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Abstract

Binding of a single water molecule has a dramatic effect on the excited state lifetime
of adenine. Here we report a joint nonadiabatic dynamics and reaction paths study
aimed at understanding the sub-100 fs lifetime of adenine in the monohydrates. Our
nonadiabatic dynamics simulations, performed using the ADC(2) electronic structure
method, show a shortening of the excited state lifetime in the monohydrates with
respect to bare adenine. However, the computed lifetimes were found to be significantly
longer that the observed one.

By comparing the reaction pathways of several excited-state deactivation processes
in adenine and adenine monohydrates, we show that electron-driven proton transfer
from water to nitrogen atom N3 of the adenine ring may be the process responsible for
the observed ultrafast decay. The inaccessibility of the electron-driven proton transfer

pathway to trajectory-based nonadiabatic dynamics simulation is discussed.



1 Introduction

Understanding the photophysical mechanisms that prevent light induced damage in biomolecules
is a fundamental scientific problem with a broad spectrum of potential applications.!? In this
context the photostability of nucleobases, and in particular of adenine, has been intensively
investigated, both from the experimental,®® and the theoretical side.'%2° It is known that
upon excitation at the origin of the first electronic band at 277 nm adenine deactivates to the
ground electronic state following a biexponential kinetics with time constants of 73 ~ 100 fs
and 75 ~ 2 ps.® However, a 700 cm ™! increase in the excitation energy leads to the reduction

of the latter constant, which is the actual lifetime of the excited state, to only ~ 1 ps.® This
suggests the existence of an energy barrier on the way to the conical intersection (CI) with
the ground electronic state.

The pathways of adenine’s decay after optical excitation to the bright 77*(L,) state have
been for a long time a matter of debate as different computational methods provide rather
contrasting results. 113171820 Ty an early work Sobolewski and Domcke proposed that 9H-
adenine (hereafter - adenine) decays following the mo* pathway along the NH bond stretching
coordinate of the azine group.!' Although more recent computations find the 77* /mo* CI to
be too high in energy to govern the deactivation, time resolved photoelectron spectroscopy
experiments provide evidence that wo* states may be involved in adenine relaxation.® A
different mechanism was put forward on the basis of complete-active-space second-order per-
turbation theory (CASPT2) calculations indicating that the initially excited 77*(L,) state
crosses directly with the ground state following a barrierless reaction path.'®!” More recently,
nonadiabatic (NA) dynamics simulations performed using the algebraic diagrammatic con-
struction to the second order [ADC(2)] method?!?? pointed to internal conversion from the
m* to the nm* state with concomitant deformation of the six-membered ring at the C2
position leading to a minimum on the S; surface of mixed n7* and n7* character. The CI
with the ground electronic state, Sy, is then reached by surmounting an energy barrier either

along the C2 or C6 ring-puckering pathways.



In water, following excitation at 263 nm, adenine decays biexponentially with time con-
stants of 7, ~ 180 fs and 7, ~ 8.8 ps.?® Here again, a number of theoretical studies addressed
the mechanisms and time scales of adenine deactivation.?*2® Serrano-Andrés and coworkers
computed relaxation pathways of adenine in large water clusters using a combined Monte
Carlo/CASPT?2 approach.? Relevant adenine geometries were selected along both the nr*
and 77* deactivation pathways. The authors have shown that the m7* state controls the de-
cay and that the nm* state undergoes a strong destabilization in the water environment such
that the n7* pathway becomes inaccessible from the initially populated n7* state. In the
very recent ADC(2)-based NA dynamics study of 9H-adenine hexahydrates and 7H-adenine
pentahydrates the electronic structure of water molecules has been explicitly taken into ac-
count.?® It was found that the decrease of 9H-adenine excited state lifetime in water was
due to a facilitated interconversion via ring puckering at position C'2 following which can be
considered to be the decay pathway of bare adenine - 77* — nr* — S, .2 However, the most
important result of that study was that the ultrafast relaxation of 7TH-adenine pentahydrates
had purely electronic origins and was caused by electron transfer from water to 7TH-adenine.

