule, in, respectively, the duplex DNA and the model G-quadruplex, but the
mechanism of the initial electron ejection following absorption of such low energy photons

remains unclear.

Here we explore the extent to which such radical cations could arise via mc* state driven
photochemistry, focusing particularly on the (non-hydrogen bonded) N—H bond of the amino
group of adenine in a model DNA duplex. Our hypothesis builds on the known characteristics of
no* states, their propensity to facilitate X—H bond fission in isolated gas phase molecules, and the
ways in which such behavior is modified when the solute of interest is in aqueous solution. Phenol
provides a good example. no* state mediated O—H bond fission in the isolated molecule has been
extensively studied, both experimentally and theoretically,[5,6,8,10,11,45-47] and recent ultrafast
time-resolved studies following near-UV excitation of phenol in aqueous solution have revealed
spectral signatures of both phenoxyl radicals and solvated electrons.[48,49] Such findings accord
with the earlier theoretical predictions by Domcke and Sobolewski, who showed that the nc* state
of phenol is stabilized when bound to a small cluster of water molecules.[45] In contrast to the
isolated phenol molecule, the nc* state of the phenol-water cluster is formed by promoting an
electron from a phenol-centred m-orbital to a o*-orbital centred on an O—H bond of a complexing
H>0O molecule. This represents a much longer-range charge separation than that achieved by 6*<—n
excitation in bare phenol. Here we explore the possible roles of mc* states in forming potentially
damaging radical-cations following near-UV photoexcitation of double-helix adenine-thymine
duplexes in aqueous solution. A systematic ‘bottom-up’ approach is adopted, wherein electronic
structure methods are used to investigate the near-UV photochemistry of, first, isolated 9H-adenine
molecules (henceforth abbreviated as Ade) and then progressively extrapolated to the bulk double-
helix DNA duplexes.



2. Computational Methodology

Using Gaussian 09,[50] the ground state equilibrium geometries of all neutral and cationic systems
were optimized using the long-range corrected ®B97XD [51] functional of Density Functional
Theory (DFT), coupled to the 6-31G(d) Pople basis set.[52] Isolated 9H-adenine and the 9H-
adenine-1H-thymine base pair were optimized both as isolated gas phase systems and with a
polarization continuum model, using a water solvent and a dielectric constant of 78.35. Vertical
excitation energies of gas phase 9H-adenine were calculated both at the time dependent (TD)
DFT/wB97XD/6-31G(d) level and with complete active space with second-order perturbation
theory (CASPT2). The latter was coupled to an aug-cc-pVDZ basis set and based on a state-
averaged complete active space self-consistent field (SA7-CASSCF) reference wavefunction,
across the lowest seven singlet states. An active space of 10 electrons in 10 orbitals (the n2p, three
7, three ©*, 3s Rydberg, ¢ and o* orbitals) was used as well as an imaginary level shift of 0.5 En.

The CASSCF/CASPT?2 oscillator strengths were calculated using equation (1):

2

f= g(Ej —E;) 'Za:x,y,zl#ijl (1)

2
a
where E; and E; are the CASPT2 energies of the final (i.e. Si, S2, S3 or S4) and initial (So) states,
respectively, and 4 are the transition dipole moments accompanying a given i — j transition,

along a (o0 = x, y and z coordinates).

Mixed quantum and classical mechanics computations were carried out for adenosine, the
deoxyadenosine-deoxythymidine =~ base  pair and a  model (deoxyadenosine-
deoxythymidine)(deoxythymine-deoxyadenosine) duplex solvated in a TIP3P truncated
octahedral box of solvent water molecules. These calculations used the ONIOM [53] interfacial
model implemented in Gaussian 09. In ONIOM, different molecular components of an ensemble
are sub-divided into layers, which are treated at different computational levels and the total energy
calculated on a subtractive basis. In our present systems, the high layer comprised the DNA
nucleobase(s) and was computed at the DFT/wB97XD/6-31G(d) level of theory. The medium
layer was calculated using the semi-empirical PM6 method [54] and comprised the ribose-
phosphate backbone and K* counter ions. The low layer was computed using AMBER [55]
molecular mechanics force-field theory and comprised the entire system. The duplex configuration
was prepared using the NUCLEIC program as implemented in AmberTools.[56] Once prepared

and neutralized with K* counterions, the resulting structure was solvated using PACKMOL.[57]



The corresponding radicals formed by N—H bond fission were computed for all the systems and in
the same environment as the closed-shell parent structures from which they derive. The reported
relative radical energies () are referenced to that of the adeninyl radical formed by N9—H bond

fission in an isolated gas phase adenine molecule and calculated as per eq. (2):
Erel = (Eradical - Eparent) - AE9H—adenine (2)

where AE9H—adenine = (Eradical (adenine(-9H)) — Eparent (9H—adenine))'

The bond dissociation energies (BDEs) are then calculated using eq. (3):
BDE = Dy(N9 — H) + E,; (3)

where Do(N9-H) is the experimental bond dissociation energy of gas-phase 9H-adenine.

