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1 Movies

Two movie files are provided as Supporting Information. They look like the snapshot below (Fig. S1).
Each file shows one single trajectory either for 9H- or 7H-adenine. The graph in the lower-left corner
shows the potential energies during the dynamics. A black dot marks the current state of the molecule

every time step. The potential energy of the unoccupied states are computed for the same geometry

and shown in the graph.
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Fig. S1.Snapshot of one of the movies provides as supporting information.
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2 Computational Methods

Ab-initio algebraic diagrammatic construction to the second order [ADC(2)]' was used to simulate the
nonadiabatic dynamics of 9H and 7H tautomers of adenine in small water clusters. The ADC(2)
method, which was originally derived using diagrammatic perturbation theory,” may be expressed by
the symmetric Jacobian A*PC® = 15(ATSP®) + ATOIN where AP is the Jacobian of the CIS(D.,)
coupled-custer approximation.' Excited-state energies of either of these approximations correspond to
the eigenvalues of the Jacobian, while the contribution of each determinant to the excitation is

associated to the eigenvectors.

Adenine-water clusters were optimized in the ground state with the Mgller-Plesset perturbation theory
to the second order (MP2). aug-cc-pVDZ and cc-pVDZ basis sets were assigned to N and C atoms,
respectively.’ SVP basis set* was assigned to O and H atoms. The nuclear ensemble method® with 500
points and 5 excited states was used to simulate the absorption spectrum, from where initial conditions
for dynamics were selected. 50 trajectories for each tautomer with water and in the gas phase were
started from the 4.71 + 0.05 eV (~263 nm) spectral window, summing to a total of 200 trajectories.
For each of the four systems the number of points in the spectral window and the number of

trajectories initiated in each state are given in Table S1.

Table S1 Number of points in the spectral window and number of trajectories initiated in each

state for the four sets of simulations.

Si Sy, S3-Se

7H-Ade  Water Spectrum 51 3 0
Trajectories 47 3 0

9H-Ade Water Spectrum 60 14 0
Trajectories 41 9 0

7H-Ade  Gas Spectrum 49 50 0
Trajectories 25 25 0

9H-Ade Gas Spectrum 38 20 0
Trajectories 33 17 0

Nonadiabatic effects between excited states were taken into account via fewest-switches surface
hooping® with decoherence corrections (o = 0.1 hartree).” Nonadiabatic couplings were computed with
the method described in Ref.®. With ADC(2), only nonadiabatic transitions between excited states can
be computed.® Thus, for each trajectory, the time for internal conversion to the ground state was
estimated by the first time in which the energy gap between the first excited state and the ground state
dropped below 0.15 eV. Trajectories were integrated until this threshold was reached or for a

maximum of 1 ps. The time step for integration of classical equations was 0.5 fs. For the quantum
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equations, the time step was 0.025 fs, using interpolated quantities between classical steps. All

calculations were done with Turbomole’ and Newton-X'*!! programs.
prog

The computation of nonadiabatic effects only between excited states deserves some additional
explanations. It is a strong restriction, whose validity depends on the properties that are being
investigated. In the present work, my aim was to determine the relaxation mechanism of
electronically-excited clusters. In this case, nonadiabatic effects between excited states are important,
because during the excited-state dynamics, the population flows between different excited states, each
one with its own potential-energy landscape. The exact balance of the activation of the several
relaxation channels will depend on the proper account of this flow in the different excited states.
Usually, the relaxation channel is selected much before nonadiabatic effects between the excited states
and the ground state become relevant. This happens because, only after relaxing, the energy gap to the
ground state becomes small enough to render nonadiabatic effects important. Therefore, the
determination of relaxation mechanisms is a situation where neglecting nonadiabatic effects with the
ground state does not affect the final results. If we wanted, however, to investigate isomerization
quantum yields, which is a process dependent on how the excited state population is transferred to the
ground state, this approximation would not be valid anymore, as nonadiabatic effects with the ground

state play a major role.
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3 Ground-state geometries and vertical excitations

The optimized clusters are shown in Fig. S2. Distances are given in Angstrom. Their Cartesian

coordinates are given at the end of this document.
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Fig. S2.Ground-state geometries of the adenine tautomers in water clusters.

The lowest vertical excitation energies and oscillator strengths into singlet states are given in Table S2.

Table S2 Vertical excitation energies, oscillator strengths and state characters.