In circumstances in which the role of n7*, n7* and wo* states in the deactivation of
solvated adenine is not completely understood, it may be of interest to consider the relaxation
dynamics of the apparently simplest adenine-water cluster. However, a marked difference
exists between adenine and its monohydrates as the attachment of a single water molecule
to adenine decreases its lifetime by an order of magnitude.?*3° Kang et al. reported time
constants of 200 fs for excited state relaxation of adenine mono and dihydrates.? The
remarkable lifetime decrease was attributed to the dissociation of the adenine-water hydrogen
bond in the excited electronic state. Ritze et al. reported even shorter excited state lifetimes
for A(H,0) and A(H50)s of the order of ~ 100 fs. In contrast to Kang et al. the authors here
explained the ultrafast decay of adenine monohydrates in terms of stabilization of dissociative
wo* states. 30

Even though a decade has passed from the publication of the experimental results, com-



putational studies of the excited state dynamics of adenine monohydrates seem to be unavail-
able in the literature. This work, aimed at disclosing the mechanism of ultrafast deactivation
of adenine monohydrates, fills the gap. To this end we performed trajectory-based NA dy-
namics simulations of two conformers of adenine monohydrate whose presence in the jet
has been recently established by vibrational spectroscopy.®! Guided by the results of NA
dynamics we located minima, transition states and relevant conical intersections along sev-
eral deactivation pathways of adenine monohydrates. Throughout the work a systematic
comparison with the relaxation paths of adenine is made. On this ground we propose a new
and plausible mechanism for the deactivation of adenine monohydrates that is capable of

explaining the striking experimental observations.

2 Computational Methods

The ground state geometries of several hydrogen bonded adenine monohydrates have been
optimized using the MP2 method. The two lowest energy structures have been selected for
subsequent investigations. Excited state computations were performed using the ADC(2)
method?"?? with the resolution of identity approximation (RI).*2#3 The standard Dunning
correlation-consistent basis set augmented with polarization and diffuse functions (aug-cc-
pVDZ) for N, C, O and H atoms has been used.3

ADC(2)-based NA dynamics trajectory simulations have been performed using an in-

35738 and inter-

house software based on Tully’s fewest switching surface hopping algorithm
faced to Turbomole 6.4.3° Elements of the NA couplings matrix were computed by construct-
ing a formal CIS wave function using ADC(2) singles amplitudes followed by the evaluation
of overlaps between singly excited SD at two time steps of the dynamics.?%?%38 Standard
parameters for NA dynamics simulations have been used.3®% Newton’s equations were in-

tegrated in time steps of 71 = 0.5 fs with the velocity-Verlet algorithm. Between nuclear

time steps, the time-dependent Schrodinger equation was integrated using the Shampine and



Gordons predictor-corrector differential equation solver in time steps of 5 = 5 x 107> fs. 4!
The decoherence procedure of Granucci and Persico with o = 0.1 E}, was employed.*? The
initial conditions were generated independently along each of the normal modes by using the
ground state Wigner distribution for the harmonic oscillator thermal density at 100 K.** The
required Hessian matrix was computed at the MP2/aug-cc-pVTZ level. To be used in molec-
ular dynamics simulations, normal modes coordinates and velocities were transformed back
to Cartesian.***> Thus, our simulations account for zero point energy effects, but dynamical
quantum effects, such as dynamical tunneling, cannot be described.

In total 50 ADC(2)/cc-pVDZ trajectories have been propagated in the manifold of the
ground and threeexcited electronic states, starting from the bright L,(77*) state. To estimate
the multireference character of the ground state, D; diagnostics were calculated along the
trajectories. 3946

Subsequently, the photodeactivation pathways indicated by NA dynamics were system-
atically analyzed using the ADC(2)/aug-cc-pVDZ method. CI geometries were optimized
using the sequential penalty constrained optimization method of Levine et al.*” The default
initial values of o = 0.025 Hartree and o = 3.5 were used. CI geometries were converged
to the default energy gap of 0.001 Hartree (0.03 eV). Linearly interpolated reaction paths
in internal coordinates (LIIC) were constructed in two regions: from adenine and adenine
monohydrates Franck-Condon (FC) geometries to the minima, and from the minima to the
respective Cls. Although LIIC barriers are upper limits to the true barriers, their compu-
tation permits a consistent comparison of the reaction pathways among the systems under
consideration. Structures near the top of the LIIC barriers have been used as starting points
for transition state optimization using the Trust Radius Image Minimization®® algorithm.
Cartesian geometries of the structures listed in Table 2 (vide infra) are given in Tables S1-S7.
To check the effect of basis set superposition error on the results, the optimization of minima
and transition states for all three systems have been performed using the larger def2-QZVPP

basis set.*?