Vertical ionization energies were computed for all systems, from the minimum energy geometry
of the respective ground-state neutral species. Adiabatic ionization energies were derived by
optimizing the +1 cation for all but the DNA duplex (for which we were unable to converge the

ground state minimum energy geometry).

3. Results and Discussion

The molecular structures explored in this work are shown in Figure 1, which also serves as a ‘road
map’ for the ensuing narrative. The heavy atom labels in (a) will be used when discussing the
photochemistry of Ade and extended as required when describing Ade in more complex
environments. Table 1 lists the relative stabilities of the radical co-fragments formed by N6'-H
and (where possible) N9—H bond fission in each case. These Er values are the calculated energy
differences between the parent molecule and the radical formed by loss of the indicated H atom,
in the specified local environment, and are quoted relative to the calculated endothermicity of N9—
H bond fission in the bare adenine molecule (eq. (1)). Negative values thus indicate dissociation

processes that are calculated to be less endoergic than N9—H bond fission in bare adenine. The



bond dissociation energies (BDEs) listed in the final column of Table 1 are estimated simply by
shifting the documented N9—H BDE of gas phase adenine [18] by the appropriate calculated
energy difference. We recognize that these reported values (particularly those in aqueous solution)
are likely to be over-estimates of the ‘true’ BDE, since the present calculations will not recognize

any solvent induced stabilization of the open-shell H-atom partner.

Figure 1: Optimized ground state geometries of (a) 9H-adenine and (b) the adenine-thymine base
pair in the isolated gas phase, the same base (c) and base pair (d) in a polarization continuum model
(PCM) and (e) adenosine, (f) deoxyadenosine-deoxythymidine and (g) a (deoxyadenosine-

deoxythymidine)(deoxythymine-deoxyadenosine) duplex in aqueous solution.



Adenine in the gas phase

We start by reprising the documented excited states and excited state dynamics of Ade, the
optimised ground (So) state geometry of which was shown in Figure 1(a). The first four singlet
excited states at this equilibrium geometry are of nn*, nn*(Ly), nn*(La) and mo™* character,
respectively. Figure 2 depicts the orbitals, orbital promotions, energies (and oscillator strengths)
associated with these various excitations. As shown, the S;<—Sy transition has a low oscillator
strength, reflecting the poor spatial overlap between the initial (n) and final (n*) orbitals, whereas
the S2<—So (particularly) and S3;<—So transitions have higher oscillator strengths, consistent with

the improved overlap between the participating © and * orbitals.
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Figure 2: CASSCF Orbitals and dominant orbital promotions associated with electronic
excitations to the first four excited singlet states of Ade. The calculated CASPT?2 vertical excitation

energy is given alongside each transition, as well as the oscillator strength (in parentheses).
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Fig. 3: CASPT2 calculated potential energy profiles for gas phase 9H-adenine molecules along

the Rno-n and Rne-n coordinates, adapted from reference [32]. In these computations the N-H

bond was varied, and the remainder of the nuclear framework allowed to relax to the minimum

energy configuration of the !mc* state (filled purple circles). The remaining electronic states were

computed at the corresponding relaxed 'mo* state geometry. The 2!nn* state PE profile has been

omitted in order to avoid cluttering the figure.

Figure 3 shows PE profiles (adapted from reference [32]) for the So, S1, Sz and S4 states of Ade
along the N9—H and N6'-H bond extension coordinates (Rno-n and Rne-n) calculated at the relaxed
geometry of the S4('nc*) state. The corresponding profiles for the S3(La) state are very similar to
those of the Sx(Ly) state and have been omitted to avoid cluttering the figure. The ground, nt* and
nn* (L and L,) states are each bound along both Rno-n and Rne-n, whereas the !mo™* state is
dissociative with respect to extending either N—H bond. The ‘shelf’ in this PE curve around the
Franck-Condon (FC) region arises as a result of mixing between the diabatic 'n3s Rydberg and
Ino* pure-valence states. In the high-symmetry limit, both states transform to a common anti-
symmetric irreducible representation which leads to a same-symmetry avoided crossing.[58] The
topography of the !tc* state is thus determined by the lower adiabat returned from this avoided

crossing. The extent to which the 'n3s Rydberg state and the 'mo* valence state couple depends

11



on the energetic disposition of the two diabatic states, the former of which (in the Koopmans’

limit) has a predictable quantum defect with respect to the ground state cation (vide infra).