Ade | Phase AE (eV) f State Phase  AE (eV) f State

7H Water 4.85 0.216 nk Gas 4.83 0.014 nm*
5.30 0.007 nm* 4.96 0.120 e
5.38 0.054 ¥ 5.51 0.003 nm*
5.80 0.000 nm* 5.54 0.015 n-Ryd
5.92 0.012 n-Ryd 5.61 0.067 e
6.16 0.008 nm* 5.85 0.003 nm*

9H Water 4.95 0.328 nk Gas 5.08 0.012 nm*
5.10 0.040 nn* 5.19 0.088 e
5.47 0.001 nm* 5.23 0.203 e
6.06 0.002 nm* 5.72 0.002 nm*
6.22 0.359 ¥ 6.12 0.011 n-Ryd
6.27 0.070 n-Ryd 6.16 0.002 nm*
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4 Absorption spectra
Fig. S3 shows the absorption spectra of adenine in the gas phase (vapor) and in water. The solid curves
are the results of the simulations. They are weighted sums of 9H-adenine (80%) and 7H-adenine

(20%)."> The dashed curves are experimental results in the gas phase' and in water.'

The gas-phase simulation is in excellent agreement with the experiment in the low energy region of
the spectrum, although it clearly misses states in the high-energy region. For adenine in water, the
simulated height and the band width are well described, but the band itself is somewhat red-shifted in
relation to the experiment. This difference may be attributed to the modeling, which includes only

small water clusters, rather than full water solvation.

These results are included here only for general information. The deviation between the experiment
and theory for adenine in water does not have any additional implications for the results discussed in

the paper, which should be understood in the context of clusters, not full solvation.
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Fig. S3. Simulated and experimental absorption cross section of adenine in the gas phase and in water.

Initial conditions for dynamics were sampled from the shaded area.
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5 Fate of individual trajectories

Table S3

Results for each simulated trajectory. NSTATDYN is the initial state. t is the final

time step, either when the S;-S, energy gap drops below 0.15 eV or 1000 fs is reached. Whn the

energy threshold is reached, the reaction path is indicated as WeT — water electron transfer; C2

(puckering); C6 (puckering); PT — water-adenine proton transfer; r-diss — ring dissociation; N7H — N7-

H stretching.

nH-ADE in Water nH-ADE in Gas
7H 9H 7H 9H
t(fs) t (fs) n t (fs) t(fs) t(fs) t(fs) 2 IS t(fs)

250 WeT 1000 - 1575 C2 1455 C2 1000 - 5045 C6 1000 - 1000 -
72 8625 wer 20 251 weTl2 02315 c2 [l20 600 c2 | 2 815 c6 | 2 1000 - 149 c2l 2 1000 -

172 weT 311425 c2 13 655 c6 13 234 cC2 . 1000 - 927 C6 1000 - 500.5 C2
040 262 wet 43735 c2 14 461 cs 1000 - 856.5 C6 702 C6 545 C2
5 1000 - 50 122 c2 82145 c2 |5 1000 - |5 1000 - 1000 - | 5 69 C2
6 1745 weT 6 975 c2 el 367 PT .271.5 r-diss. 1000 - 624.5 ce. 670 C6
070 22 2 70 1485 c2 Dl 1205 c2 1000 - 1000 - 1000 - 1000 -
8 2775 wet 78 4315 c2 81765 c2 | 8 1000 - | 8 684 rdiss 1000 - | 8 1000 -
911905 c2 9 62 c2 N9 472 c2 .930.5 co . 950 C6 788.5 ce. 258 C6
[0 420 wet 10 320 c2 1000 - 1000 - 574 C2 1000 -
10 4805 weT P 207 2 " 11 4705 c6 |11 1000 - 1000 - [ 11 1000 -
120 1000 - 120 307 2 . 1000 - . 76 r-diss 1000 - . 1000 -
430 3795 weT 430 3005 2 1000 - 1000 - 715 C6 1000 -
947 508 weT fia] es 2 14 727 ce |14 1000 - 4285 C6| 14 527 C6
450 1000 - 50 19 pT . 24 N7H.1000 . 1000 - . 798 C2
460 407 wet 16 158 c2 3305 C6 1000 - 1000 - 334 C2
47 6985 weT 47 3455 2 147 1000 - |47 1000 - 184 c2/ 47 1000 -
48 1000 - 18 218 c2 . 1000 - . 1000 - 872.5 C6
190 253 wet 19 1685 c2 551 C2 985 C6 800.5 C2
200 2535 weT 200 2005 c2 120 7985 C6 | 20 1000 - 1000 -
121 3845 c2 PT) 210 1335 2 . 58.5 N7H. 1000 - 1000 -
220 2145 cs 220 1125 c2 1000 - 1000 - 885.5 C6
1230 347 wet 23 705 c2 123 1000 - |23 1000 - 1000 -
24 1000 - 240 167 2 . 1000 - . 1000 - 1000 -
1250 104 wet 250 116 c2 1000 - 7795 C6 503.5 C6
126 6005 weT 26 198 c2 611.5 C2
27 317 2 27" 3005 c2 1000 -
280 347 wet 128" 2545 c2 902.5 C6
290 1000 - 290 153 2 1000 -
30 1000 - 300 2215 c2 744.5 C6
131 5165 weT 31 106 c2 1000 -
320 1000 - 320 1995 c2 581.5 C6
1330 7315 wet 1330 3025 c2 1000 -
38 1000 - 32 301 2 [
1350 2185 weT '35 685 C2 [ ]
%6 1000 - 36 255 PT [ ]
3702575 weT 372755 2 [ ]
38 1000 - 38 1125 2 [ ]
39 1000 - 39 147 2 [ ]