The accuracy of the ADC(2) potential energy surfaces has been assessed against ref-
erence computations. Specifically, the first excited state of adenine and the most stable
monohydrate at different key geometries was calculated using the CASPT2 method with
the Molpro package.?® The CASSCF reference orbitals were obtained in the state-averaged
mode (SA-MCSCF), with two different active spaces: the first one consisted of 14 electrons
in 10 orbitals (7 occupied orbitals and 3 virtual orbitals), the second one consisted of 14
electrons in 11 orbitals (7 occupied orbitals and 4 virtual orbitals). All valence 7 orbitals
were included. The 1s core molecular orbitals were frozen in both cases. In the CASPT2
calculations, each state was treated separately and a level shift of 0.25 Eh was applied to

the residuals.

3 Results and Discussion

3.1 Electronic structure calculations

Figure 1 (upper panel) shows the ground state minimum of the two lowest energy structures of
adenine monohydrates as optimized at the MP2/aug-cc-pVDZ level of theory. In agreement
with earlier studies in the most stable monohydrate, A(H>O)™3, the nitrogen atom N3 acts
as a H-bond acceptor.®® The structure in which the water molecule is hydrogen bonded to
the amino group and the nitrogen atom N7, denoted A(H,O)N7, is found 0.93 kcal mol~—!
higher in energy giving rise to a Boltzmann population of ~ 15%. Both structures have been
observed by Nosenko et al.3!

Table 1 compiles the vertical excitation energies for the ground state equilibrium geome-
tries of adenine, A(H,0)"3 and A(H,0)"". In adenine the lowest excitation at 4.98 eV
corresponds to an nr* transition. The two 7™ transitions, found 5.09 (L,) and 5.11 eV (L)
above the ground state, are in good agreement with the experimental (vapor phase) band
maximum at 244 nm (5.08 eV).?? As expected, the binding of a single water molecule leads

to destabilization of the n7* state and stabilization of the 77*(L,) state by 0.05 and 0.19



eV in A(H,O)N3 and A(H,O)N7, respectively.

In all systems, geometry optimization of the absorbing w7*(L,) state leads to minima
with adiabatic excitation energies of 4.30, 4.38 and 4.25 eV in adenine, A(H,O)™?® and
A(H,0)N7, respectively. In all three cases S; minima have mixed nm* and 77* charac-
ter. Compared to the S; minimum of adenine, characterized by C2 pyramidalization angles
of §(C6N1C2H) = 169.8° and §(C6/N1C2N3) = 33.1°, binding of water leads to struc-
tures with enhanced C2 pyramidalization (see Figure 1, lower panel). In A(H,0)"? the
six-membered ring is deformed by §(C6/N1C2H) = 172.9° and 6(C6N1C2N3) = 39.0° and
in A(H,0)N7 by §(C6N1C2H) = 174.7.8° and §(C6N1C2N3) = 40.7°. In going from ade-
nine, to A(H,0)"? and A(H,O)"7" the pyramidalization of the amino group decreases from
d(CH5CO6NTH) = 15.2° and 6(N1C6NTH) = —21.0° in adenine, to §(C5C6NTH) = 12.2°
and S(N1IC6NTH) = —19.0° in A(H,0)™3, and to §(C5C6NTH) = 1.2° and §(NIC6NTH) =
—7.3° in A(H,0)N7. As mentioned, all minima have mixed n7* and 77* character, but a

larger 7* contribution is found in A(H,O)"" due to the near planar N H, group.

3.2 Nonadiabatic dynamics simulations

NA dynamics simulations initiated from the L,(77*) state revealed that within 1.5 ps of
simulation time 24/36 A(H,O)™? trajectories returned to the ground electronic state. In
case of the less abundant conformer, A(H,O)™7, all 26 simulated trajectories deactivated to
the ground state within 1.5 ps.

In terms of deactivation mechanisms, Cy and Cg ring-puckering channels known to gov-
ern the deactivation of adenine, are found to be the dominant deactivation channels of the
monohydrates. Specifically, 42% of deactivations in A(H,O)™3 and 54% in A(H,O)"" oc-
curred via C2-puckered CI. The remaining trajectories ended mostly in C'6-puckered CI or
deactivated via what can be broadly described as water mediated relaxation (see Table 3
and Sec. 3.4).