As Figure 3 also shows, the !nc* state correlates diabatically with H + ground state adeninyl
radical fragments (henceforth represented as Ade(-nH), where » is the numerical label of the de-
hydrogenated N atom). The singly occupied molecular orbital (SOMO) in the ground state Ade(-
9H) and Ade(-6'H) radicals (i.e. the radicals formed by, respectively, parent N9—H or N6'-H bond
fission) is a ring-centered pm-orbital — illustrated at the relevant asymptote in figure 3. In this
configuration, the in-plane N-centered pc-orbital is doubly occupied and thus inevitably displays
a long-range repulsive interaction with an H(*S) atom approaching in the molecular plane, which
ultimately constitutes the 'tc* state at the vertical geometry. The odd-electron in the first excited
states of both the Ade(-9H) and Ade(-6'H) radicals, in contrast, is in the SOMO-1 orbital (i.e. in
the upper orbital depicted in figure 3). These SOMO-1 orbitals are both localized in the molecular
plane and, as in many similar heteroatom containing systems,[1] it is the first excited state of the
Ade(-9H) and the Ade(-6'H) radical that exhibits a long-range attractive interaction and correlates

diabatically with the Sy state parent molecule upon decreasing Rx-H.

Translationally excited H atom products have been reported following near-UV excitation of gas
phase adenine at A < 233 nm, consistent with one-photon induced dissociation on the 'nc* PE
surface and formation of Ade(-»H) + H products. Analysis of the deduced total kinetic energy
release spectrum of the products returned an N-H bond strength of 34580 + 50 cm™! (4.29 + 0.01
eV) and the vibrational energy disposal in the Ade(-nH) products was shown to be consistent with
N9-H bond fission.[ 18] Such a conclusion matches expectations based on the PE profiles shown

in Figure 3, and with the relative stabilities of the radical products listed in Table 1.

12



Adenine and adenosine in aqueous solution

Table 1 also shows that the effective N9—H and N6'-H BDEs are both reduced by implicit water
solvation (PCM), reflecting some stabilization of the Ade(-9H) and Ade(-6'H) radicals by
solvation with a polar molecule. The ionization potential of Ade in implicit water solvation is also
predicted to decrease. Coupled with the decrease in BDE, this is a strong indicator that the entire

o™ state potential is stabilized by solvation with water molecules.

The ionization potential and N6'-H BDE for adenosine in an explicit water solvent (ONIOM) are
also both calculated to be lower than the corresponding quantities in bare adenine. Again, the
SOMO in the ground state radical formed by N—H bond fission is the ring-centered pr-orbital (see
fig. S1 of the ESI), implying that the in-plane pc-orbital, local to the N6' atom, is doubly occupied
and that interaction with this orbital is responsible for the long-range repulsive region of a 'mc*

state upon decreasing Rne'-H.

Adenine-thymine base pair in the gas phase and in aqueous solution

Upon pairing with 1H-thymine (henceforth Thy), the resulting H-bonded Ade-Thy base pair has a
greater excited state density and its near-UV absorption shows a bathochromic shift c¢f. bare Ade
or Thy.[59] The long wavelength excitations are to locally excited states (i.e. the orbitals involved
in the electronic transition are localised on one nucleobase). Charge transfer states, involving
electron exchange between the Ade and Thy orbitals, are predicted to lie at higher vertical

energies.[59]

As Table 1 shows, Ade-Thy base pairing is predicted to reduce the ionization potential (cf. Ade)
and to leave a non-hydrogen-bonded N6'-H bond that could — at least in principle — be susceptible
to near-UV photoinduced bond fission. The quantum yield for any such photodamage will be
limited by the ultrafast rate of IC to the So state, which is dominated by electron-driven proton-
transfer between the Ade and Thy nucleobases.[59] Nevertheless, Table 1 predicts only a small
increase in the endoergicity of N6'-H bond fission in gas-phase Ade-Thy (c¢f- N9—H bond fission
in isolated Ade), suggesting that prolonged UV-exposure of the Ade-Thy base pair might induce
N-H bond fission. This modest destabilization of the radical when paired with Thy can be

13



attributed to the weakening of the remaining (hydrogen-bonded) N-H bond by the reduced

electronegativity of the amino-group centered N-atom.