593.5 WeT 40" 2005 c2

2195 WeT 4495 C2

1000 -

1000 -

6325 WeT

278 WeT

242 WeT

6465 WeT

S7



6 Deactivation channels and statistical errors

Table S4 shows the probability of occurrence of the several relaxation mechanisms. These

mechanisms are: C2 (puckering); C6 (puckering); WeT — water electron transfer; R-Diss — ring

dissociation; H-Diss — N-H stretching. PT — water-adenine proton transfer; NR — not relaxed within

1000 ps. Margins of errors for the relaxation probabilities were computed according to'

1—
ooz | P p)’
N

where p is the probability, N is the number of trajectories and Z = 1.6449 for a 90% confidence
interval.
Table S4 Distribution of probabilities among all reaction channels.

Mechanism Probability
Ade C2 C6 WeT R-Diss H-Diss PT NR
7H  Water 0.10+0.07 0.02+0.03 0.58+0.11 0 0 0 0.30+0.11
9H Water 0.90+0.07 0.04+0.05 0 0 0 0.06+0.06 0
7H  Gas 0.02+0.03 0.24+0.10 - 0.06+0.06 0.04+0.05 - 0.64+0.11
9H Gas 0.20+0.09 0.284+0.10 - 0 0 - 0.52+0.12
9H" Gas 0.28+0.07 0.21+0.07 - 0 0.04+0.03 - 0.47+0.08

“ Result of Ref.* with ADC(2)/aug-cc-pVDZ.
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7 Population fitting and lifetimes

Lifetime was obtained by plotting the distribution of relaxation times to the ground state and then

fitting this distribution with the function
f(0)=1 +(1—f0)exp(—(t/rl )2)

The data was fitted between 0 and 1000 fs. f; was kept fixed in zero for all cases, except 7H-Ade+5W,
where a clear asymptotic level could be distinguished within the simulation time. The data for the four

sets of simulations and the respective fittings are shown in Fig. S4.

0.2

0.04

1.0+

0.8

Excited state population

0.6

0.4

0.2

0.047H-Ade + 5W J9H-Ade +6

0 200 400 600 800 1000 O 200 400 600 800 1000
Time (fs)

Fig. S4.Excited-state population as a function of time for the four sets of simulated data.
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8 State analysis of a representative trajectory

Fig. S5 illustrates the time evolution for one single trajectory of 7H-adenine in water cluster. It
features the main elements shared by all trajectories following the water-chromophore electron
transfer pathway. This particular trajectory started in the first excited state and did not hop to the
second during the simulations. The graph shows the energy gap between the ground and the first

excited state. The data was smoothed over 40 fs to reduce the fast energy oscillations due to hydrogen

stretching vibrations.

Initially, the mn* state is populated. A very fast relaxation (< 50 fs) of the rings leads to a state mixing
between nr* and nrt*. Similar relaxation is observed also in the gas phase, as well as for 9H-adenine.
The system remain in this mixed nn*+nn* state for most of time. The n orbital is at beginning mainly
localized at the pyrimidine ring (see orbital at time 0 in Fig. S5). Gradually, there is a density transfer
to the n orbital at the water molecule near N3 (see the sequence of orbitals in Fig. S5). At the end of

the trajectory, the © contribution disappears and the n orbital has equal contributions from ng and ny.