Although our results are not fully comparable to those of Barbatti and coworkers owing



to differences in the basis set (cc-pVDZ vs aug-cc-pVDZ) and the number of electronic states
involved in the computations (3 in the monohydrates, 2 in the hexahydrates), the computed
fraction of trajectories ending in the C2-puckered CI finds good agreement with previous
results indicating that 52% of adenine and 90% of hexahydrates trajectories ended up in
the C2-puckered CI.202® With respect to lifetimes, we found that in case of A(H,O)"? the
average lifetime along the C2-puckered pathways was 944 fs, while a slightly longer lifetime
of 1190 fs was found for the C'6 pathway. For A(H,O)N7 the lifetimes were shorter, 567 and
710 fs, for the C'2 and C'6 pathways, respectively. To check whether the addition of diffuse
functions may alter these values and lead to ultrafast deactivation of the monohydrates, we
launched a limited set of ADC(2)/aug-cc-pVDZ trajectories (10) for the more populated
conformer A(H,O)™3. Within 500 fs of simulation time none of the trajectories crossed to
the ground state. From these pieces of information two conclusions can be drawn. First,
nonadiabatic dynamics simulations provide no evidence for the sub-100 fs lifetime of adenine
monohydrates. Second, site specific solvation of the N H, group facilitates the deactivation
of adenine monohydrates along both the C'2 and C6 pathways. The latter result is consistent
with the recent findings of Crespo-Hernandez et al. indicating that the functional group at
the C6 position plays an important role in modifying the rate of nonradiative relaxation to

the ground state in various purine derivatives.®

3.3 Analysis of ring-puckering deactivation pathways

To understand the origin of the difference between the observed and computed lifetimes we
first performed a comparative analysis of the C2 and C'6 deactivation pathways among the
three species, and subsequently focus on alternative deactivation mechanisms. Endpoints
of NA dynamics trajectories, i.e., geometries on the S;/Sy CI seam, have been used as
starting geometries for the optimization of Cls. Relative energies of optimized C'2- and C'6-
puckered CI with respect to the geometry of vertical excitation (E$%) and of the S; minimum

(ESE ) are given in Table 2. For all three systems both the C2- and C6-puckered Cls are

Simin



found 0.9 — 1.1 eV lower in energy than the FC geometry. With respect to S; minimum
the CI geometries are 0.12 — 0.37 eV lower in energy. To evaluate the barriers separating
the minimum energy and CI geometries (see Table 2), LIIC potential energy profiles were
computed. The information is displayed graphically on Figure 2 where the potential energies
of the Sy and S states of adenine (top), A(H,0)"3 (middle) and A(H,0)N7 (bottom) along
the C'2 and C'6 deactivation pathways are shown. Vertical lines separates two LIIC regions -
the first going from the geometry of vertical excitation to the S; minimum, and the second
from the minimum to the C2 (solid) and C6 (dashed) ClIs. Note that in the monohydrates
the CI between the bright state, 77*(L,), and the n7* state is found in the vicinity of the FC
geometry. It is evident that adenine, A(H,0)"3 and A(H,O)N7 share very similar reaction
profiles in agreement with the computed moderate decrease of the excited state lifetime of
the monohydrates.

A detailed comparison of the LIIC energy profiles reveals meaningful differences. With
respect to the minimum energy structure the barriers on the C'2 LIIC decrease from 0.43 to
0.33 and to 0.38 eV in going from adenine to A(H,O)"3 and to A(H,O)™". On the contrary,
the barriers on the C'6 pathway increase from 0.66 to 0.76 and to 0.85 eV, in the same order.
Thus, on the basis of energy considerations one would expect that, contrary to NA dynamics
results, A(H,O)™? deactivates faster than A(H,O)™7. Let us recollect, however, that the
lifetime of the S; state depends on the barrier to be surmounted on the way to the CI, and on
the accessibility of the S;/Sy CI seam. From the mass weighted root-mean square distances
(RMSD) from the reference FC geometry, given in Figure 2, it is apparent that the S;/Sy CI
seam is geometrically closer for A(H,O)™7 than for either A(H,O)™? or bare adenine. The
result is in accord with the computed faster relaxation of the former.