Notwithstanding this modest destabilization, the SOMO of the ground state Ade(-6'H)-Thy radical
still retains pm-character (see fig. S1 of ESI) implying that, again, the N6'-centred pc-orbital is
doubly occupied and will inevitably induce a long-range repulsive interaction with an incident H
atom — which, again, will constitute a nc™* state of the parent base pair as Rne-n is reduced. Implicit
solvation stabilizes the Ade(-6'H)-Thy radical (see Table 1), though we note that these radicals are
predicted to be marginally less stable than the solvated Ade(-6'H) radicals. As with Ade, solvation
of Ade-Thy is also predicted to (substantially) reduce the adiabatic ionization energy (cf. the
isolated base pair), implying an energetic lowering of the '3s Rydberg state in the Franck-Condon

region and thus of the mixed Rydberg-valence 'no* state.

Table 1: Calculated (non-zero-point corrected) parent ionization energies, (relative) radical
stabilities and associated parent N—H bond dissociation energies (in eV). All gas phase (GAS) and
PCM computations employed the ®B97XD/6-31G(d) level of theory, while the ONIOM
computations used ®B97XD/6-31G(d) for the high-layer, PM6 for the medium layer and AMBER

for the low-layer, as described in the Methodology section.

Molecule Parent Bond Radical product Effective BDE
Adiabatic energy (Ere) referenced to the
Ionization relative to that N9-H bond
Energy of Ade(-9H) strength in gas
phase adenine
Adenine (GAS) 7.89 N9-H 0 4.29
Adenine (GAS) 7.89 N6'-H 0.12 4.41
Adenine-Thymine 7.56 N6'-H 0.18 4.47
(GAS)
Adenine (PCM) 6.00 N9-H —-0.04 4.25
Adenine (PCM) 6.00 N6'-H 0.05 4.33

14




Adenine-Thymine 5.99 N6'-H 0.15 4.44
(PCM)
Adenosine 6.99 N6'-H -0.10 4.19
(ONIOM)
Deoxyadenosine- 6.94 N6'-H 0.07 4.36

Deoxythymidine
(ONIOM)
Deoxyadenosine- 5.78* N6'-H 0.16 4.45

Deoxythymidine
Duplex (ONIOM)

*Value is the calculated vertical ionization energy and thus represents an upper limit to the

adiabatic ionization energy.

Deoxyadenosine-Deoxythymidine and a Deoxyadenosine-Deoxythymidine Duplex in aqueous

solution

Extending to the more complex DNA-duplex (fig. 1(g)) leads to obvious changes in the electronic
absorption spectrum when compared with the isolated gas-phase Ade molecule. We caution that
the absorption spectra in Figure 4 have been derived using the lowest 10 vertically excitated
energies and that the energies returned by TDDFT methods will almost inevitably be upper bounds
to the true excitation energies. By way of illustration, the first absorption maximum in the near
UV absorption spectrum of adenine is observed at ~250 nm,[60] and the origin of the trt*(Ly)<—So
transition lies at ~275 nm,[61] so the primary purpose of figure 4 is to give a qualitative comparison
of the likely absorption of this DNA-duplex in an aqueous environment relative to that of gas-
phase Ade. As fig. 4 shows, the higher density of w and ©* orbitals in duplex-DNA manifests itself
as a broader absorption, with greater intensity at long wavelengths (cf. isolated Ade). The latter is
likely to encourage enhanced absorption probability to the various locally excited states and to the
excitonic states in duplex-DNA (cf. to the corresponding states in isolated Ade and the Ade-Thy

base pair).

N6'-H bond fission in either of the adenosine molecules within the duplex yields a radical

(henceforth dAde(-6'H)-dThy~dThy-dAde) that is calculated to be 0.16 eV less stable that Ade(-

15



9H). This implies a slightly larger N6'-H BDE in the duplex when compared to the N9—H BDE
of Ade. Although dAde(-6'H)-dThy~dThy-dAde is less stable than Ade(-9H), the destabilization
is such that the relevant energies still lie well within the near-UV wavelength range required to
access the asymptote for forming dAde(-6'H)-dThy~dThy-dAde + H products. Yet again, the
SOMO in the radical associated with the lowest energy dissociation asymptote of dAde(-6'H)-
dThy~dThy-dAde is a m-orbital (shown in fig. S1 of the ESI), implying that the in-plane N-centred
po-orbital is doubly occupied and will show a repulsive interaction with an incident H atom —
manifesting in the long-range part of the !mtc* state PE surface. The vertical ionization energy in
the duplex environment is lower than in any other system studied, implying a large stabilization
of the 'nc* state potential at vertical FC geometries. Thus we conclude that the dAde(-6'H)-
dThy~dThy-dAde radical could also arise as a result of dissociation via a !nc* state. In addition,
we have computed the electron affinity of a (H20)40 cluster solvated in a continuum model of bulk
water at the same level of theory as the above calculations. The returned adiabatic electron affinity
of the (H20)40 cluster is 0.2 eV which, when subtracted from the vertical ionization energy of

dAde(-6'H)-dThy~dThy-dAde, indirectly implies a charge-separated state at ~5.58 eV.