NH, |
NN
A NH
N~ N 2 H
f “| N& N
o @»
N
O---y-0 N
5— | \ NHZH
O-—--y—0
44
3
3
=
4 2
1
0

Fig. S5. Time evolution of a single trajectory of 7H-adenine in water. The energy gap was smoothed

over 40 fs windows.
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A fundamental feature of the water-chromophore electron transfer pathway is the rearrangement of the
solvent molecules. It happens in two steps. First, there is a simultaneous twist of the water molecules

near N3 and N7, leading to a new hydrogen bond pattern:

NH, |, NH, |,
NZ >N NZ >N
k\N |N/> o k\N |N/>
v L

H H H H
- Lt
SH O-H--O_
H H

Then, a new twist around the OHO axis breaks the H-bond to N3 and tunes the S;-S, intersection:

NHy | NH,
N~ NZ N,
| ) | ,CH
k\N N —> k\N l\f
H H H H
b-p0 0%-0
H>D S N
H

The simulation of this trajectory was extended up to 400 fs (141 fs more) to gain some insight on the
motion near the crossing seam (see Fig. S6). During this additional time, the complex remained in the
electron-transfer state with the 7H-adenine essentially planar and slightly pyrimidalized at C8. This
shows that this region of the potential energy surface is a stable minimum in the S, state. In the first 10
fs, the energy gap reduced from 0.15 eV (the original threshold) to -0.73 eV. The negative value
means that the excited state is lower in energy than the ground state. Negative excitation energies are
one of the problems of ADC(2) when computed near the crossing seam, but in this case, it is also
strong evidence that the seam is in fact in that region. Within 20 fs of the complementary time, the
energy gap increased again to 0.15 eV. By 100 fs, it increased to about 2 eV and then reduced back
towards the crossing seam, reaching 0.38 eV at 400 fs. This behavior may indicate that the molecule is
slowly vibrating around the minimum where the crossing seam lays with a period of approximately

280 fs (120 cm™).

Albeit all methodological caveats of propagating ADC(2) dynamics near the seam for such long
period, these results indicate that 1) there is a minimum on the S; surface with water-chromophore
electron-transfer character, that 2) this minimum is near a crossing seam with the ground state, and 3)

that the molecule moves near this seam for few tens of femtoseconds.
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--------- Smoothed data
—— Original data

Stopping criterion
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Fig. S6. S;-Sy energy gap along a selected trajectory extended for 141 fs after the stopping criterion

was achieved.
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9 Comparison to a fully-correlated method

To check the possibility that the water-chromophore electron transfer pathway is not an artifact of the
ADC(2) method, the complete active space perturbation theory to the second order (CASPT2) was
used to cross-check the results. For the representative trajectory discussed in the previous section,

single-point CASPT2 calculations were done for the geometries at 0, 50, 100, 150, 200, and 259 fs.

The CASPT2 and multi-state (MS) CASPT2 calculations were based on an active space composed of
14 electrons in 10 orbitals. For all snapshots, this space consisted of 2 n, 5 «t, and 3 ©* orbitals. A total
of 4 electronic states were included in the state-averaging procedure. Calculations were performed
including the IPEA shift'® (0.25 au) and a real level shift of 0.1 au. The 6-31G* basis set was adopted
for all atoms. The CASPT2 calculations were performed with the Molcas 7.6 program.'’

Fig. S7 shows the S-S, energy gaps along the trajectory. Both single- and multi-state CASPT2 results
are in average 0.5 eV above the ADC(2) data. The fact that these sets of data are parallel to each other
is a positive indication of the good quality of the ADC(2) dynamics. At the end of the trajectory, the
energy gap is about 0.7 eV at CASPT2 against 0.11 eV at ADC(2). This divergence was expected as
the tuning of the crossing-seam geometry is very sensible to the computational method. In any case,

energy gaps smaller than 1 eV usually indicate the proximity to the crossing seam.