With respect to the suppression of the C'6 pathway one sees that apart from being higher,
the barriers on the C'6 pathway are less accessible, than the ones on the C2 pathway. The
reasons can be understood by analyzing the charge redistribution. The insets in Figure 2

display the difference in the electron densities between S; and S electronic states for the FC
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geometry, 57 minimum and at the two CI geometries. The red (blue) areas indicate depletion
(increase) of electron density in Sy with respect to Sy. It is evident that the translocation of
electron density from the carbon atom C2 to nitrogen atoms N1 and N3 drives the systems
from the FC region to the corresponding S;(n7*) minima. Once at the respective minima,
the deactivation via C2 ring puckering requires a minor translocation of charge. On the
contrary, to reach the C'6-ring puckered CI a substantial flow of charge to the amino group
is needed. This in turn leads to a major structural deformation resulting in a less favorable
deactivation pathway.

The transition state (TS) geometries along the C2 and C'6 deactivation pathways have
been computed starting from the geometries at the top of LIIC profiles. From the relative
energies listed in Table 2 it is immediately evident that a basically barrierless path conducts
from the minimum over the TS to the S;/Sy CI seam. Having this information at hand, one
wonders why then the relaxation of adenine is so sensitive to the excess energy imparted
on the system.® By comparing the three TS geometries with the respective minima and the
highest energy structures on the LIIC paths, one notices that in the TSs the C6 atom is
less pyramidalized. In adenine, for example, the dihedral angle §(C2N1C6C5) decreases
from —19.0° for the highest LIIC to —9.7° for the TS structure. In other words, at the TS
the distortion of the purine ring is localized on the carbon C2 atom. The relaxation from
the geometry of vertical excitation to the S; minimum yields kinetic energy that needs to
be redistributed among the vibrational modes (0.79 ¢V for adenine and 0.65 — 0.66 eV for
the monohydrates). Due to this excess kinetic energy, it is improbable that the relaxation
will occur along the minimum energy path. In other words, the systems explore regions of
their potential energy surfaces far from the LIIC or minimum energy pathways along which
sizable barriers on the way to the S;/Sy CI seam exist. Thus, an efficient redistribution
of vibrational energy to neighboring molecules should facilitate the internal conversion of
adenine in solution.

Let us note that in order to minimize the basis set superposition error, optimizations

11



were also performed using the def2-QZVPP basis set. As can be seen from Table 2 (see also
Figure S2), the energies of all minimum and transition state structures of the monohydrates

remained almost unchanged (< 0.06 eV).

3.4 Electron driven relaxation pathways

From the above considerations it is apparent that the order of magnitude decrease of ex-
cited state lifetime in adenine monohydrates cannot be explained on the basis of efficient
intermolecular redistribution of energy along the known ring-puckering pathways of adenine
deactivation. Hence, we decided to investigate an alternative deactivation route for the dom-
inant conformer A(H,0)"3. Specifically we focus on excited state PT (ESPT). It is known
that ESPT plays a key role in the photochemistry of biomolecules® and its dynamics have

d. 4055760 Ultrafast, barrierless PT reactions have been successfully

been intensively investigate
simulated by surface hopping. %556 Moreover, the implemantation of the local diabatization
formalism in surface hopping allows for efficient propagation of the wave function in regions
of highly peaked nonadiabatic couplings. %’ However, as independent trajectories are used for
the nuclear dynamics, tunneling through a barrier on the adiabatic potential surface cannot
be described.

Figure 3 displays the reaction profile for proton transfer (PT) from water to the nitrogen
atom N3. The leftmost point corresponds to the S; minimum energy geometry of A(H,0)N3.
The TS for PT has been located 0.48 eV higher in energy. With respect to the FC geometry
the TS is found 0.18 eV lower in energy. This makes the PT pathway classically allowed, but
energetically less favorable than the ring-puckering pathways. With respect to accessibility,
however, the PT pathway is strongly favored. The RMSD between the FC and TS geometries
(3.7 Aamu'/?) and between the FC and CI geometries of (3.5 Aamu'/?) demonstrate that
key PT geometries are easily accessible from the FC region. Moreover, most of the geometry

deviation is due to water reorientation. If we consider only the displacement of the purine

ring, the RMSD from the FC geometry are only 1.31 and 1.27 Aamu'/? for the TS and CI
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geometries, respectively. We have estimated the water reorientation energy as the energy
difference between two structures: the S; minimum and a structure in which water has
been oriented as in the TS while the geometry of the S; minimum has been retained for
the adenine ring. It turned out that water reorientation accounts for 0.4 eV out of 0.48 eV
needed to surmount the barrier from the Cy minimum to the TS. This clearly indicates that
an accurate quantum mechanical treatment of the large amplitude inter-molecular motion is
required. Such calculations are, however, beyond the scope of the present contribution.