16
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Fig. 4: Simulated absorption spectra of (a) isolated 9H-adenine in the gas phase and (b) double-
helix duplex DNA in aqueous solution. Computations used the TD-DFT/®wB97XD/6-31+G(d)
level of theory. A sum (over 10 lowest excited states) of Lorentzian line shape functions, each with

a 0.5 eV (FWHM) broadening factor, was used to simulate the overall spectral profile.

4. General Discussion and Conclusions

A systematic bottom-up approach has been used to explore the energetic feasibility of 'nc* state
driven N-H bond fission in systems ranging from bare adenine through to duplex double-helix
DNA in aqueous solution. Recent experiments by Markovitsi and co-workers have identified a
(minor) channel leading to parent radical-cations following near-UV excitation of duplex DNA in
aqueous solution.[43] Guided by electronic-structure calculations, these authors deduced that
radical-cation (plus solvated electron) formation is followed by proton loss from one of the non-

hydrogen-bonded N6'-H bonds, thereby restoring local charge neutrality. The parent radical-

17



cation and/or the radical formed upon subsequent deprotonation were then shown to undergo a

series of side-reactions leading to, predominantly, a cycloadduct.

These authors left open the possible parent radical-cation formation mechanism at such low photon
energies. Here we highlight the possibility that their formation (and subsequent N—H bond fission)
is mediated by no™* excited states. Such states are ubiquitous in heteroaromatic molecules, and the
present work starts by illustrating their role in enabling N—H bond fission in isolated adenine and
adenosine molecules and in Ade-Thy base pairs. This conclusion is largely driven by the
occupancy of the SOMO and SOMO-1 orbitals of the resulting radical, and the energies and
geometries of the ground state radical and the parent radical cation. In all cases, the ground state
radical presents a double-occupied po orbital (and thus a long-range repulsive interaction) towards
an H atom approaching from long Rx-n distances. Table 1 shows a net decrease in parent ionization
energy with increasing complexity (i.e. on moving from (a) to (g) in fig. 1) which, via Koopmans’-
like arguments, implies an energetic lowering of (at least the shorter range part of) the dissociative

Ino* state potential.

Solvating these systems with water is shown to have only a minor effect on the energetics of N-H
bond fission, and allows extension of such modelling to yet more complex systems like a model
DNA-duplex. Does the increased complexity and aqueous solvation enable such ‘gas-phase like’
N-H bond fission in a solvated DNA-duplex when excited at A = 266 nm (equivalent to a photon
energy of 4.66 eV)? This is still not clear. Noting the present overestimation of the vertical
excitation energies of bare adenine (fig. 4), there is little doubt that the duplex will absorb at this
wavelength, but this alone is insufficient to assess the likelihood of photoinduced N—H bond fission
via the no* state PES. But the studies of Markovitsi and co-workers hint at a similar, though subtly
different, to™* state mediated mechanism.[43] Following Domcke and Sobolewski,[45] the present
study encourages the view that photoexcitation could promote an electron from an Ade-centred n-
orbital to a o*-orbital on an O—H bond of an H>O molecule with which the duplex is complexed.
This o*<«m excitation would yield the (observed) parent radical-cation. The subsequent release of
a proton from the non-hydrogen-bonded N6'—H site would then yield the radical — a process that
Table 1 confirms as being exothermic. Is this process energetically feasible at the excitation
wavelength used in the experiments of Markovitsi and co-workers? Again, the present calculations

are not sufficient to confirm or refute this suggestion, but both Franck-Condon effects and electron
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solvation will surely lower the threshold energy for such charge transfer well below the vertical
ionization energy of the duplex reported in Table 1. This re-emphasis of the potential involvement
of such long range photoinduced c*<«—r electron transfers in solvated biological systems should
encourage further consideration of the roles of parent radical-cations (and the radicals formed by
subsequent X—H bond fission) when photoexciting heteroatom containing biomolecules in

aqueous solution.
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