51@ —— ADC(2) (smoothed)
® ADC(2)
® MS-CASPT2
44 ® CASPT2
o 3 a
J
=
4 2
14
04 . " T T T T T y T
0 50 100 150 200 250

Time (fs)

Fig. S7. S-Sy energy gap along a selected trajectory. The solid line is the ADC(2) energy gap
smoothed over 40 fs windows. Red dots indicate the ADC(2) raw results. Blue and black dots indicate
respectively MS-CASPT2 and CASPT2 results.

Besides energy, it is important to check the character of the states as well. As shown in Table S5, there

is an excellent correspondence between those characters computed with both methods. It is gratifying
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to see that even the mixing between the nn* and the nm* states is in good agreement between the two

methods.
Table S5 Main configurations contributing to the S; state along a selected trajectory.

Time (fs)
Methods 0 50 100 150 200 250 259
ADC(2) n* nr*+nm* nn* nr*+nm* n*+nn* Nyo-10* Nyo-10*
CASPT2 T nr¥n* ¥ nr¥n* nn¥+nw* Nno-T0* Nno-T0*

At the end of the trajectory (t > 200 fs), the S; state is dominated by the nyo-7* transition, which
characterizes the electron-transfer state. The nyo and the n* Hartree-Fock orbitals used in the ADC(2)

calculations and the CASSCF orbitals used in the CASPT2 calculations computed for the 259-fs

geometry are shown in Fig. S8.

Hartree-Fock Orbitals (ADC(2))
A v A v
$: !
CASSCF Orbitals (CASPT2)

A v A v
A A

S/

nNO T

Fig. S8. Singly-occupied molecular orbitals at 259 fs.
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10 Charge-transfer analysis

The S;-S, intersection structure for all trajectories for 7H-adenine in water was analyzed in terms of
natural population of the S; density. The distribution of charge in the 7H-adenine at these points is

shown in Fig. S9. It indicates that 0.4 & 0.1 electron is transferred from water to 7H-adenine.

141 Mean =-041

Standard deviation = 0.11

121

104

Counts

08 07 06 05 04 03
7H-Adenine charge at the Intersection

Fig. S9. Distribution of charge in 7H-Adenine at the intersection point.
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11 Intersection characterization (geometry, dipole, IP)

Fig. S10 shows some key geometric parameters in the structure of the S;-S, intersection. This structure
is the same shown in Fig. 4 of the paper. Its Cartesian coordinates are provided later in this document.
Still for this structure, the dipole moment of the first excited state is given in Table S6. Considering all
trajectories following the electron-transfer pathway (WeT), the mean S; dipole at the crossing point is
<|ds;> = 1.3 £ 0.5 au (3.3 = 1.3 D). For comparison, Table S6 brings the dipole moment for a C2-
pukcering intersection occurring in one of the 7H-adenine trajectories (Cartesian coordinates are also

provided). The dipole moment is substantially bigger for the C2 intersection than for the WeT

intersection.
Fig. S10. Key geometric parameters at the S;-S, intersection (A, degrees).
Table S6 Dipole moment of the S; state at the crossing points of two trajectories ending at the

water-chromophore electron-transfer intersection (WeT X) and at the C2-puckered crossing (C2 X) for

7H-adenine in water cluster.

dy(au) dy(aw) d:(au) |d](au)
WeTX  -133 053 0.70 1.59
Cc2X 3.07 344 027 462

The low-energy vertical spectrum of the neutral and cation is given in Table S7 for the same C2 and
WeT intersections and also for the Sy minimum. Ionization from the S; state requires at least 5.05 eV

at the Sy minimum, 7.94 ¢V from the C2 intersection, and 7.27 eV from the WeT intersection.

These differences on the S; dipole moment and ionization potential may be explored for experimental
characterization of the WeT pathway in 7H-adenine through time-resolved photoelectron

spectroscopy.

S16



Table S7 Energies of the lowest singlet (neutral) and doublet (cation) states near the ground
state minimum, the C2-puckered crossing (C2 X), and the water-chromophore electron-transfer

intersection (WeT X) for 7H-adenine in water cluster.

State AE (eV)
So min C2X WeT X
So 0.00 0.00 0.00
S, 4.84 0.02 0.12
D, 9.89 7.96 7.39
D, 12.66 8.68 10.11
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Cartesian coordinates

All geometries are in standard XYZ format in Angstrom.

Ground state 9H-Adenine + 6 Waters
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Ground state 7H-Adenine + 5 waters
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C2-puckered S-S intersection in 7H-Adenine + 5 waters (approximated)
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