A very interesting aspect of the PT pathway is the change of the character of the S; state
along the reaction profile. From the insets in Figure 3 it is evident that the excitation is
initially localized on the ring (n7*) and that the charge transfer contribution increases along
the reaction coordinate. At the TS geometry the transfer of negative charge from water to
the purine ring is clearly visible signifying that the reaction at hand is an electron-driven
proton transfer. Also we point out the stabilization of the S5 state. In the region from TS
to CI when the two fragments separate, the S; and S states become degenerate as they
correspond to excitation from the two oxygen lone pair orbitals to the purine ring 7* orbital.
The ESPT pathway strongly resembles the water to chromophore electron transfer relaxation
recently reported by Barbatti as the dominant relaxation mechanism of pentahydrated 7H-
adenine. In that case, however, purely electronic transitions were reported as the lone pair
orbitals were not aligned with the PT direction.

Altogether, after considering in detail the possible pathways of the deactivation of adenine
monohydrates we found ESPT as a plausible relaxation mechanism, capable of explaining
the observed ultrafast relaxation. Yet, none of the NA trajectories directly pointed to this
pathway. This led us to question not only the reliability of the dynamics method, which is not
based on the local diabatzation, but also the reliability of the electronic structure method. In
this work we opted for the ADC(2) method owing to the known importance of n7* states in
the relaxation of adenine and the need for an equilibrated treatment of all lone pair orbitals.

The employment of ADC(2) turned out to be critical for the identification of the electron
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driven PT mechanism. However, being a single reference method, ADC(2) cannot adequately
describe bond fission. During NA dynamics this led to errors in the computation of energies
and gradients, causing redistribution of energy within the water molecule and breaking of
the free O-H bond. We have referred to this situation as water mediated relaxation and
considered these trajectories unphysical due to the high D; values that they exhibit for
a considerable span of time. The situation is somewhat different along the reaction path
shown in Figure 3 where the D; diagnostic is slightly higher than the recommended value of
Dy < 0.04 (see Figure S1), but within the expected range for adenine. Note however that in
A(H,0)N3 direct PT from water to adenine takes place. The TS structure has a biradical
ground state and a barrier is encountered along the reaction path. This calls for a very
accurate description of the adiabatic potential energy surface. Therefore, excitation energies
of key ESPT geometries as well as those on the C2 and C6 ring-puckering pathways of
adenine and A(H,)"3 were checked against CASPT2 calculations. The results are presented
in Tables S8-S12. With respect to the C'2 minimum, the barriers for proton transfer were
evaluated as 0.65 and 0.73 eV, at the CAS-[14,10] /CASPT2 and CAS-[14,11] /CASPT?2 levels,
respectively. These are somewhat larger that the ADC(2) value of 0.48 eV. On the other
hand, the T'S for proton transfer was found to be 0.37 ¢V and 0.25 eV below the FC geometry,
at the CAS-[14,10]/CASPT2 and CAS-[14,11]/CASPT2 levels, respectively, conforming the
feasibility of ESPT. However we have assessed only a limited set of geometries that, due
to excess kinetic energy, are probably not the ones that the system explores during the
dynamics. Highly distorted geometries that are more likely to be encountered during the
dynamics may not be adequately described with a single reference method such as ADC(2).
From the contrasting results of NA dynamics simulations on adenine performed at different
levels of theory (see Ref.!®) it is clear that the outcome of the dynamics is very sensitive on
the topography of the underlying potential energy surfaces. While ADC(2) is currently one of
the best methods for dynamics simulations, multireference computations, from the one side,

and conformer specific time resolved photoelectron imaging experiments, from the other,
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may provide a new level of understanding and help disclosing the mechanism of ultrafast

relaxation in adenine monohydrates.

4 Summary

We have explored possible mechanisms of excited-state deactivation of adenine monohydrates
with the goal of identifying the ones responsible for the observed ultrafast decay. On the
basis of nonadiabatic dynamics simulations and reaction path investigations we were able to
show that the dominant deactivation mechanisms of adenine, C2 and C6 ring-puckerings,
while active in the monohydrates, were not the ones responsible for the ultrafast, sub-100
fs, decay. Therefore we have focused on non-classical mechanisms and found that electron-
driven proton transfer from water to adenine may be the mechanism leading to the sought
ultrafast decay. Apart from the fact that the TS for PT is located below the geometry of
vertical excitation, the accessibility of the electron driven PT pathway from the FC region,
dynamical quantum effects, and the fragmentation of the adenine-water cluster observed
in the experimental studies, are arguments in favor of this mechanism. Finally the ESPT
pathway could be straightforwardly confirmed experimentally, as the absence of a deuteration
effect on the experimental lifetimes would lead to its exclusion.

Testing the feasibility of the electron-driven proton transfer mechanism and providing
a detailed characterization of the electronic states involved in the relaxation of adenine
monohydrates opens prospects for future work and our understanding of the role of water in

the excited state deactivation of nucleobases.
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Table 1: ADC(2)/aug-cc-pVDZ vertical excitation energies and oscillator strengths for ade-
nine (A) and adenine-monohydrates (A(H,O)N3 and A(H,O)N"). Adiabatic excitation en-
ergies to the S; minimum are given in parenthesis.

A A(H,0)N3 A(H,0)NT
State E/eV f E/eV f E/eV f
nm* 4.98 0.013 5.11 0.002 5.02 0.001
(4.30)
mr*(Ly) 5.09  0.250 5.04 0.279  4.90 0.245
(4.38) (4.25)
mn*(Ly) 511  0.036 5.11 0.029 5.08 0.055
mRyd 5.39 0.010 5.48 0.012] 5.27 0.005
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Table 2: Relative energies of the relevant geometries along the C'2, C'6 and proton transfer
relaxation pathways given with respect to the energy of vertical excitation to the bright 7w7*
state. The energies are given for the S; minima (E37"), conical intersections (ES), the bar-
riers on the LIIC to the CI (EZ;) and the corresponding optimised transition states (EL2).
Computations were performed at the ADC(2)/aug-cc-pVDZ and ADC(2)/def2-QZVPP (re-

ported within parentheses) levels.

System Eogr C1 | ESL EE. EL
C2 |-097 -0.25 -0.62 (-0.55)
4 079067 | o6 | 006 -0.02 -0.60 (-0.54)
C2 [-1.09 -0.32 -0.62 (-0.56)
A(H20)N3  -0.66 (-0.67) | C6 | -1.10 0.10 -0.59 (-0.60)
PT | -1.35 -0.18 (-0.14)
C2 [-0.95 -0.27 -0.53 (-0.54)

NT _

A(H20) 062(-068) | o5 | 090 019 -054 (-0.59)

Table 3: Fraction of trajectories returning to the ground state by the main deactivation
mechanisms. Other refers to H-elimination in A (averaged over two domains) and to water
mediated relaxation in A(H.0)N? and A(H,0)N7

A® A(H,0)N3  A(H20)NT
C2 0.53 0.42 0.54
c6  0.39 0.21 0.23
other 0.08 0.38 0.23

[a]Reference?”
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Figure 1: Geometries of adenine monohydrates A(H,O)™? (a) and A(H,0)N7 (b) optimized
in the ground state (upper) and the first excited state (lower) at the MP2(ADC(2))/aug-cc-
pVDZ level.
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Figure 2: Linear interpolation in internal coordinates (LIIC) reaction paths for adenine
(upper), A(H,O)™? (middle) and A(H,0)N7 (lower). Interpolation was performed between
the FC geometry and the S; minimum (left of the dashed black line), and between the
minimum and C2/C6 Cls (right). Density differences between the excited and the ground
state are given at key points along the paths.

24



6.00

o
o
S

Energy / eV

2.00

0.00
-1.0 -0.5 0.0 0.5 1.0

d(OH)-d(NH) / A

Figure 3: LIIC showing the electron driven proton transfer pathway in A(H,O)™3. Interpo-
lation was performed from the S; minimum to the TS, and from the TS to the CI. Sy (blue),
nr* (red), 7* (black) and charge transfer (CT) state (black). The nn*/CT CI is found at
the TS geometry (crossing of two black lines). Electron density difference plots showing the
change of character of the excited state are given in the insets.
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